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PREFACE

ULSI Technology describes the theoretical and practical aspects of the most advanced
state of electronics technology—ultralarge-scale integration (ULSI), where an inte-
grated circuit (IC) chip contains over 10 million semiconductor devices. With ULSI
technology, the cost of electronics products will decrease while the system function-
ality and performance will increase. The ULSI chips will result in the realization of
smart and brilliant electronic systems, and in the improvement of quality of life and
global productivity.

To fabricate IC chips with such complexity, we have to employ the most so-
phisticated process equipment, to follow the most precise process steps, and to adopt
the most stringent cleariroom speuﬁcatlons The basic process steps for ICs were
considered in VLSI Technology, 2nd Edition (McGraw-Hill, 1988). Because of their
importance to ULSI circuits, topics such as cleanroom technology, wafer-cleaning
technology, manufacturing technology, and the rapid thermal process, which were
essentially not covered in the 1988 VLSI book, are extensively discussed in ULSI
Technology. In addition, many key processes, such as lithography, etching, metal-
lization, and process integration, have been totally revised and updated. However,
because of space limitations, certain classic topics such as crystal growth, conven-
tional thermal processes, analytical technologies, and yield are covered only briefly
or not covered at all. We suggest that our readers consult VLSI Technology, 2nd Edi-
tion for details.

In ULSI Technology, each chapter has an introduction that provides a general
discussion of a specific aspect of ULSI processing. Subsequent sections present the
basic science underlying individual process steps, the necessity for particular steps in
achieving required parameters, and the tradeoffs in optimizing device performance
and manufacturability. The problems at the end of each chapter form an integral part
of the development of the topic.

The book is intended as a textbook for senior undergraduate or ﬁrst-year grad-
uate students in applied physics, electronics engineering, and materials science; it
assumes that the reader has already acquired an introductory understanding of the
physics and technology of semiconductor devices. Because it elaborates on IC pro-
cessing technology in a detailed and comprehensive manner, it can also serve as a
reference for those actively involved in integrated circuit fabrication and process
develppment. '

In the course of writing this text, many people have assisted us and offered their
support. First, we express our appreciation to the management of our industrial and
academic institutions, without whose help this book could not have been written. We
have benefited from suggestions made by our reviewers: Dr. K. M. Brown of Digital
Equipment Corporation, Drs. P. Chang and I. D. Liu of United Microelectronics
Corporation, Drs. J. Chen, N. S. Tsai, R. Tsai, and F. C. Tseng of Taiwan Semicon-
ductor Manufacture Company, Dr. L. P. Chen of National Nano Device Laboratories,
Dr. T. C. Chen of International Business Machines, Dr. P. Fang of Advanced Micro

XV
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INTRODUCTION

GROWTH OF THE INDUSTRY

The United States has the largest electronics industry in the world, with a global
market share of over 40%. Since 1958, the beginning of the integrated-circuit (IC)
era, the factory sales of electronic products have increased by about thirty times [see
Fig. 1, curve (a)!+2]. Electronics sales, which were $303 billion in 1993, are projected
to increase at an average annual rate of 8.5% and reach a half-trillion-dollar level by
the year 2000. In the same period, the IC market itself has increased at an even
higher rate [see Fig. 1, curve (b)!*].* IC sales in the United States were $28 billion
in 1993 and are expected to grow by 13% annually, reaching $65 billion by the
year 2000. The main impetuses for such phenomenal market growth are the intrinsic
pervasiveness of electronic products and the continued technological breakthroughs
in integrated circuits.

The world markets of electronics and semiconductor industries will grow at
comparable rates. Figure 2 shows the 1993 world electronics industry with a global
sales volume of $679.7 billion. Also shown are the market shares of the six major
electronics applications: computer and peripherals equipment at 32.3%, consumer
electronics at 21.2%, telecommunication equipment at 16.5%, industrial electronics
at 14.3%, defense and space at 11.5%, and transportation at 4.2%. By the year 2000,
the world electronics industry is projected to reach $1200 billion, which will surpass
the automobile, chemical, and steel industries in sales volume.

Figure 3 shows the 1993 world semiconductor industry, with total sales of $85.6
billion. Only 14% is related to optoelectronics and discrete semiconductor devices.
IC sales constitute 86% of the total volume, with the largest segment being memory
ICs, followed by microprocessor and microcontroller units, logic ICs, and analog ICs.
In 2000, the semiconductor industry is projected to reach $200 billion, with over
$170 billion in integrated circuits.

Figure 4 shows the market shares of the three major IC groups: MOSFET, bipo-
lar transistor, and ICs made from ITI-V compound semiconductors.? At the begin-
ning of the IC era, the IC market was broadly based on bipolar transistors. However,
because of the advantages in device miniaturization, low power consumption, and
high yield, sales volume of MOS-based ICs has increased steadily and in 1993
amounted to 75% of the total IC market. By the year 2000, MOS ICs will capture the
largest market share (88%) of all ICs sold. This book, therefore, emphasizes MOS-
related ULSI technology.

*There were only two years in which the growths were negative: in 1974, due to the Middle East oil
embargo, and in 1985, due to overproduction of personal computers.

Xvil
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(a) Factory sales of electronics in the United States for the 64 years between
1930 and 1993 and projected to 2000. () Integrated circuit market in the
United States for 32 years between 1962 and 1993 and projected to 2000.
(After Refs. 1 and 2.)

DEVICE MINIATURIZATION

Figure 5, curve (a), shows the rapid growth in the number of components per MOS
memory chip.4? Note that the MOS IC complexity has advanced from small-scale
integration (SSI), to medium-scale integration (MSI), to large-scale integration
(LSI), to very-large-scale integration (VLSI), and finally to ultralarge-scale integra-
tion (ULSI), which has 107 or more components per chip. We note that since 1975
the growth has becn maintained at a rate of about 40% annually; in other words, the
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1993 world electronics industry. (After Dataquest, 1994.)

number of components has doubled every two years. At this rate, over 100 million
components per chip will be available before the year 2000; in the early 21st century
we will move into the gigabit range, with IC chips having more than one billion
components.%” Also shown in Fig. 5 is the growth of the number of components for
bipolar, MESFET, and MODFET ICs. They are about two orders of magnitude lower
in complexity compared with MOS-based ICs.

The most important factor in achieving the ULSI complexity is the continued
reduction of the minimum device-feature length [see Fig. 6, curve (a)]. Since 1960,
the annual rate of reduction has been 13%, which corresponds to a reduction by a
factor of two every six years. At this rate, the minimum feature length will shrink
from its present length of 0.5 pm to 0.2 wm in the year 2000. The junction depth of
the source and drain junctions, and the gate oxide thickness are also being reduced
at a similar rate as shown in curves (b) and (c) of Fig. 6, respectively.

The reduction of the device feature length and related dimensions has resulted
in reduced overall device size and unit price per function. Figure 7 shows the relative
price and size reductions.® In the past fifty years, prices have gone down by 100
million times, and the size has been reduced by a factor of one billion. By 2000 the
price per bit is expected to be less than 0.1 millicent for a 64-megabit memory chip.
Similar price reductions are expected for logic ICs. Additional benefits from device
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(a) Exponential growth of the number of components per MOS IC chip. (After
Moore, Ref. 4, and Myers, Ref. 5.) (b), (¢). and (d) Components per chip versus
year for bipolar, MESFET, and MODFET ICs, respectively.

miniaturization include improvement of device speed (which varies inversely with
the device feature length) and reduction of power consumption (which varies ap-
proximately with the square of the feature length). Higher speeds lead to expanded
IC functional throughput rates, so that future ICs can perform data processing, nu-
merical computation, and signal conditioning at 100 and higher gigabit-per-second
rates.’ Reduced power consumption results in lowering the energy required for each
switching operation. Since 1960 the required energy, called the power-delay prod-
uct, has decreased by six orders of magnitude.”

ORGANIZATION OF THE BOOK

Figure 8 shows how the 12 chapters of this book are organized. Chapter 1 considers
cleanroom technology. The continued miniaturization in ULSI devices implies more
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stringent requirements with respect to contamination control. Without an ultraclean
processing environment, ULSI circuits simply cannot be realized.!!

ULSI technology is synonymous with silicon ULSI technology. The unique
combination of silicon’s adequate bandgap, stable oxide, and abundance in nature
ensures that in the foreseeable future no other semiconductor will seriously chal-
lenge its preeminent position in ULSI applications. Some important properties of
silicon are listed in Appendix A.

Once the silicon wafers are in the cleanroom, we enter into the wafer-processing
sequence, described in Chapters 2 through 8 and depicted in the wafer-shaped cen-
tral circle of Fig. 8. Each of these chapters considers a specific process step. Of
course, many processing steps are repeated many times in IC fabrication; for exam-
ple, lithography and etching steps may be repeated 10 to 20 times. In ULSI tech-
nology the wafer-cleaning technology is as important as the cleanroom technology.
Without a contamination-free wafer surface, the ICs will suffer from low yield and
poor reliability. Because of limitations on the total length of the book, many clas-
sic topics, such as crystal growth, oxidation, diffusion, and ion implantation, are
only brigﬂy mentioned. The reader may consult textbooks on VLSI technology for
details.!

The individual processing steps described in Chapters 2 through 8 are com-
bined in Chapter 9 to form devices and integrated circuits. Chapter 9 considers the
fundamental building process modules and four important IC families: CMOS (com-
plementary MOSFET), bipolar ICs, BICMOS (a combination of bipolar and CMOS),
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and MOS memory ICs. After the completely processed wafers are tested, those chips
that pass the tests are ready to be packaged. Chapter 10 describes the assembly and
packaging of ULSI chips. Chapter 11 considers the manufacturing technology, that
is, the strategy and logistics to implement various technologies to produce ULSI
chips that meet customers’ specifications in a timely fashion and to generate ade-
quate return on investment for the IC manufacturer. Chapter 12 describes a multi-
tude of reliability issues related to ULSI processes. As device dimensions move to
the sub-half-micron and sub-quarter-micron regime, ULSI processing becomes more
automated, resulting in tighter control of all processing parameters. At every step of
production, from wafer cleaning to device packaging, numerous requirements are
being imposed to improve the device performance and reliability.

To keep the notation simple in this book, we sometimes found it necessary to use
a symbol more than once, with different meanings. However, within each chapter a
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symbol has only one meaning and is defined the first time it appears. Many symbols
do have the same or similar meanings consistently throughout this book; they are
summarized in Appendix B.* ,

ULSI technology is presently moving at a rapid pace. The number of ULSI pub-
lications has doubled every year since 1990, the beginning of the ULSI era. Many
topics, such as lithography, rapid thermal processing, and metallization, are still un-
der intensive study. Their ultimate capabilities are not fully understood. The material
presented in this book is intended to serve as a foundation. The references listed at
the end of each chapter can supply more information.
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CHAPTER 1

Cleanroom Technology

H. P. Tseng and R. Jansen

1.1
INTRODUCTION

Microtechnologies are developing in a way that makes both the production tool and
the process environment increasingly critical for the manufacturing process. The is-
sue is, above all, to prevent defects in the product or, in other words, to increase the
yield. This is achieved by the control of the wafer environment. The environmental
factors include the control of temperature, relative humidity, electrostatic discharges,
airborne particles, chemical contamination, electromagnetic fields, oxygen, and vi-
bration.

The continuous miniaturization in device technology implies more and more
stringent requirements with respect to contamination control.! Table 1 lists the
changes in requirements from 1980 projected to 2004. In the 1980s a cleanliness
class of 100-1000 was sufficient for the feature size of 2 pm. Today, a clean-
liness class of 0.1 is the requirement when addressing a feature size of 0.5 pm
down to 0.25 pm. In the future, inert minienvironments may be the only applicable
solution.>? To eliminate microcontamination and reduce native oxide growth on
silicon wafers, the wafer processing and loading/unloading sections of a process
tool are enclosed in an extremely high cleanliness minienvironment flushed with
ultrapure nitrogen containing no oxygen and moisture. Similar developments can
be observed with respect to the purities of the process utilities: from 1 ppm in the
1980s to 1 ppb in the very near future.

Reducing defect density is the most important aspect of increasing yield. Defect
density is defined as the number of defects per cm? wafer that may occur during the
processing due to all kinds of contamination. Particle contamination is still respon-
sible for over 80% of defects. Table 2 summarizes the defect density requirements
with respect to different design rules. Critical particle sizes, above which killing
defects may be generated on the wafer surfaces, follow technology developments,

1
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2 ULSI Technology

TABLE 1
Evolution of IC processing features

Mass production

started 1980 1984 1987 1990 1993 1996 1999 2004
‘Wafer size, mm 75 100 125 150 200 200 200 300
Technology (DRAM) 64K 256K 1M 4M 16M  64M 256M 1G
Chip size (cm?) 0.3 0.4 0.5 0.9 1.4 2.0 3.0 4.5
Feature size(pm) 2.0 1.5 1.0 0.8 0.5 0.35 0.25 0.2-0.1
Process Steps 100 150 200 300 400 500 600 700-800
Cleanroom class 1,000-100 100 10 1 0.1 0.1 0.1/ 0.1/inert
(to be defined in mini- mini-
Sec. 1.2) environ-  environ-
ment ment
Utility impurity (ppb) 1,000 500 100 50 5 1 0.1 0.01

Source: Courtesy of KLA.

decreasing from 0.12 pm at a 0.8-pm-feature size to 0.03 pm at a 0.25-p.m-feature
size. As the process technology migrates from 0.8 pwm 4M DRAM (dynamic ran-
dom access memory) to 0.25 pm 256M DRAM over a time span of one decade, the
maximum tolerable defect densities per critical layer measured at the defect size of
0.12 pm must be reduced from 0.28 D/cm? to 0.004 D/cm?, representing an im-
provement factor of 65 times.

It is evident that the requirements for the control of the wafer environment are
of great importance to the yield. In practice, the control of the wafer environment is
a crucial aspect of the wafer manufacturing processes. It constitutes the basis for the
design of the cleanroom systems and process utilities systems.

TABLE 2
Minimum defect density requirement with respect to design rule

DRAM process technology Unit 4M 16M 64M 256M
Design rule Micron 0.8 0.5 0.35 0.25
Critical layer Each 9 10 11 13
Critical particle size Micron 0.12 0.09 0.05 0.03
Killing defect size Micron 0.27 0.18 0.1 0.06

Defect density measured at the killing D/cm? 0.50 040 032 0.22
defect size

Defect density measured at 0.12 pm D/ecm? 2.53 090 022 0055
particle size

Defect density/critical level measured at D/cm? 0.28 0.09 0.02 0.004
0.12 pm

Defect improvement factor 1 3 14 65

Source: Courtesy of KLA.
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CHAPTER 1: Cleanroom Technology 3

Besides the extreme high-quality demands, issues such as flexibility, safety, re-
liability, and an accountable cost level are equally important to the design. Moreover,
rapid developments within the market and process technology call for swift actions.
At first glance, a number of these actions seem to be contradictory.

In the past, a typical reaction of designers and engineers to this rather complex
problem was to rule out, as much as possible, all conceivable risks. This attitude
caused unnecessarily high investments. Cost-effectiveness is the only acceptable
solution. Cost-effectiveness can be understood as the optimum integration of appro-
priate quality, quantity, safety, flexibility, reliability, and time to achieve a compet-
itive cost level. To achieve such cost-effectiveness, four conditions are of utmost
importance, namely, know-how, approach, organization, and control.

The available know-how determines whether a design is or is not cost-effective.
Inadequate knowledge often leads to overkill, resulting in excessive cost.

The project approach, combined with the project organization, constitutes the
most important control mechanism. Modifications and surprises introduced at a late
stage are caused mostly by an improper project approach.

The project organization is extremely important for efficiency, information, com-
munication, and chain of responsibility. If projects are not properly organized, they
tend to drift away from their objectives. ‘

Control focuses on furnishing continuous, up-to-date information about the
costs, timing, and quality. Such information is vital as a control tool.

In the past decade, submicrometer technology has enormously enriched the
know-how and experience in both technique and approach. The learning curve is
vitally important to each individual who is involved with the cleanroom technology
in any way. .

In an attempt to give some practical insights, a global clarification of the most
important technological developments will be provided. The following subjects will
be covered:

Section 1.2, on cleanroom classification, defines cleanroom cleanliness classes
according to the current standard and explains their application.

Section 1.3, on cleanroom design concept, deals with the considerations needed
to define the optimum process layout, and the design of a cleanroom. In addition, the
common cleanroom performance criteria are listed, such as cleanliness class, temper-
ature and humidity control, air quality, etc. Principal technical data that are essential
for sizing the cleanroom facilities of a 200-mm-wafer fab are also presented.

Section 1.4, on cleanroom installation, provides basic information concerning
the cleanroom subsystems such as exhaust, make-up air, recirculation air, chilled
water, hot water, steam, filter ceiling, partition walls, and raised floor. Moreover, the
recommended project approach, an overall time schedule for the design and realiza-
tion of a cleanroom installation project, as well as a cost analysis are presented.

Section 1.5, on cleanroom operation, explains common cleanroom gowning pro-
cedures and cleanroom maintenance practices.

Section 1.6, on automation, clarifies various levels of process equipment control,
from shop-floor-control software to the application of equipment interfaces.

Section 1.7, on related facility systems, provides basic information about the de-
sign of the deionized water system, process chemicals and gases, and the importance
of space-management design.
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4 ULSI Technology

Finally, in Section 1.8, we present conclusions on all the main issues along with
a look of the future trends.*

1.2
CLEANROOM CLASSIFICATION

The laminar-flow cleanroom concept was developed at Sandia National Laboratories,
Albuquerque, New Mexico, in 1961 to provide a particle-free environment for thin-
film deposition and the assembly of delicate mechanisms. This cleanroom concept
was swiftly adopted by the then-burgeoning semiconductor industry.

TABLE 3
Evolution of Fed. Std 209 Series for specifying cleanliness of air

Date Fed. Std. Highlights of the original and revised contents
Dec. 1963 209 Cleanroom operation principles
Aug. 1966 209 A Cleanroom design and testing methods

Air flow pattern

Laminar flow and turbulent flow

Air velocity, 90 * 20 ft/min

Pressure, temperature, humidity, vibration
Audio frequency noise, air exchange rate

Air cleanliness classification specified as the
number of particles at sizes larger than 0.5 pm
per cubic foot; class 100, 10,000, and 100,000

Apr. 1973 209 B Changed air velocity from 90 = 20 ft/min to
90 * 20% ft/min and changed humidity from
45% to 40 = 5%

May 1977 209B Added cleanliness class 1,000
amendment
Oct. 1987 209C Major revision of cleanroom classification and

testing method
Added classes 1 and 10
Extended the particle measurements from 5 pm
and 0.5 pm down to 0.3 pm and 0.2 pm for
class 100, and down to 0.3 pm, 0.2 pm, and 0.1
pm for class 10 and class 1
Clearly defined particulate sampling locations
and numbers of sampling and measuring time

June 1988 209D Corrected several typographical errors found in
Fed. Std. 209C
Sep. 1992 209E Adopted metric system

Added descriptor to specify the maximum
allowablé number of ultrafine particles per cubic
meter

Added sequential airborne particle sampling plan
to the single air sampling plan specified in Fed.
Std. 209D
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CHAPTER 1: Cleanroom Technology 5

TABLE 4 ,
Metric definition of airborne particulate cleanliness classes per Fed.
Std. 209E
SRR
Particles/m3
Class 0.1 pm 0.2 pm 0.3 pm 0.5 um 5 wm

M1 3.50 x 10? 7.57 X 10! 3.09 x 10! 1.00 x 10!
ML1.5 1.24 X 10° 2.65 X 10? 1.06 x 102 3.53 x 10!
M2 3.50 x 10° 7.57 X 10? 3.09 x 10? 1.00 x 10?
M2.5 1.24 x 10* 2.65 X 10 1.06 X 10° 3.53 X 10?

M3 350x 104 7.57x10°  3.09%x10°  1.00 X 103
M3.5 265 %10  1.06x10°  3.53x 103
M4 757 x 10  3.09x10*  1.00 X 10*
M45 3.53 X 10 247 x 10?
M5 1.00X 105 618 x 10?
M5.5 3.53x 105 247 %103
M6 100X 106 618 X 10°
M6.5 3.53x 106 2.47 X 10*
M7 1.00x 107 618 x 10*

In December 1963, the U.S. government issued Fed. Std. (Federal Standard)
209 to standardize cleanroom design and operation guidelines. Over the past three
decades, U.S. Fed. Std. 209 has undergone several revisions as illustrated in Table 3.
In the last revision, Fed. Std. 209E, the original title used for nearly 30 years, “Clean-
room and Work Station Requirements, Controlled Environment,” had been changed
to “Airborne Particulate Cleanliness Classes in Cleanrooms and Clean Zones.”

The recent addition of metric system units ensures that the Fed. Std. 209 series
will be used by the international technical community as a world standard techni-
cal document for the characterization of the cleanliness of air. The definition of the

metric airborne particulate cleanliness classes and the relevant air sampling method

specified in Fed. Std. 209E are quite different than those of Fed. Std. 209D and,
hence, warrant further discussion.

Tables 4 and 5 illustrate air cleanliness classes expressed in SI and English units,
respectively. The numerical designation of the class in SI units is taken from the

TABLE §
English definition of airborne particulate cleanliness classes per Fed.
Std. 209E '
SR e
Particles/ft?

Class 0.1 pm 0.2 pm 0.3 wim 0.5 pm 5 pm
1 3.50 x 10 7.50 3.00 1.00
10 3.50 x 10? 7.50 X 10 3.00 x 10 1.00 x 10!
100 7.50 X 10% 3.00 x 10? 1.00 X 107
1000 1.00 x 10° 7.00
10,000 1.00 x 10¢ 7.00 % 10
100,000 1.00 x 10° 7.00 % 10?
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6 ULSI Technology

logarithm (base 10) of the maximum allowable number of particles, 0.5 pm and
larger, per cubic meter. The numerical designation of the class in English units is
taken from the maximum allowable number of particles, 0.5 pm and larger, per
cubic foot. Note that the concentration of the particle, in general, is roughly inversely
proportional to the particle size to a 2.2 power.

In addition to the metric definition of new and existing classes, standard nomen-
clature for the verification of a class was introduced in Fed. Std. 209E. It is no longer
sufficient to state that air meets class 100 or class 1; Fed. Std. 209E requires that
classes are expressed by using the format

Class X (at Y pm)

where X represents the numerical designation of the airborne particulate cleanliness
class and Y represents the particle size.

In Fed. Std. 209E, a new air cleanliness definition, the U descriptor is added.
The U descriptor specifies the maximum allowable numbers of ultrafine particles
in a cubic meter of air in the size range from approximately 0.02 pm to the upper
detectable limit of a discrete-particle counter. Without referring to a specific particle
size, the U descriptor defines the cleanliness as

UX)

where X is the maximum allowable number of ultrafine particles per cubic meter
of air.
The description of air cleanliness is illustrated by the following examples:

“Class M 2.5 (at 0.3 wm)” describes air with no more than 1060 particles/m>
with a particle size of 0.3 wm and larger.

“Class 100 (at 0.5 pm)” describes air with no more than 100 particles/ft> with
a particle size of 0.5 pm and larger.

“U(20)” describes air with no more than 20 ultrafine particles/m3.

Figure 1 shows the maximum allowable particle concentrations of each cleanli-
ness class in U.S. Fed. Std. 209E as a function of particle size. The air cleanliness
class in Japanese standard JIS B9920 rev. (revised) is shown in Fig. 2 for compari-
son.

Similar to Fed. Std. 209E, JIS B9920 rev. also defines cleanliness class by em-

.ploying the logarithm of the maximum allowable particles per cubic meter. However,
instead of specifying the cleanliness class at particle size of 0.5 pm, the JIS B9920
rev. specified the cleanliness class at particle size of 0.1 pm.

Because it uses metric units, the Fed. Std. 209E has made the necessary change
in the specification of air sample location for verification of air cleanliness.>¢ The
sample location should be uniformly spaced throughout the clean zone operated in
either a unidirectional (laminar) airflow or a nonunidirectional airflow environment.
The minimum number of sample locations required for verification in a clean zone
is specified below:

Unidirectional airflow (the lesser of (a) or (b)):

ST units:  (a) A/2.32
(b) A X 64/(10M)0>
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English units:

Nonunidirectional airflow:

SI units:

English units:

CHAPTER I: Cleanroom Technology 7

(a) A/25

(b) A/(Nc)®3

A X 64/(10M)0>

A/(Nc)*S

where A is the floor area of the clean zone (or entrance plane) in ft* for English units
and m? for SI units, and M and Nc are the numerical designations of the class in SI
and English units, respectively.

Note that number of locations must always be rounded to the next higher integer.

One of the most useful new features of Fed. Std. 209E is the sequential sampling
option.” The single sampling plan in Fed. Std. 209E requires, as it did in Fed. Std.
209D, that the air volume to be sampled should anticipate 20 particles estimated
from the air cleanliness class to be verified. For example, the sampling air volumes
required for the verification of a cleanroom of class 1 should be at least 20 ft>. Using
a standard air sampling rate of 1 ft>/min, it will take 20 minutes to complete a class
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8 ULSI Technology

1 cleanliness verification test. For air that is very clean, this statistical requirement
demands that air be sampled for a very long time at each location. Thus, measuring
the cleanliness of air that contains very low concentrations of particles can be unac-
ceptably expensive. However, if air at a location is sampled while a running count of
particles is recorded as a function of the time, frequently one can obtain a clear-cut
indication of whether the air at that location passes or fails in a very short time by
applying statistical criteria to the pattern of the count. This procedure allows verifi-
cation of an airborne-particulate cleanliness class using samples of shorter duration
than is required by the original single-sampling plan.

To use the sequential-sampling plan, record the number of particles observed as
a function of time. Compare the count, as sampling continues, with the upper and
lower limits, which are calculated by the two equations

Upper = 3.96 + 1.03E (1.1)
Lower = —3.96 + 1.03E (1.2)

where E is the expected count estimated from the air cleanliness class.

- If the cumulative observed count for the sample exceeds the upper limit, then
sampling is stopped and the air is judged to have failed. If the cumulative observed
count drops below the lower limit, then sampling is stopped and the air is judged
to have passed. If the cumulative observed counts equal 20 or less at the end of the
sample duration, which is calculated from the air cleanliness class to anticipate a
maximum of 20 particles, the air is also judged to have met the requirement.

1.3
CLEANROOM DESIGN CONCEPT

The design process starts with the translation of the process technology and the pro-
duction volume into the specifications for the architectural, electrical, HVAC (heat-
ing, ventilation, and air-conditioning), central, and process utilities systems. The pio-
cess technology is an important standard for quality requirement. For example, the
cleanroom relates strongly to the feature size (design rules) of the technology in
question. The quantity requirements are derived from the production volume com-
~ bined with the technology. As a matter of course, attention should be paid to future
developments of process tools and their impact on the cleanroom design.

With the aid of a rough computation, a first process tool list is developed. The
process utilities requirements are established on the basis of this list. Electrical, me-
chanical, exhaust, gas, chemical, and other demands are listed in a matrix accord-
ing to equipment tool. An accurate estimation of the average consumption of each
process utility is essential for sizing the utility capacity properly. The facilities are
subdivided into the following main systems:

Site infrastructure, site facilities, and buildings
Power supply

Electrical and communication

Cleanrooms and HVAC

Micron Ex. 1029, p. 35

Micron v. YMTC
IPR2024-00911



cHAPTER 1: Cleanroom Technology 9

Central utilities
Process utilities
Environment and safety

The design criteria of each facility system and its subsystems are formulated,
parallel to the definition of the specifications. These criteria include the quality and
quantity characteristics as well as the schematic set-up. It should be clear that the
process utilities requirements and the design criteria are determining factors for cost-
effectiveness and that ignorance of these factors will almost always lead to overkill.

The design of a cleanroom normally starts with the optimization of cleanroom
layout. Based on the targeted process technologies and the building architecture,
a proper cleanroom system is selected and, subsequently, the relevant cleanroom
performance criteria are defined.

1.3.1 Cleanroom Layout

Most cleanrooms have a rectangular shape with a central aisle. The central aisle
serves as the corridor to each process tunnel extending sideways into the remaining
portions of the cleanroom. The ideal width of the central aisle and process tunnel
should be 2.4 meters to allow most process equipment to be transported in or out
easily. The ideal height of the filter ceiling should be 3.4 to 3.6 meters above the
raised floor to facilitate the transportation and installation of vertical furnaces, which
are approximately 3 meters high.

Most 200-mm-wafer process equipment has the same throughput as the 150-
mm-wafer equipment, except for steppers and high-current implanters. The foot-
prints of the furnace, chemical stations, stepper, and photoresist coater/developer
are also larger. Therefore a 200-mm-wafer fabrication plant requires 10% to 20%
more cleanroom space than the 150-mm-wafer fab. A 200-mm, 16-Mbit, DRAM
wafer fab with a monthly output capacity of 20,000 wafers requires approximately
5000 m? cleanroom area to accommodate the necessary process equipment and an-
other 1000 m? cleanroom of lower classification to incorporate supporting facilities
such as a gowning area, equipment-cleaning areas, and parts-cleaning areas, as well
as a tube-cleaning area.

The entire IC wafer manufacturing process consists of 14 to 20 process mod-
ules. A typical process module, illustrated in Fig. 3, in general consists of 10 to 20
individual process steps. Within each process module, a layer of thin dielectric or
conductive film is applied to the silicon wafer via oxidation, LPCVD (low-pressure
chemical vapor deposition), APCVD (atmospheric-pressure chemical vapor depo-
sition), PECVD (plasma-enhanced chemical vapor deposition), or metal-deposition
techniques. Circuit patterns are then formed on a layer of photosensitive material in
the photolithography area. Subsequently, the wafers are sent to either the etching or
the ion implantation area. In the etching area, circuit patterns are etched into the thin
dielectric or conductive film whereas in the implantation area ions such as As, P,
or B are implanted into wafers to form devices. After stripping the photoresists, the
implanted wafers are loaded into a diffusion furnace to anneal out the crystal defects
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\
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IC wafer manufacturing process
module.

resulting from the ion implantation. The percentages of cleanroom space taken up
by each process are summarized as follows:

Photolithography 25%
Diffusion and LPCVD  20%
Thin film 20%
Dry etching 15%
Implantation 10%
Wet process 10%

The following cleanroom layout principles are often used to optimize the IC
production logistics.

Minimization of wafer transfer distance between each process area by putting
photo, etching, and photo-resist removal close together.

Reduction of cross contamination by separating the back-end processes contain-
ing wafers exposed to metallic films from the front-end furnace and etching
areas.

Flexibility for replacement and extension of process equipment.

Provision for interbay and intrabay automation and installation of equipment en-
closures to encircle the wafer loading and unloading area in a highly classified
environment (minienvironment).

Minimization of wafer transfer frequency between each process area by arrang-
ing process equipment in the following minimodule:

Furnace area: Furnace, chemical station, and film
measurement
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CHAPTER 1: Cleanroom Technology 11

Photo area: Stepper, resist coater, developer,
resist-baking hot plates, optical
inspection, and SEM (scanning
electron microscope)

Etching area: Resist-baking hot plates, etcher, and
optical inspection

Resist stripping

area: Resist asher, wet chemical station

An example of cleanroom layout is given in Fig. 4. The film growth and de-
position areas are located upstream of the photo area, whereas the etching, ion im-
plantation, and photo-resist strip areas are located downstream. All process areas are

2
Ton implantation ] Postmetal
= I )
Ion implantation photo
Premetal l_ I Premetal
etching ‘_
—l photo
Postmetal |‘_‘ -
c ) ﬁ Thin film
etching [ l erowth
Photoresist l— Metal film
removal | | deposition
Diffusion l ! LPCVD
C D C D
Chemical station I | Chemical station
Diffusion | | LPCVD
C D C D)
Chemical station —-] Chemical station
_/
Stocker | | FIGURE 4
Interbay robot rail ( ) Cleanroom layout for a fully-
Intrabay Automatic Guided Vehicles c > automatic IC fab.
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12 ULSI Technology

connected via an interbay wafer transfer system. Within each process area, wafers are
retrieved from a stocker, which can store up to 150 wafer cassettes, and then trans-
ported to process equipment using intrabay automatically guided vehicles (AGVs).

1.3.2 Cleanroom Design®17

Design can be developed on the basis of the formulated specifications and the design
criteria. The prepared process layout is all-important. In principle, this layout is de-
rived from the required process tools on the one hand and the logistic requirements
on the other. In addition, the potential future developments within the process tech-
nologies have to be considered. This implies that the following trend must be taken
into account.

In the 1970s, the manufacturing process required an environment that provided
an overall cleanliness class 10,000 and a local class 100. The “ballroom” concept of
one large room was created.

As a consequence of the developments of submicron technologies, a need for
a highly classified area originated in the 1980s. This led to the introduction of the
“tunnel” concept, in which a corridor separates the process area from the service
area. To achieve the required air cleanliness, the majority of the equipment mainte-
nance functions were accommodated in the low-classified service areas. At the same
time, the costly high-classified process tunnels where the wafers were handled were
reduced. '

Today, the process technologies are focused on 16-Mbit and 64-Mbit DRAM
products. The process environment conditions required by these technologies are so
stringent that the enclosure of the process environment for each process tool is being
considered, moving the process tool in the direction of “clean machines.”

This requirement resulted in the creation of the “minienvironment” concept as
shown in Fig. 5.1%-23 Within the enclosure of the minienvironment, an extremely
high cleanliness class (0.1 at 0.1 pm) is realized, whereas the overall production area
has a cleanliness class 1000. The wafer processing and loading/unloading sections
of process equipment will be affected automatically by input/output devices. The
transport of wafers outside the minienvironments is by means of SMIF pods (stan-
dard mechanical interfaces), a technique originally developed by Hewlett Packard.

In general, flexibility is a key issue within this framework. Modifications to the
process layout or the process environment conditions should be easy to make at any
time.

Another consideration in the initial design is the selection of the cleanroom sys-
tem, since it is normative with respect to the building structure. The cleanroom prin-
ciple is based on the isolation of the process environment from external influences
using a laminar airstream. This airstream is filtered so that it contains only a few
particles of a determined size.

In the current manufacturing environment, only 1 particle at 0.1 pm or larger
per cubic foot air is regarded as the upper threshold value. In addition, the temper-
ature, relative humidity, and speed of the airstream is controlled within very tight
tolerances.
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FIGURE 5

Creating an ultraclean minienvironment for a process tool using SMIF.

In the past, the common air speed was set at 0.45 m/sec. Currently, this value
has been reduced to 0.35 m/sec based on experience. The reduced air speed offers
a considerable cost reduction. In addition to the airflow, issues such as material se-
lection, design details, and pressurization hierarchy are of great importance for the
correct operation of the cleanroom.

A laminar airflow allows the creation of a cleanliness class 100, 10, 1, or even
better. As a matter of course, the area in which such laminar airflow is established
depends on the layout.
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14 ULSI Technology

To guarantee a highly classified process environment, the conditions in the back-
ground (overall production area) have to be controlled. In general, a factor of 10
is adopted between the cleanliness class of the critical area (foreground) and the
background. The cleanliness classes 100,000, 10,000, and 1000, up to 100, can be
reached with a turbulent airflow. This means that air turbulence is acceptable, and,
as a consequence, local air-supply diffusers can be applied and low air-speed values
are permissible. The dividing line between laminar and turbulent flow, an important
transition point with respect to the investment level, lies with cleanliness class 100.
This is illustrated with the denomination of a turbulent or laminar class 100. Natu-
rally, the generation of particles inside the cleanroom must be prevented as much as
possible. For this reason, gowning procedures should be defined and implemented for
persons entering the cleanroom and decontamination procedures must be followed
for incoming material.

1.3.3 Cleanroom Concept

There are four basic concepts applicable to the cleanroom system.?* All current de-
signs can be derived from them. The first and least expensive concept is illustrated in
Fig. 6. The supplied air is distributed in the room via a filter ceiling and is returned to
the air-handling units via the lower sides of the walls. Both process and service func-
tions are accommodated in one level. This approach has very low flexibility; layout
modifications are difficult and, thus, relatively expensive. Consequently, this concept
is seldom used. However, the introduction of filter fan units allows for a one-level
concept with a certain degree of flexibility. The disadvantages with respect to the
location of remote equipment and the connection to the utility distribution networks
still remain.

The second, third, and fourth basic concepts depart from separated process and
service levels. The process level is completely classified. Costs are reduced by ac-
commodating only the primary process functions on this level. The service level has
all piping, ductwork, and cabling systems, and it is also used for the installation
of remote equipment. Moreover, the air will be returned via this level to the air-
handling units, by which the process level receives a high cleanliness class without
extra costs. All potential contamination sources should be enclosed and exhausted to
prevent cross-contamination. All three concepts feature a high degree of flexibility.
The difference between these concepts lies in the air-handling system, namely,

Option two, shown in Fig. 7, is based on the installation of centrifugal fan units
on top of the process level. Air-return shafts are located at both sides of the
building. An air-supply plenum is included between the fan units and the filter
ceiling. ,

Option three, illustrated in Fig. 8, is based on the installations of axial fan units
at both sides of the building. In this case the space between the roof and the
filter ceiling serves as the air-supply plenum.

Option four, shown in Fig. 9, is based on the installation of filter fan units on
top of the ceiling grid. Air-return shafts are located at both sides of the build-
ing. The space between the roof and the filter fan units serves as an air-supply
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cHAPTER 1: Cleanroom Technology = 19

plenum. Since the air pressure inside the cleanroom is higher than that above
the filter ceiling, airborne particles cannot infiltrate the cleanroom area. As
a consequence, less expensive “dry” ceiling systems can be used. (Referred
also to the filter ceiling system described in Section 1.4.1.)

1.3.4 Cleanroom Performance Criteria

Some common parameters?32 and values for the quality characteristics of a typical
cleanroom are summarized in Table 6 and the details are elaborated in the following
section.

Cleanliness class
The cleanest class (M-1) defined in the Fed. Std. 209E allows for

10 particles/m® or 0.28 particles/ft> at 0.5 wm
350 particles/m? or 9.91 particles/ft® at 0.12 pm

The actual technical goal is far beyond the definition of the Fed. Std. 209E. In
practice, cleanliness class is often defined for the MPPS (most penetrating particle

TABLE 6
Principal cleanroom design criteria

Design parameters

Cleanliness, pieces/ft3

Process area = 0.12 pm =1

Service area = 0.30 pm = 1,000
Temperature control, °C

Photolithography area 22+ 0.1

Other cleanroom area 2205
Humidity control, %

Photolithography area 43x2

Other cleanroom area 43+5
Air quality, ppb

Total hydrocarbons (THC) < 100

NO, <0.5

SO, <05
Cleanroom interior surface outgassing rate, 6.3 X 108
torr-L/cm?/sec '
Cleanroom pressure, relative to outside > 30
ambient, Pa
Acoustical noise, dB < 60
Vibration (8 to 100 Hz), pm/sec <3
Grounding resistance, () <1
Magnetic field variation, mG < *1
Charging voltage, V < *50
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20 ULSI Technology

size) of 0.10 wm to 0.12 pwm. Figure 10?7 illustrates the filtration efficiencies of
HEPA (high-efficiency particulate air) filters with respect to different particle sizes.
Note that around 0.1 pm the filtration efficiency is the lowest.

The current cleanroom classification is, in general, defined as

Class 1 (at 0.12 pm) inside the process area
Class 1000 (at 0.3 m) in the surrounding area

During cleanroom operation, in-line monitoring of particle density should be per-
formed routinely. A practical goal is less than one particle/ft> with a size greater
than 0.12 pm for critical process areas.

Temperature and humidity control
The recommended temperature control requirements are

metrology/lithography area 22 * 0.1°C
other cleanroom area 22 £0.5°C

A relative humidity of 43% at 22°C can be readily achieved by using regular
chilled-water systems with the chilled water inlet and outlet temperature controlled

peO

99.999999 L
(o]
o 0.05 um
HEPA
. filter
99.99999 A og
< 0.01 um
32 HEPA
5 09.9999 | /
Q .
ji=} ]
&
E General
= HEPA filter

Al
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99.999 /
99.99
s /A

0.01 0.1 1 Filtration efficiencies of HEPA filters with
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Micron Ex. 1029, p. 47

Micron v. YMTC
IPR2024-00911



cHAPTER 1: Cleanroom Technology 21

at 5°C and 12°C, respectively. Tolerances of 2% at 22 * 0.1°C are achievable via
dew point control in the make-up air units. Typical relative humidity requirements are

metrology/lithography area 43% * 2%
other cleanroom area 43% = 5%

Air quality

Hydrocarbons comprise ethylene, benzene, methane, xylene, etc. The outside
hydrocarbon contamination, typically in a range of 1.5 ppm to 50 ppm, can be re-
duced approximately 90% by use of active-carbon absorbers in the make-up air units.
An approximate 98% reduction can be achieved with new active pleated filters. The
inside hydrocarbon contamination can be reduced by the selection of low outgassing
material finishes for the walls and floor. Chemically treated carbon composite filters
located in the air recirculation can achieve sub-ppm THC (total hydrocarbon) results
of 75 to 80 ppb.

Other external molecular contaminants are SO;, SO3, NO,, halogen (CCly,
BCl3, Bry, Cly), and sulfur compounds such as H,S. The typical measured values
of NO, and SO, in outside air, depending on local conditions and the location, are
5 to 100 and 15 to 50 ppb, respectively. The measured NO, and SO, levels inside a
cleanroom using ion chromatography, in general, are less than 0.5 ppb.

Outgassing

The maximum outgassing rate of 6.3 X 108 torr-L/cm?-sec is a criterion for the
selection of all materials in contact with the airflow in the make-up air and the recir-
culation air system. Outgassing is the evolution of a volatile compound from clean-
room materials or process tools, which may condense on the wafer and create prob-
lems due to organic and ionic contamination.

Cleanroom pressurization

The cleanroom pressure should be positive (e.g., +30 Pa) relative to the outside
pressure. Cleanroom pressure is automatically controlled by adjusting the make-up
air volume via variable-frequency drives in the make-up air units.

The dynamic pressure (velocity pressure) of the air should be as low as possi-
ble to minimize pressure variation. The pressure variation and low-frequency sound
waves of 0.2 to 8 Hz are caused by acceleration (air return) and deceleration (supply
plenum) of airflow. Turbulent flow is reduced by eliminating sound attenuators. It is
recommended that recirculation air velocity be kept below 2.5 m/sec.

Acoustical noise

The technical goal is to have a cleanroom in an “as-built” condition designed
to meet the PNC (Pressure National Code) 60-dB sound levels as defined by the
1987 American Society of Heating Refrigerating and Air-Conditioning Engineers
(ASHRAE) recommendation. A cleanroom in an “as-built” situation means no pro-
cess tools are operating, but all fans and HVAC systems are running. The challenge is
to meet PNC 60 sound levels without installing sound attenuators in the recirculation
fan units.
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22 ULSI Technology

Vibration isolation

Vibration criteria apply in both the vertical and horizontal directions at the top of
the cleanroom waffie slab. Maximum vibration velocity should be no greater than
3 pm/sec, measured in 1/3-octave bands between 8§ to 100 Hz. Below 8 Hz the crite-
ria vary by 6 dB per octave. The criteria apply only at the photography and metrol-
ogy area. Most steppers will perform with floor vibrations (waffle slab level) of 5
pm/sec, assuming that the criterion is met at the low end of the band at 8 and 10
Hz. Sensitive metrology equipment (such as the SEM) and defect measurement will
determine vibration design criteria.

The entire clean production area should be provided with a waffle slab subdi-
vided by joints. To meet the vibration limitations in the photolithography and metrol-
ogy areas, the waffle slab is supported by 500 mm X 500 mm columns every 3.6 m.
The column spacing in the other areas can be 7.2 m. The waffle slab typically has
500-mm-wide main ribs and 200-mm subribs with heights of 800 mm and 400 mm,
respectively. The waffle grid is 600 mm X 1200 mm to match the raised floor and
filter ceiling grids.

Grounding

Grounding is required for safety to protect people against a shock hazard. One
overall grounding-grid system, buried approximately 400 mm below grade, should
be installed. The grounding grids of the different buildings must be interconnected
to form an equal potential grounding network.

The wye point (secondary side) of the transformers should be grounded via cop-
per bars connected to the grounding grid. All major electrical equipment, such as
power distribution panels and MCCs (motor control centers), must be grounded to
the main grounding grid. Cable trays, pipe racks, metal tanks, handrails, supports,
etc. should also be grounded.

A ground-grid bar is required for each power and distribution panel. All recep-
tacles should be provided with a grounding pole. The grounding of the control sys-
tem must be connected in a way that permits only a single path to the ground. The
lightning-protection installation and the low-impedance grounding grid (see EMI)
must also be connected to the grounding grid. The grounding-grid system should
have a grounding resistance not exceeding 1{}.

Electromagnetic interference (EMI)

Process tools are sensitive to electromagnetic interference reaching them through
cables, pipes, or electrical and magnetic fields. At the same time, the tools generate
conducted and radiated interference. Compatibility is achieved when the generated
interference is kept below the sensitivity of process tools. The level of interference
in the building is caused by external sources as well as internal sources. The effect
of external sources can be limited by the building structure; the building should act
as a shield against external sources of interference. This can be achieved by making
the building a Faraday cage. Usually reinforced steel panels are installed over the
roof and along the walls to provide the necessary shielding.

Doors and windows create leakage in the Faraday cage, so extra shielding is
necessary. This can be achieved by creating other Faraday cages within our existing
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CHAPTER |: Cleanroom Technology 23

cage of the building. In this way, a number of zones can be provided to increase
shielding.

The most important measure with respect to the floors, walls, and roofs is the
use of planar grounds. A planar ground or low-impedance grounding grid should be
installed under the raised floor in the clean production area.

Electrostatic discharge (ESD)

Static charges can develop on surfaces due to touching and rubbing (triboelectric-
ity). The discharge of that electricity to machines and to people damages semicon-
ductors, disturbs process tools, and may cause injury. ESD can be controlled by
grounding all machines, by controlling the relative humidity, and by constructing
walls and floor coverings of slightly conductive materials to route electrical charges
to ground. The control of triboelectricity enhances dust and particulate contamina-
tion control. All metal racks, pipelines, cabinets, cable trays, and rails are grounded
to an equal potential bar or planar ground. The metal pedestals of the raised floor
connect to the planar ground under the raised floor. The metal framework of the
cleanroom wall systems should be connected to this planar ground. To enhance ESD
control, 2ir ionization systems might be installed at certain locations in the process
area.?8-3

1.3.5 Principal Technical Data for Sizing the Cleanroom Facilities

Several key design parameters that are essential for sizing the cleanroom facilities
of a 200-mm-wafer fab are summarized below. The dimensions of these parameters
are all converted to units per cleanroom area.

Production capacity 85-120 mask X (wafer/month)/m?
Exhaust 80 (m3/hr)/m? ‘
Recirculation air 670 (m?/hr)/m?

Power for process equipment 800 W/m?

Process cooling water 240 W/m?

Heat load 450 W/m?

The size of a cleanroom increases with process complexity and the photo mask
level. Typically, the monthly production capacity of one square meter of cleanroom
is around 85 to 120 mask steps, with DRAMs at the lower end of the range and
ASICs (application-specific ICs) at the higher end.

The exhaust air rate is high; about 12% of the recirculation air is replaced by
fresh make-up air. Approximately 65% of the exhaust rate is attributed to furnaces,
chemical stations, and tube-cleaning equipment.

The average power requirement of process equipment is approximately
800 W/m?2. One-third of the heat generated is carried away by process-cooling
water, and another third by the exhaust air. The rest of the heat dissipated by equip-
ment, recirculating fans, and lighting is removed by the cooling coils installed in the
recirculation air units.
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24 ULSI Technology

The power consumptions of major facilities are listed below:

Facility Consumption
Office building 6%
Deionized (DI) water system 3%
Process tool 30%
Testing equipment 10%
Utility equipment 15%
Support cleanroom 3%
Fab recirculation fans 7%
Boilers 8%
Chillers 18%

The power consumption of the office building is relatively small, whereas up
to 40% of the power demand is used to run the process tools and testing equipment
and the remaining 50% is used to support cleanroom operations, including pumps,
recirculation fans, lighting, boilers, and chillers.

Other quantities of facilities required to complete the processing of a 200-mm,
16 Mbit DRAM wafer are as follows:

Chemicals 10 kg
Deionized water 4.5 ton
Compressed dry air 55 m3
N2 25 I‘['l3
0O, 0.9 m?
H2 0.1 m3
Power 470 Kwh

14
CLEANROOM INSTALLATION

The cleanroom installation section starts with an introduction of the basic informa-
tion on the cleanroom subsystems followed by the discussion of the cleanroom in-
stallation approach. The investment cost required for constructing a semiconductor
fab is analyzed last.

1.4.1 Cleanroom Subsystems?3 34-36

The air-handling principle of cleanrooms is based on the interrelated design of the
process exhaust systems, the make-up air system, and the recirculation air system.
Chilled water and hot water systems are required for temperature and relative hu-
midity control. The filter ceiling system, the cleanroom partition system, and the
raised floor system constitute the enclosing of a cleanroom area. The features of all
these systems are described in the following paragraphs.
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cHAPTER 1: Cleanroom Technology 25

Process exhaust systems
The following main process exhaust systems can be identified:

General exhaust
Scrubbed exhaust
Solvent exhaust

The general exhaust and the solvent exhaust systems typically comprise duct-
works, exhaust fans, bypass, and stacks. In addition, the scrubbed exhaust system
includes scrubbers. The bypass allows entry of outside air if the pressure at the suc-
tion side of the operating fans exceeds a preset value.

The general exhaust system removes heat dissipated by the process equipment.
This exhaust air should not contain acids, caustics, or solvents. The solvent exhaust
system removes air containing solvents from the process equipment. The exhaust
fans employed should be explosion-proof. The scrubbed exhaust system removes air
containing acids and/or caustics from the process equipment. Ammonia, toxic, and
silane exhaust systems are, in most cases, also connected to the scrubbed exhaust
system upstream of the scrubber.

There are two types of scrubbers, namely, dry and wet scrubbers. A wet scrubber
is an exhaust air treatment unit that removes the acids and caustics from the exhaust
air by washing them out. The water used is typically city water. Waste water from
the scrubber is routed to the neutralization plant of the waste treatment area.

A dry scrubber removes toxicants from the exhaust air by absorbing them into
the scrubber material at a desired temperature. If the scrubber material is saturated,
it has to be replaced.

Make-up air system

The make-up air system is designed to maintain the cleanroom pressure, to com-
pensate for the air losses from building enclosure leaks, and to compensate for the
process exhaust. Another function of the make-up air system is control of humidity
in the cleanrooms, i.e., by humidification or dehumidification, depending on the pro-
cess environment and ambient conditions. For exact adjustment of the make-up air
volume with the exhaust rates, frequency convectors are mcorporated in both process
exhaust systems and the make-up air system.

A make-up air unit, illustrated in Fig. 11, withdraws outside air through an air
intake grill and removes the majority of airborne particles via a prefilter. After pass-
ing through an air-cooling coil to remove excess moisture, the cold air is heated by
an air heater prior to entering an air fan sandwiched between two sound attenuators.
Fine particles are removed by a HEPA filter. The air is regulated by an air-volume
controlling damper before it is fed into the make-up air ductwork, which distributes
the make-up air to the suction side of the recirculation air units. During winter or dry
season when the humidity is low, steam generated by a humidifier is added to the air
stream to maintain the moisture at a designated level.

Recirculation air system
The recirculation air system serves three purposes:
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FIGURE 11
Schematic diagram of the make-up air unit.

5559539
AN
XXIXX
]

PIIIIN

Temperature control
Particle control
Air flow control

Depending on the cleanroom design principle, three types of recirculation air units
can be used:

Filter fan units
Centrifugal fan units
Axial fan units

A filter fan unit consists of an enclosure with a fan and a final filter assembly.
If required, the filter fan unit can be provided with a dry-cooling coil to control the
temperature in the cleanroom area within very tight margins. Filter fan units can pro-
vide a high degree of flexibility; however, the cost for a given air-handling capacity
is also the highest among the three types of recirculation units. The filter fan units
are best suited for a small cleanroom without enough space to accommodate the big
recirculation air units and the necessary ductwork.

A centrifugal fan unit recirculates air by using a centrifugal fan and removes
particles and heat by passing air through air filters and a set of cooling coils. The
entire air-handling unit is sandwiched between a pair of sound attenuators to cut
down the sound level. The conditioned air is routed to the filters in the ceiling grid
via either ductwork (more expensive solution) or a plenum.

In the case of an axial fan unit, the recirculating air is withdrawn through a
series of components: a prefilter, a cooling coil, a sound attenuator, and an air-volume
controlling damper, all located in the basement of a cleanroom for easy maintenance.
The conditioned air is then routed through a vertical mounted axial fan and the second
sound attenuator before it is distributed directly into the air supply plenum.

Both centrifugal and axial fan systems can be applied successfully within the
current cleanroom performance criteria. Naturally, the applications of both systems
have pros and cons when they are compared. This means that each application re-
quires its dedicated measures. In general, the ultimate selection of centrifugal or
axial fans is not determined by the comparison of advantages and disadvantages but
by the chosen cleanroom concept.
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cHAPTER 1: Cleanroom Technology 27

The application of axial fans is most suitable when a fan bay concept is adopted.
The selection of a cleanroom system with recirculation air units on top of the clean-
room leads to centrifugal fan systems and a separate air supply plenum. The key
pros and cons of axial fans compared with centrifugal fans can be summarized as
follows:

Higher investment level but lower running cost
Higher sound pressure levels at relatively high frequencies
~ More frequent and more comprehensive maintenance
Easier mounting due to compact sizes
Easier air flow adjustment
Directly driven by a motor instead of by particle-generating belts
Vibration generated at 19 to 30 Hz instead of below 17 Hz

Chilled water system’

The total cooling capacity of all make-up air units, recirculation air units, air
coolers, ventilation units, and central and process utility systems is provided by a
chilled water system. The dehumidification operation in the make-up air unit re-
quires a 5 to 11°C temperature range to remove the excess moisture from the air
(wet-cooling principle). On the other hand, the temperature of the cooling coils em-
ployed in the recirculation air units needs to be controlled above the dew point of 9°C
to prevent any moisture from condensing so that the humidity inside the cleanroom
can be maintained at a constant level (dry-cooling principle). By mixing the cooling
water supply and return, a temperature of 14 to 18°C can be obtained.

A chiller consists of a condenser and an evaporator. In most cases, the chiller
will be a water-cooled type. The required water cooling is provided by a cooling
tower. Inside the cooling tower, the cooling water is sprayed downward to meet the
uprising outside air drawn in by a fan mounted on top of the cooling tower. A small
portion of water evaporates as the water travels through the cooling tower. The evap-
oration of water demands heat and, thus, heat is removed from the cooling water. The
evaporated cooling water must be replaced.

In many cases, the cooling water required for process equipment will also be
taken from the chilled water system using a heat exchanger. The primary side of this
process cooling water system connects to the chilled water system, the secondary
side is designed as an “open” system to keep the water pressure in the cooling water
return lines as low as possible. For certain process tools such as sputters, the low
return cooling water pressure is essential for preventing water from leaking into the
process chamber.

In an open process cooling water system, the recirculating cooling water is re-
turned to a holding tank opened to atmosphere. The level control sensors installed
in the water holding tank allow a supply of deionized water to compensate for water
losses due to evaporation. To avoid accumulation of particles in the systems, filter
units are incorporated in the return lines.

Hot water system

The total heating capacity of all make-up air units, ventilation units, and certain
process utility systems is provided by a hot water system. The hot boilers heat water
to 90°C. The return temperature is, typically, 70°C.
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Filter ceiling system

The filter ceiling system of the clean production area comprises ceiling grid
framework, filters, blanks, and auxiliary steel structures fastened to the steel trusses
or the concrete ceiling. The ceiling grid framework covers the entire clean production
area and is suspended from the auxiliary steel structure by height-adjustable hanging
rods to permit leveling. The grid is based on a 1200 X 600 mm system, i.e., on the
size of the filters and blanks. The filter ceiling framework offers full flexibility with
respect to the location of cleanroom partitions, filters, blanks, sprinkler heads, and
lighting fixtures.

There are two kinds of filter ceiling systems, namely, the fluid filter ceiling sys-
tem and the dry filter ceiling system. The designation of fluid or dry ceiling is related
to the type of sealing. Figure 12 illustrates that the airtight sealing between filters and
a fluid ceiling grid is provided by a self-healing, highly viscous, silicon-based seal-
ing gel. In the case of a dry filter ceiling, the airtight sealing of filter assemblies and
blanks onto the ceiling grid is provided by an elastic gasket. The filters and blanks
are secured with fasteners.

The fluid ceiling system is typically applied in a cleanroom with an overpressure
above the filter ceiling (air supply plenum) which must be kept absolutely airtight to
prevent the unfiltered air from entering into the highly classified cleanroom. If the
pressure inside the cleanroom area is higher than that above the filter ceiling, there
is no risk of particulate infiltration, and a dry filter ceiling, which is not completely
leaktight, can be applied. In the dry filter ceiling system, the pressurized air required
for each filter is supplied either by a fan located right above the filter fan unit or by
a flexible duct connected to each filter housing.

Although various manufacturers use different designations for filters, the names
“HEPA” and “ULPA” (Ultra Low Penetration Air) are of the most frequent occur-
rence. In general, ULPA is used for filters having an efficiency of 99.9995% and
more at particulate diameters > 0.12 wm. Filters with lower efficiencies are typi-
cally designated as HEPA.38 For this reason, we recommend specifying a type of
filter stating the efficiency and particle size. Details of HEPA filter construction are
illustrated in Fig. 13.

Standard HEPA filter
size 60 cm X 120 cm

Sheet metal skirts minimize
fluid displacement

Sealant: a non-Newtonian
fluid ensures a lasting seal

Laminar air flow

\ Y

Extruded aluminum channels
support the filters

FIGURE 12
Positive fluid-sealing method for mounting HEPA filters.
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tem

Adhesive bond
and integral frame

Details of HEPA filter construction.

FIGURE 13
Partition walls separate the process area from the service area in the cleanroom.

The entire cleanroom partition system should be grounded to meet ESD require-

The selection of filters depends on the level of cleanliness required. The cleanli-
ness level in a cleanroom is controlled not only by the grade of air filter used but also
ments. A typical cleanroom partition system consists of a framework, single-walled

by the amount of dust generated and the air flow pattern in the cleanroom. Therefore,

filters of the same grade may result in different actual performance.

Cleanroom partition sys
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or double-walled panels, glass panels, and door units. The framework is constructed
of extruded aluminum. The wall panels are typically metal sheet coated with a con-
ductive paint. The glass panels are made of conductive clear glass or laminated plas-
tic complete with associated sealings. The door units with glass have gaskets around
the door-posts and at floor side. The surface of the metal panels is smooth, cleanable,
impact resistant, and does not generate or shed particles.

The partition wall system is constructed with flexible connections to minimize
the transmission of vibrations between the filter ceiling grid and the partitions. All
panels are easily dismountable and interchangeable to ensure optimum flexibility
with respect to layout changes.

The cleanroom partition system has a total height equal to the distance between
the raised floor and the filter ceiling (3.4 to 3.6 meters) and is 50 to 60 mm thick
depending on the ceiling grid framework width. The cleanroom partition system,
including all its components, must meet the isolation resistance requirement of 10°
to 103Q).

Raised floor system

The raised floor should be installed 450 to 600 mm above the finished concrete
waffle slab, and in general cover the entire clean production area. The grid of the
raised floor is based on a 600X 600 mm system and should be aligned with the cen-
terlines of the filter ceiling grid. Some of the floor tiles should be perforated. The
adjustment of the air-pressure drop and the balancing of the air flow in the clean
production area can be achieved by selecting the floor tiles with proper perforating
ratio.

The floor tiles should be static-dissipative and made of noncombustible vinyl
that is chemical- and abrasion-resistant, impact-resistant, and smooth and meets the
ESD isolation resistance requirement of approximately 10° ().

The raised floor should be laterally stable in all directions with or without tiles
present. Floor tiles are supported at each corner by height-adjustable pedestals. These
pedestals are glued to or bolted on the finished concrete waffle slab. An insulation
plate, placed on top of each pedestal, attenuates footstep sound and ensures electrical
conductivity. To avoid horizontal vibrations, some of the pedestals are reinforced
with bracing to increase the rigidity.

1.4.2 Construction Project Approach and Schedule

Cost effectiveness is the key starting point in the design of a semiconductor plant.
This means that the final result in terms of quality, cost, and timing must be ensured
during the entire course of the project.

The baseline-management method offers an excellent guideline. Accordmg to
this method, the entire project is subdivided into clearly identifiable phases, from
broad to detailed, and the progress in each phase is recorded. This provides a total
picture of the project at any time to help project managers to make critical decisions.

A project can be subdivided into the following main phases: the initial design,
the tendering, the elaboration (preparation for the execution, construction, docu-
ments, etc.), the realization, and the process-tool hookup.
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The initial design constitutes the first and most important project step. During
this phase, all starting points will be translated into an integrated building and ser-
vices concept with the associated specifications, cost, and time indicated. The target
project result is, thus, defined clearly at the beginning. All subsequent phases are a
further elaboration of these initial concepts.

In general, the construction of an IC fab, from the start of the design activities
to the first wafer out, extends over approximately two years. Design of facility sys-
tems and tendering of the relevant contracts takes 4 to 6 months. The construction of
buildings and installation of all the utility systems take another 12 to 14 months. The
final 4 to 6 months will be required to certify the facility systems, to install process
equipment, and to test or tune processes.

The enclosed time schedule contains the timing of each project phase, subdi-
vided into its essential parts. The development of site and buildings must receive
the appropriate priority in the initial phase. When the fab-module shell is closed and
the interior thoroughly cleaned, the installation of the cleanroom systems can start.
In addition, the site infrastructure (roads) must be partly completed at a very early
stage to reduce dust and to provide access to the fab.

The time schedule can be summarized by the following milestones:

Event Cumulative months

Start initial design

Release conceptual design of the site/buildings
Release initial design document '
Release preliminary design of the site/buildings
Receive approved building permit

Award contract for site/buildings

Release preliminary design of all facilities
Break ground

Start construction of buildings

Award contract for cleanroom/utilities

Award contract for mechanical/electrical work
Start cleanroom/utilities

Complete installation of cleanroom/utilities
Start equipment move-in/hookup

Complete testing/certification

Complete process-tool hookup

Complete functional testing

Start-up

RRENEREEG oo wpO

1.4.3 Cost Analysis

After the specifications, the design criteria, the layout, and the conceptual designs
of all subsystems are decided, the costs and time schedule can be determined accu-
rately. Both are highly dependent on the dimensions and quality level. It is, therefore,
incorrect to apply general characteristic values, e.g., the investment sum per square
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meters of cleanroom. Such standard figures are only applicable within a clearly de-
fined frame of reference, e.g., IC fabs with a clean production area of some 3000
square meters projected for submicrometer technologies.

Approximately 75% of the investment is attributed to process equipment,
whereas the remaining 25% is required for all the facilities including process utili-
ties. The following table outlines the cost of each facility system:

Building 25%
Cleanroom systems  25%
Central utilities 10%
Process utilities 35%
Others 5%

A few years ago, the cleanroom systems constituted the most expensive item.
To date the cost of the cleanroomi systems has decreased mainly because of better
knowledge, whereas the cost of process systems in the last years has increased sub-
stantially due to more stringent purity requirements and technology developments.
Except for the building, the cleanroom, which houses process tools and test equip-
ment, is the most expensive item. The average life span for the process equipment,
the facility system, and the building is estimated at 5, 10, and 20 years, respectively.
The depreciation costs can be calculated as follows:

Process equipment  88%
Facility system 10%
Building 2%

It is obvious that any significant reduction of facility costs, which may ultimately
impair the yield of the wafers, has little effect on the manufacturing costs. It is,
however, important to pursue realistic and soundly based expectations for quality
and quantity and to exclude any unrealistic goals and overkilling, in order to make
the facility systems cost-effective.

The facility systems should be designed to support at least three generations of
process technology without major renovation. The following design principles are
recornmended:

The quality of cleanroom, process chemicals, DI water, and process gases should
be of state-of-the-art.

The facility system should be highly flexibile with respect to future modification,
tool change, and automation.

The facility system should be capable of continuous operation while the fa0111t1es
are undergoing expansion or modification.

1.5
CLEANROOM OPERATIONS

Preventive maintenance of all the electrical and mechanical components is abso-
lutely necessary to prevent unscheduled shutdown in the cleanroom. Continuous
monitoring of particles, temperature, and humidity inside the cleanroom is required
to alert process engineers to changes in the cleanroom environment so that steps
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may be taken to prevent temperature- and humidity-sensitive processes from drifting
out of control. Proper gowning procedure and cleanroom maintenance practices are
critical to prevent microcontamination.

1.5.1 Cleanroom Gowning

People are major sources of cleanroom contaminants. Not only do they generate a
large number of contaminants but they are also in close proximity to the wafers
at many stages of the IC manufacturing process. Therefore, an appropriate gowning
procedure is necessary to minimize the exposure of hair, bare skin, and street clothes.

It has become a common practice for many IC manufacturers to require its per-
sonnel to change from street clothes and street shoes into company-provided clean
undergowning and shoes before entering a cleanroom gowning area. In the gowning
area, personnel are obliged to cover hair, nose, mouth, and even the eyes with a hair
net, a face mask, and goggles. Gloves, a hood with an integral face mask, a clean-
room bunny suit, and booties are then worn to achieve as complete body coverage as
possible.>® Good cleanroom suit material is normally made of woven fabrics consist-
ing of long synthetic fibers covered with a layer of PTFE (polytetrafluoroethylene)
laminate material. This semiporous PTFE material can prevent particles from pass-
ing through but at the same time allow a high degree of vapor transmission.*’ The
cleanroom suits and shoes should be washed regularly using deionized water and
sodium-free detergent. The in-house or externally contracted laundry service should
take appropriate measures to limit contamination while washing, packaging, trans-
porting, and storing cleanroom garments.*! All cleanroom clothing, including gloves
and boots, should be electrically conductive to minimize the accumulation of elec-
trical charges. Before entering a process area, a hand wash using DI water to remove
particles from gloves may be necessary to prevent contamination.

1.5.2 Cleanroom Maintenance

Proper cleanroom maintenance is critical to minimize microcontamination. Some
common industrial cleanroom maintenance practices are listed below.*2~4

1. All personnel working in the cleanroom should receive special training in gown-
ing, wafer handling, cleaning, and safety procedures.

2. Makeup and body powder is prohibited in the cleanroom.

3. Wool, fur collars, and jewelry should never be worn inside the cleanroom.

4. Pencils, clip ballpoint pens, noncleanroom paper, woods, aerosol spray cans, and
boxes made of cardboard are prohibited in cleanroom areas.

5. Documents or photos that cannot be reproduced on cleanroom paper have to be
laminated in a conductive PP (polypropylene) film before they are brought into
the cleanroom.

6. Parts, boxes containing wafers, chemical bottles, and equipment should be thor-
oughly cleaned in a classified decontamination room adjacent to the cleanroom

- before they are brought into the cleanroom.
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10.

11.

12.

13.

1.6
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Ceiling grids and cleanroom walls should be mopped with DI water regularly.
The floor should be washed with DI water several times each day. On average,
one person is needed to clean each 1000 square meters of cleanroom.

. Free-standing shield panels should be set up around process equipment during

installation and maintenance to contain as much as possible any contamination
that may be generated.

After equipment maintenance, dust or debris should be cleaned with a central
vacuum cleaning system or a portable vacuum cleaner provided with a HEPA
filter.

Maintenance hand tools should be cleaned in an ultrasonic bath to remove par-
ticles attached to their surfaces.

After they are detached from equipment, dirty parts should be covered before

removal from the cleanroom.

Wafer cassettes or wafer boxes should be hand-carried one at a time. Move-
ment of wafer cassettes by cart causes potential contamination problems due to
vibration.

Pumps and equipment that have potential to generate contamination should be
installed in a cabinet provided with an exhaust pipe connected to the general
exhaust system.

AUTOMATION

With the ever-increasing process complexity, a process technology comprising some
20 mask levels and between 300 to 400 recipes becomes quite common. The number
of WIPs (wafers in process) inside an IC fab routinely exceeds 30,000 pieces. It
becomes critically important to implement automation to resolve the common IC
manufacturing problems listed in Table 7.

TABLE 7
Common IC manufacturing problems and relevant solutions

Problem

Suggested actions

‘Wrong lot went to the equipment
Operator cannot find cassette required
Operator selects wrong recipe

Errors in manually recorded data

Lot tracking not performed promptly
Equipment not correctly monitored
Schedule does not reflect fab condition
Inefficient recipe/bay setup
Equipment capacity not fully utilized
Operators fail to report problem

Online lot validation

Automated stoker control

Real-time recipe download

Data upload from equipment
Real-time lot tracking

Real-time equipment monitoring
Real-time scheduling (just in time)
Recipe scheduling

Automation

Real-time process data management
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Three levels of automation can be distinguished:*%4°

1. Shop-floor-control software.>® A shop-floor-control software resident in a com-
puter is used to assist the operations to manually control process equipment and
transfer wafer cassettes between stations.

2. Computer Integrated Manufacturing (CIM).>' Automatic control of process
equipment but manual transfer of wafer cassettes by operators.

3. Mechanization.””>> Automatic control of equipment and transfer of wafer cas-
settes directly to process tools by robots.

1.6.1 Shop-Floor-Cohtrol Software

The shop-floor-control software developed either in-house or purchased from outside
vendors has been used extensively by almost every manufacturer to replace process

run cards on which process steps and recipes were listed. This software usually has

the following features:

1. Recipe management
2. Lot management

WIP control
Line balancing
Exception lot handling (holds/releases, splits/merges, scraps)

W

. Scheduling and dispatching
Material priority handling and coordination
Just-in-time scheduling and dispatching
Dynamic rescheduling based on changing conditions
4. Data collection

Equipment status
Measurement data

9

. Cost analysis
. Analysis and reporting

(=)}

Lot history
SPC (statistical process control) chart
Production report

A good shop-floor-control program can significantly improve cycle time and
reduce WIP by optimizing lot batching, scheduling, and dispatching.

1.6.2 Computer Integrated Manufacturing
To reduce human-induced errors and enhance the equipment productivity, many fabs

built in the late 1980s started to link process equipment to a host computer. The
following equipment control features have been implemented:
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Bar code reader

Equipment setup

Recipe download

Process data acquisition and upload
Equipment state and status
Equipment alarm management
Equipment maintenance support

The semiautomatic fab operation mode can improve equipment utilization rate
and fab yield considerably. Real-time equipment monitoring can minimize equip-
ment idle time and provide early warning of potential equipment failures and prob-
lems. Automatic recipe download can improve wafer yield by eliminating recipe
errors. It can also reduce equipment downtime resulting from incorrect operations.

1.6.3 Mechanization

The interbay automation system has been adopted by many IC manufacturers to
automatically transfer and track wafer cassettes. Automatic stokers located in each -
process tunnel are linked by an overhead clean rail system. Wafers are transferred
automatically from one process tunnel to the other on a vehicle driven by a linear
motor. An interbay automation system can avoid confusion and save considerable
time in tracking a wafer within a fab. ’

Intrabay automation is the last step to achieve a fully automatic operation mode.
An AGYV (automatic guided vehicle), shown in Fig. 14, is used to transfer wafer cas-
settes automatically from a stocker directly to process equipment. Intrabay automa-
tion can reduce the number of operators required. It can also significantly reduce
wafer scratches and breakage by eliminating manual handling of the wafers.

However, the intrabay automation system has not been very popular outside
Japan due to relatively high installation and maintenance costs. In the 300-mm wafer
fab of the future, the wafer cassette might be so heavy that the intrabay automation
system becomes absolutely necessary.

1.6.4 SECS Equipment Interface

The establishment of communication between a host computer and process equip-
ment for downloading the processes recipe and monitoring of equipment status is
a necessary step for factory automation. Programming the communication software,
in general, follows the SECS (Semiconductor Equipment Communication Standard)
protocol published by SEMI (Semiconductor Equipment Manufacturing Institute).
The SECS standard allows manufacturers to produce equipment that can be
linked to any host computer without specific knowledge of the computer. The stan-
dard also allows host system designers to program a host computer and to plan a com-
puter network without specific knowledge of the equipment functions. In addition,
system designers can use the standard to connect different pieces of semiconductor
equipment to each other. '
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FIGURE 14
Automatic wafer transfer to process tool using AGV. (Courtesy of Murata of Japan.)

There are two different sets of SECS standards: SECS-I and SECS-II. The
SECS-I standard describes the physical connections, signal levels, data rate, and
logical protocols used to exchange messages between a host computer and pro-
cess equipment. The SECS-II standard defines the contents of the messages passed
between the host computer and the process equipment.

The SECS-I stipulates that equipment should be connected to the host computer
by a serial communication cable with an RS-232C connector. Through the RS-232C
cable, data signals can be transmitted over a distance of more thar 15 meters.

An SECS-II message consists of 13 to 257 bytes of 8-bit data. Every byte of data
represents a character or a single-digit number. Each message block begins with
a single byte giving the total length of the message block, followed by a 10-byte
message header. The message header contains the ID number of a particular piece
of equipment with which the host computer intends to establish communication. It
also identifies the type of message data, such as an alarm code, equipment status
code, etc. Up to a maximum of 244 bytes of message data follows immediately after
the message header. Every SECS-II message ends with a 2-byte checksum.

The checksum computed by the host computer adds the binary value of all the
preceding data bytes in an SECS-II message. After receiving the incoming SECS-II
message, the equipment repeats the computation. If the data transmission is noise-
free, the checksum computed by the equipment should match exactly that sent by
the host computer.
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1.6.5 Cost Analysis
For every $100 in equipment investment, an additional amount of approximately $15

is needed to implement a fully automatic system in a 200-mm fab. A cost breakdown
of each level of automation is illustrated below:

Shop-floor-control software and hardware 10%
Interbay automation 20%
Semiautomatic process equipment interfacing 30%
Intrabay automation 40%

When an IC fab is operated in a fully automatic mode, the fab utilization rate
can be increased up to 10%, the fab yield can be increased about 5% and the number
of operators can be reduced by 75%. Therefore, the additional investment in fab
automation is justified economically.

1.7
RELATED FACILITY SYSTEMS

Apart from the cleanroom subsystems described in Section 1.4, other process util-
ity systems can significantly affect the wafer yield. The quality characteristics and
the evolution of the specifications and the features are discussed in the following
subsections.

1.7.1 DI Water>6-63

Large quantities of DI (deionized) water are required to process IC wafers. The con-
sumption of DI water increases with the wafer size. The DI water and chemical tanks
of the earlier-generation 200-mm-wafer wet-benches are twice as large as those of
a 150-mm-wafer wet-bench. As a result, the DI water and chemical consumption of
a 200-mm-wafer IC fab are also doubled.

Cassette type © Cassetteless type
FIGURE 15
Comparison of the DI water tanks of cassette and cassetteless chemical

stations.
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Since the early 1990s, the cassetteless wet-benches have been developed. In
these wet-benches, wafers are unloaded from wafer cassettes to a quartz boat, which
is subsequently picked up by a robot arm. The robot arm dips the boat into a series of
chemical and DI water tanks in a way similar to a conventional wet-bench. Figure 15
illustrates that the sizes of the DI water tanks of a 200-mm-wafer cassetteless wet-
bench are about the same as a conventional 150-mm-wafer cassette type wet-bench.
Table 8 also confirms that the consumption of DI water and chemicals of a 200-
mm-wafer cassetteless wet-bench is close to that of a conventional 150-mm-wafer
wet-bench. For each 200-mm, 16-Mbit, DRAM wafer produced, approximately 4.5
tons of DI water are required.

A state-of-the-art DI-water installation consists of two loops:

The make-up loop removes particles and colloids, total organic carbons, mi-
croorganisms, ionic impurities, and total dissolved solids from the raw water.
In other words, it has a pretreatment section for removal of gross particles of
sizes larger than 1 pm and a purifier section for removal of ionic impurities,
bacteria, and dissolved gases.

The polishing loop removes the last traces of contaminants that originate in the
construction materials or come from secondary microbial contamination.

There are many contaminants in raw water, such as particles, organic material,
inorganic material, microorganisms, bacteria, and dissolved gases. As the raw water
is fed through the DI water system, all of these contaminants are removed sequen-
tially by a series of different types of filters, a high-vacuum degasifier, and an ion-
exchange unit. Figure 16 shows the filtration spectrum of different types of filters
employed in a DI water system.

The operating principles of multimedia filters, percoated filters, and microfilters
in the make-up loop are similar. The filters let raw water pass through and trap the
suspended solids and colloids in the filter media. When the pressure drop across the
filter reaches a predefined threshold value, the dirty filtration media is regenerated

TABLE 8
Comparison between a 150-mm-wafer chemical station and a
200-mm-wafer chemical station

Wafer Size
150 mm 200 mm
Wafer transfer Cassette Cassette Cassette Cassetteless
Number of cassettes Double Single - Double Double
Chemical tank, L 27.6 29.5 57.5 25
DI water tank, L 19 18 45 20
Particle
DI water batch

Density, pieces/L 30 30 30 10

Size, pm 0.3 0.3 0.3 0.16
Spin dry

Density, pieces/L 10 10 10 10

Size, pm 03 03 0.3 0.16
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FIGURE 16

Filtration spectrum of different types of filters. (Courtesy of Christ AG. Switzerland.)

through a back-washing operation. Chemicals such as FeCl; are often injected at the
filter inlet to enhance the agglomeration of suspended solids and thereby improve
the filtration efficiency.

RO (reverse osmosis) units are used to remove smaller particles and métallic
ions. The operating principle of RO units is illustrated in Fig. 17. As water enters
the spiral-wound modules, water molecules diffuse through the porous meémbrane
but microparticles, microorganisms, and ions are held back by the membrane. The
rejected impurities are drained in the concentrated filtration effluent, and very few
impurities are held back inside the membranes of the RO units. Conversely, multi-
media filters. and microfilters keep the captured particles in the filter media. RO units
are regenerated by injecting RO permeate water on their feed side to wash away the
sediments attached to the porous membrane.

Ultrafilters are used to remove submicrometer-size particles. During normal
filtration mode, water is fed to the outside of a band of hollow fibers. As the water
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FIGURE 17 ,
Operation principle of reverse osmosis filters.

penetrates through the porous fibers, particles are left behind on the exterior surface.
During regeneration, the particles are washed away by the purified water fed in the
reverse direction. A cross section of a hollow ultrafiltration fiber and a schematic
diagram of an ultrafiltration cartridge are illustrated in Fig. 18.

The majority of TOC (total organic carbons) is removed in the make-up loop
via the reverse osmosis units and the remaining portion of TOC is removed in the
polishing loop by first ionizing it in the UV lamp modules and later capturing the
ionized TOC in the mixed-bed polishing cartridges.

In the polishing loop, the DI water will be continuously circulated at a velocity
greater than 1.5 m/sec from the process area back to the DI water installation to
maintain low levels of contamination. All piping behind the polishing cartridge is
constructed of PVDF (polyvinylidene fluoride) to minimize the release of particles
and TOC.

PEEK (polyether ether ketone), a plastic tubing, and GOLDEP, an electropol-
- ished stainless steel piping passivated by Cr,O5 film, are reported to have much
lower TOC- and metallic-ion dissolving characteristics compared to PVDEF, and they
have also been used in the polishing loop.

The evolution of DI water system design, shown in Fig. 19, can be characterized
by the introduction of new techniques and materials.

For 256K DRAM devices, the DI water system includes the following features:

Pretreatment filters for removing particles in the micrometer range
RO units for removing ions, TOC, and particles

A vacuum degasifier for removing dissolving gases

Use of 254 nm UV lamps for bacterial sterilization

Use of mixed-bed ion exchange unit for removing residual ions
Use of membrane filters to capture particles
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FIGURE 18

(a) Schematic diagram of the cross section of an ultrafiltration fiber. (b) Schematic
diagram of an ultrafiltration cartridge. (courtesy of Asahi Chemicals of Japan)

For IM DRAM devices, the following additional features are included: .

Use of polishing cartridges with low TOC leachables

Use of ultrafiltration units as final filter

PVDF supply piping instead of PVC (polyvinyl chloride) or PP
Periodical sterilization of the distribution loop with ozone.

For 4M DRAM applications, the use of 185 nm UV lamp sterilization to reduce
for TOC was adopted. For 16M DRAM, the DI water system process flow is similar
to that for the 4M DRAM except that the RO and ultrafiltration filters are of better
quality. For 64M DRAM applications, the use of secondary RO units in the make-up
is forecast.
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Process item 256K 1M 4M/16M 64M

1. Raw water pretreatment
removes gross particles

2. Reverse osmosis 1

3. Intermediate storage tank

’

4, Vacuum degasifier
removes O,, CO, etc.

5. UV 254 nm removes
bacteria

6. Mixed-bed ion exchanger
in-situ regeneration

Make-up loop
Make-up loop

7. Mixed-bed ion exchanger
external regeneration

8. Reverse osmosis II

9. Pure water storage tank

10. UV 185 nm removes TOC

11. Mixed-bed ion exchange
no regeneration

Polishing loop
Polishing loop

12. Membrane filter 0.1 pm I%I

13. Ultrafiltration IZI Z IZI

14. Point of use ﬂ —H (O {R (O ‘E-{ O3
Reclaim ‘ b b h h

FIGURE 19
Evolution of ultrapure water system design. (Courtesy of Christ AG. Switzerland.)

Evolution of the DI water specifications is illustrated in Table 9. The specifi-
cations of most parameters, except for resistivity, have been tightened one order of
magnitude for the 1-Mbit DRAM to the 16-Mbit DRAM.

One of the most critical impurities in DI water is the dissolved oxygen, which has
to be kept as low as possible to prevent native oxide growth on bare silicon wafers.
Much work has been done to improve the performance of vacuum degasifiers. There
are three popular degasification processes: the hot-water process involves heating
DI water to a temperature above 55°C; the nitrogen purging process entails inject-
ing nitrogen counter flow into a DI water vessel; and the catalytic process involves
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TABLE 9
Evolution of DI water specifications

2

Process technology

256K DRAM 1M DRAM 4MDRAM 16MDRAM 64M DRAM
Design rule, pm 2.0 1.2 0.8 0.5 0.3
Resistivity, MQ-cm > 17.0 > 175 > 18.0 >18.1 > 18.2
Particle (pieces/cc)
> 0.2 pm <30 <10
> 0.1 pm <50 <20 <5 <1
> 0.085 pm <10 <2 <05
> 0.05 pm <5 <1
Bacteria, unit/L < 200 <50 <10 <1 <1
TOC, ppb <100 <50 <20 <5 <1
Oxygen, ppb <100 <100 <50 <10 <5
Silica, ppb <10 <5 <3 <1 <0.2
Na, ppb 1 <1 <0.1 < 0.05 <0.01
Cl, ppb 1 <1 <0.1 < 0.05 < 0.01
Metal ion, ppb 1 <1 <0.1 < 0.05 < 0.01

Source: Courtesy of Christ AG. Switzerland.

feeding DI water through a vessel packed with palladium catalytic resin. These three
degasifiers are expensive. Recently, a new degasifier operated at a room temperature
of 23°C and employing neither nitrogen nor a catalyst has been developed. A vacuum
level beyond 700 mm Hg is generated externally. The dissolved oxygen is removed
by the boiling water vapor bubbling through the DI water. The dissolved oxygen
level can be kept around 2 ppb.

Over 70% of the DI water supplied to the points-of-use can be recovered.®® The
reclaimed water can be fed directly to the raw water storage tank or pumped to an RO
permeate storage tank after passing through various treatment steps such as activated
carbon filters, a TOC UV lamp module, ion-exchange units, and RO units.

1.7.2 Chemical Supply System®55

Close to 20 types of ultrapure chemicals are used in IC manufacturing processes.
About two-thirds of them are acid and caustic and the remaining are organic solvents.
These chemicals are used for the following processes:

Process Chemicals

Prefurnace cleaning NH4OH, H,SO4, HC1, H,O, and IPA
Thin film wet etching HNO3, H;PO4, HF, BHF (buffered HF)
Photoresist coating and developing Photoresist, developer, acetone
Residual photoresist removal H,;S04, H;O,, organic resist stripper
Postmetal process cleaning Organic solvent

Particles and especially metallic impurities in the chemicals will significantly
effect the wafer yield. The metallic impurities will cause degradation of gate oxide
integrity and thereby result in early breakdown. The metallic impurities also en-
hance OSIF (oxidation induced stacking faults), resulting in junction leakage and a
decrease of carrier lifetime.
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TABLE 10
Evolution of chemicals specifications

Process technology

256K DRAM 1M DRAM 4MDRAM 16MDRAM 64M DRAM

Design rule, pm 2.0 1.2 0.8 0.5 0.3
Particles (pcs/cc)

> 0.5 pm < 100

> 0.3 pm <50 <10

> 0.2 pm < 500 <50 <10 <1
> 0.1 pm < 100 <10
Anion, ppb < 2000 < 1000 < 500 < 100 <50
Metal, ppb < 100 <50 <10 <1 <02

Source: Courtesy of Merck-Kanto.

With the ever increasing chip size and process complexity, the continuing reduc-
tion in gate oxide thickness, and the ever tightening device leakage current require-
ment, the demand on the qualities of chemicals becomes very severe. Table 10 shows
the evolution of the chemical specifications with respect to process technologies.

In submicron fabs, all bulk chemicals, except the highly viscous photoresist, are
centrally delivered to points of use via chemical supply systems. A chemical supply
system, as shown in Fig. 20,9 consists of three parts: the chemical delivery modules
normally located in a separate room adjacent to the cleanroom, the chemical delivery
piping network, and the central controller. '

There are two types of chemical supply modules. One is a big storage tank with a
1000 to 9000 L capacity equipped with external pumps and filters. This type of chem-
ical supply module is used to supply chemicals consumed in large quantities, such
as HSO4, NH,OH, H,O0, IPA, and photoresist developer. Chemicals are pumped
from chemical drums supplied by the vendors into the big holding tank and then are
delivered to the points of use as needed.

The other type of chemical supply module, used for delivering chemicals used
in smaller volume, is a cabinet unit that houses two chemical drums, each with a

200 L capacity. One of the two chemical drums serves as a supply tank and the other -

as a standby. The chemical supply module automatically switches to a standby tank
when the supply tank is empty. HEPA filters are often installed inside the chemical
supply cabinet to provide a clean, laminar-flow environment.

It is a common practice to periodically recycle the chemicals inside the chemical
drum through an external filter, when the tank is not delivering the chemicals, to
reduce the particles. When the chemicals are delivered by a pneumatically driven
bellows pump, particles trapped inside the filter may be pushed out due to the
pulsating action of the pumps. To overcome this problem, some advanced chemical-
supply modules employ a combination of the pumped and pressurized delivery
techniques.% When the chemical supply module is in the supply mode, the chemi-
cal is delivered out of the holding tank by a constant nitrogen source, and when the
chemical supply module is in the standby mode, the chemical is recycled through
external pumps to filter out particles.

The piping networks delivering acid and caustic chemicals are made of PFA
(perfluoroalkoxy) pipe enclosed in a seamless clear PVC tube that is connected to
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cHAPTER 1: Cleanroom Technology 47

a valve box. Sensors are installed at the bottom of the valve box to detect chemical
leakage. The piping for solvent is constructed of electropolished SS316L tubing.

Each chemical delivery module and all interface controllers, each connected to a
point of use, are linked to a master controller that monitors the status of every delivery
module and activates the chemicals supply function on receiving the request from
any point of use.

1.7.3 Process Gas Piping System®-7

Over 20 different ultrapure gases are used in semiconductor manufacturing pro-
cesses. Among these gases, Ny, Oy, Hy, and Ar are often called bulk gases because
large quantities are used, whereas other gases, including He, AsHs, PH3, SiH,, NHj,
and NFs, are classified as special gases because only small quantities are needed.

In general, N, comes from three sources: an N, pipeline delivered from a remote
air-separation plant, a liquefied-nitrogen storage tank located in the gas yard, and an
on-site N; generation plant. O, and Ar are supplied from liquefied gas storage tanks.
H, is delivered from either a liquefied-gas storage tank or a bank of high-pressure
gas cylinders. These bulk gases pass through purifiers and gas filters to remove im-
purities and particles before entering a gas-distribution piping system located inside
the cleanroom. The special gases are sent directly to process tools from gas cylinders
located inside gas cabinets. : .

The gas cabinet is an exhausted safety enclosure that contains the gas cylinders
and the associated gas-handling panels. The basic function of the gas cabinet is to
allow purging and safe exchange of the cylinders. The gas panels incorporate all
components for control and monitoring of the high-purity gases. The gas cabinet
usually contains two process cylinders to allow automatic switch-over when one
cylinder is empty. One nitrogen cylinder is also available for purging the piping
line. '

With a few exceptions, such as Cl, and SiH,Cl,, the supply pressure for bulk
and special gases is normally kept around 5 kg/cm?. At each point of use, the pres-
sure of each gas has to be independently and locally controlled by a series of valves,
pressure regulators, pressure sensors, and particle filters located inside a gas mani-
fold box. Each gas is distributed at a special pressure dictated by the process tool.
For each process tool there are one or more gas manifold boxes installed nearby for
gas distribution and control.

The evolution of bulk-gas specifications with respect to process technology is
shown in Table 11. From the 1M DRAM to the 4M DRAM, particles and impurities
levels have to be reduced by one order of magnitude. To achieve the tight process-gas
quality specifications required by a 16M DRAM process technology, the selection
of gas components, piping-system design, and installation procedures becomes ex-
tremely critical.

Ultraclean gas components with the following features are used extensively in
the submicrometer level process-gas piping systems:

Minimum dead space
Metal seal to prevent any leak to outside
Interior surface with submicrometer-level roughness
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TABLE 11
Evolution of bulk

as specifications

DRAM technology
256K M 4aM 16M 64M

Design rule, pm 2.3 1.3 0.8 0.5 0.3
Particle level

Size, pm 0.3 0.2 0.1 0.1 0.05

Density, pcs/cc <10 <10 <5 <5 <5
Impurity level, ppb

0, < 100 <50 <10 <5 <1

CoO <10 <5 <1

CO, <10 <5 <1

CH, <10 <5 <1
H,O level

Dew point, °C <-76 <—-80 <-90 <-100 <-120

Concentration, ppb 1,000 500 100 10 0.13
Metallic level, pg/m? - 1 1 0.1 0.01

Source: Courtesy of BOC of England.

No thread seal and no moving parts
Fittings with bearing or welding applied to all joints

All of these features are aimed at minimizing particles and adsorbed moisture
from the interior wall that makes contact with the ultrapure process gases, reducing
the trapping of unwanted gas in the dead space, and preventing ambient moisture
and oxygen from leaking into the piping systems. The performance characteristics
of the ultraclean gas components can be illustrated by the following examples.

Figure 21 shows the schematic diagrams of a conventional branch piping method
and an integrated gas valve.5” The dead space of the former is 1.3 cc and of the latter

Flow directionT __;

— s

|
-

Dead space 1.3 cc

(a) Two-way piping valve

FIGURE 21

Flow directiorj

N\

Dead space 0.01 cc

(b) Integrated valve

(a) Conventional branch piping method and (b) newly developed integrated gas valve.
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Flow N,—H, Flow N,—H,
10° 10°
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2k Integrated valves 2
Background
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(@ )]
FIGURE 22

Gas displacement time (a) for branch valve and (b) for integrated valve.

is 0.01 cc. As illustrated in Fig. 22, the integrated valve, which has a dead space
two orders of magnitude lower, offers much better gas displacement characteristics
than the conventional branch piping method. Recently, block valves that have sev-
eral integrated single valves in a single metal block have been used by some IC
manufacturers in their process-gas distribution systems.

Hundreds of diaphragm valves and bellows valves are used in a process-gas
piping system. Schematic diagrams of these two valves are shown in Fig. 23. Com-
pared with the bellows valve, the diaphragm valve has much lower dead space, and
therefore exhibits superior gas-displacement characteristics.5”

In the past decade, gas components with an interior surface electropolished to
a roughness below 1 wm have become a standard. The moisture outgassing char-
acteristics of an EP (electropolished) surface can be improved further by growing
a Cr,O3 passivation layer in an oxygen ambient. The oxygen-passivated EP pip-
ing has a golden color and is also known as GOLDEP piping. Figure 24 shows the
moisture outgassing characteristics observed in the start-up phases of three differ-
ent gas-piping systems.”! Within a few hours of purging, the moisture level of the
gas piping system employing GOLDEP tubing and gas components with all-metal
seals (see case C) drops to a few ppb. It will take more than a month of continuous N,
purging for the moisture level of the gas-piping system using conventional EP tubing
and gas components with plastic seals to drop below 5 ppb. Figure 24 also illustrates
the importance of purging continuously after the welding work is completed.

Table 12 summarizes the gas components and their relevant characteristics,
such as interior surface roughness and external leakage rate, with respect to process
technology ranging from 256K DRAM to 64M DRAM. The surface roughness of
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(@) Diaphragm valve (b) Bellows valve

Bellows valve

Diaphragm valve

Gas displacement time (sec)

P A\ e
102 | Backgroundl 1 | .
0 50 100 150 200 250
H, flow rate (cc/min)
(©)

FIGURE 23

(a) Diaphragm valve, (b) bellows valve, (¢) gas displacement
characteristics.

gas piping and the external leakage of gas components has been improved by several
orders of magnitude. The bellows valves have given way to diaphragm valves. The
only plastic parts remaining in the gas-piping system are the membrane gas filters in-
stalled at the beginning of the main gas piping. Compared with the total gas flow rate
in the main pipe, the outgassing rate of a membrane filter is negligibly small. The
conventional Borden tube pressure gauge contains a spiral hollow coil that moves
the pressure indicator needle by expanding and contracting as the pressure fluctu-
ates. This type of spiral coil has a large dead space and also generates particles. The
Borden tube pressure gauges are being replaced by flow-through type pressure
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500 - Q? ¢ SUS316L-EP tubing
1 @ * Include plastic materials
¢ Interrupt purging at night
- + SUS316L-EP tubing
'§: ! * Include plastic materials
& 1 . .
g 300 | ¢ Continuous purging
E * SUS316L-EP & O,-passivated tubing
g @ © * All metal & O,-passivated
% : + Continuous purging
S 100\
=
R
10 +
51
___S( } Py i 1 1 i ¢ § L
>0 1000 2000 3000 4000 >’ 11000
Time (hr)
FIGURE 24
Moisture outgassing characteristics of three piping systems during the start-
up stages.
TABLE 12
Evolution of process-gas components
DRAM
technology 256K M 4M 16M 64M
Piping material SS316LBA SS316LBA  SS316LEP SS316LEP SS316LGEP
Internal surface SCH-10S  SCH-10S SCH-5S SCH-5S SCH-5S
Roughness, Ryax, pm <3 -5 <1.0 <0.7 <03 < 0.1
Tube fitting Swagelog  VCR VCR VCR MCG/ISK
Ring Metal Metal Metal
External leak, atm-cc/s 1 E—4 1E-6 1E-8 1E-11 1E-13
Valve
Large Bellows Bellows Bellows Diaphragm Diaphragm
Small Bellows Bellows and Diaphragm All-metal All-metal
diaphragm diaphragm diaphragm
Filter
Cutoff size, pm 0.02 0.02 0.01 0.01 0.005
Large flow rate Membrane Membrane  Membrane Membrane Membrane
Small flow rate Membrane Membrane  Ceramic Metal Metal
Pressure regulator Diaphragm Diaphragm Diaphragm Diaphragm Diaphragm
Pressure gauge Borden Borden Borden Flow-through  Flow-through
tube tube tube pressure Sensor  pressure Sensor

Source: Courtesy of BOC of England.
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sensors that monitor gas pressure with a built-in metallic diaphragm attaching to the
interior wall of the gas tubing.

Improvement has also been made to gas cylinder valves. The conventional CGA
(Compressed Gas Association) cylinder valve has been replaced by a newly devel-
oped DISS (Diameter Index Safety System) cylinder valve. The DISS gas cylinder
valve employs a metallic gasket to provide a better seal at the contact between the
male gas cylinder outlet and the female connector attaching to the gas-distribution
system. Special provisions are also made to minimize the torque force, and thereby
the abrasion, generated at the surface of the gas cylinder outlet when the male and
female DISS connectors are tightened. '

The design and construction concepts of an ultraclean process-gas piping system
is similar to the ultraclean gas components:

Leak free

‘Particle free

Dead space free
Outgas free
Corrosion free
Plastic material free

" Purge valves are often installed at the ends of the subbranches extended side-
ways from the bulk-gas main piping. A small volume of gas is continuously purging
out of the piping system to ensure that the process gas is not stagnant inside any
section of the piping system. '

In addition to the proper selection of gas components, the actual field installation
procedures plays a decisive role in determining the final gas quality. All the com-
ponents and tubing should be wrapped in a nitrogen-filled plastic package prior to
shipment from the vendors. The on-site subassembly of gas components should be
performed in a clean booth with a cleanliness better than class 100. The installation
of the subassembled parts should also be in a clean environment, preferably after the
installation of HEPA filters. During welding, Ar containing 3 to 5% H, is used as an
arc gas and back-seal gas to prevent the hot welding spot from oxidizing with ambi-
ent oxygen and moisture. After welding, the piping should be purging continuously
with N to get rid of the adsorbed moisture. Helium leak tests are also applied to all
the welding spots to ensure there will be no leakage due to defective welding.

1.7.4 Space Management

Space management refers to the arrangement of process utilities including make-up
air and exhaust ductwork, process pipings, electrical cable tray and bus bars, etc.
in both the utility building and the cleanroom area. It comprises the design of the
process utilities distribution network and the design of the pipe rack on which the
process utilities are installed. Space management, which is often overlooked dur-
ing cleanroom design and construction, results in an optimum and flexible process
utilities distribution.

Each process utility piping network can be subdivided into main pipings and
branch pipings. Figure 25 illustrates the arrangement of main piping and branch
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headers in the basement of a cleanroom. The main headers of the process utilities
are based on a horizontal distribution of piping, cabling, and exhaust ductwork. The
branch headers of the process utilities, which crisscross over the main header, are
based on a vertical distribution of piping, cabling, and exhaust ductwork. From the
branch header, process utilities are connected upward to the process equipment lo-
cated at the second floor or downward to the pumps and power cabinets located on
the first floor.

The optimal height of the cleanroom basement, from the floor level to ceiling,
should be approximately 6 meters to allow enough clearance for people to walk freely
under the main utilities headers.

The pipe rack is required to support the main and branch headers of the process
utilities and occasionally the central utilities, such as chilled water for the recircula-
tion air units.

1.8
SUMMARY AND FUTURE TRENDS

Because devices are continuously miniaturized, the design of the cleanroom system
and process utilities is increasingly critical for the IC manufacturing process. As
feature sizes decrease and wafer sizes increase, purity requirements become more
stringent. A low defect density demands a substantial improvement in the control of
the wafer environment. The current cleanroom classification is based on 1 particle
with a size equal to or larger than 0.1 wm per ft in the wafer environment, obtained
in a downward laminar air flow at a maximum speed of 0.35 m/sec.

The design of a cleanroom system must be flexible to allow any desired pro-
cess layout. The two-level cleanroom concept is recommended, in which the upper
level is the clean production area with the process equipment, and the lower level
is a utilities distribution area and a return air plenum as well as a site for installing
remote equipment. All cleanroom subsystems should be integrated for optimum per-
formance. Material selection and basic setup for each subsystem must satisfy the re-
quirements of the manufacturing process. Vibration, temperature, relative humidity,
ESD and EMI, and particle and chemical contamination must all be controlled to
ensure high quality cleanroom performance.

The baseline management method, which divides the entire project into clearly
identifiable phases, is the recommended approach for a cleanroom construction
project. The time span from beginning the design to starting up the process is es-
timated to be approximately 2 years, divided into a 6-month preparation period, a
14-month realization period, and a 4-month hookup and final-testing period. Of the
total investment for a semiconductor fab, 75% purchases the process equipment and
25% pays for the facilities and utilities. Of the latter amount, approximately 35%
pays for the process utilities and 25% finances the cleanroom system.

The generation of particles inside the cleanroom must be prevented as much as
possible. Gowning procedures are imposed on persons entering the cleanroom and
decontamination procedures must be followed for incoming materials. Sources of
microcontamination inside the cleanroom are minimized by proper cleanroom main-
tenance.
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CHAPTER I: Cleanroom Technology 55

Other related process utilities require the highest possible quality level. DI wa-
ter, chemical supplies and process gases require attention and investment.

Total integration of process utilities requires space management—the optimal
arrangement of the various utilities distribution networks and the supporting pipe
rack. Trends in cleanroom design are toward minienvironments in which the wafer
loading/unloading and processing areas are enclosed. Wafers are transferred auto-
matically in and out of the minienvironment. Outside these minienvironments, the
wafers are sealed inside a portable pod for transport. To eliminate microcontamina-
tion and reduce native oxide growth on silicon wafers, the nitrogen tunnel has been
proposed for manufacturing 1G DRAM. In this future cleanroom, the wafers will be
transported by robots, one piece at a time, inside a nitrogen tunnel that connects to
each piece of process equipment. An alternative solution may be the use of cluster
tools with dry HF etch chambers to clear the native oxide before a native-oxide-
sensitive process is performed. In designing the cleanroom layout, enough space
should be kept between process tools to accommodate the cluster tools, which usu-
ally have large footprints.

During the last three decades, the wafer size has increased from 75 mm to
200 mm, and the standard loading capacity of a wafer cassette has remained at 25
pieces. The lot size for the 300-mm wafer will become much smaller. Smaller lot
size can significantly reduce the wafer processing cycle time; however, it can also
dramatically increase the wafer handling frequency. Automatic transfer of the del-
icate wafers between process tools is the only applicable solution. Ultimately, the
process tool manufacturing community must come to an agreement on standardiz-
ing the robotics interface so that total automation can be implemented smoothly.

Total automation is a starting point in the design of the process layout. This means
that the required space and logistics must be planned. Three basic levels of automa-
tion can be distinguished: tool automation, intrabay automation, and interbay automa-
tion. Interbay automation is now a standard feature. Intrabay automation is becoming
popular and will become absolutely necessary in the future 300-mm wafer fab.
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PROBLEMS

1.

Due to contamination that occurred in the cleanroom, the wafer defect density, measured
at sizes above 0.3 wm, has increased fivefold from 0.2 D/cm? to 1.0 D/cm?. Use the
following equation along with the data provided in Tables 1 and 2 to estimate the yield
loss of a 4M DRAM and a 16M DRAM wafer.

Y =¢PA
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where D is the defect density and A is the chip area. Note that the density of defects is
roughly inversely proportional to the defect size to the second power.

. The class 1 according to Japanese Std. B9920 rev. describes air cleanliness with no more

than 10 particle/m? of a size 0.1 wm or larger. Calculate the equivalent air cleanliness
class according to U.S. Fed. Std. 209E.

. Estimate the numbers of sampling locations and the total air sampling time required to

certify a submicrometer fab having 2000 m? class M1 process area and a 2000 m? class
M3 service area. Use the single sampling plan and sample the air at 28.3 L/min.

. An accidental spillage of an IPA bottle raised the cleanliness level of a 10 m? cleanroom

from class 1000 to class 100,000. Assuming the air exchange rate of the cleanroom is 60
times per hour, estimate the time required for the air cleanliness to recover to class 1000.

. The cleanliness of outside ambient air is around class M7 according to Fed. Std. 209E.

Estimate the cleanliness of the air leaving the make-up air unit having a HEPA filter
of 99.97% filtration efficiency. What is the minimum filtration efficiency of the ULPA
filters required for the process area to reach a class M1 (at 0.1 pm) cleanliness?

. The cleanliness of a cleanroom is achieved by recirculating air through HEPA filters. Es-

timate the annual electricity requirement for maintaining the air cleanliness of a 4000 m?
submicrometer cleanroom. The HEPA filter coverage of the entire cleanroom is 60%. The
average air speed leaving HEPA filters is 0.35 m/sec. The average pressure drop across
the HEPA filter is 120 Pa. The efficiency of the axial fan unit is 85%.

. By adopting the minienvironment concept, the HEPA coverage of the conventional clean-

room described in Problem 6 can be reduced by half. The total investment of imple-
menting SMIF is around $25 million. Estimate the annual saving in electricity and com-
pare that with the SMIF investment cost. The cost of electricity is $0.1 per kWh. The
amortization period of SMIF investment is 7 years and the annual interest of the capital
is 6%.

. To maintain a constant air velocity of 0.35m/sec, the pressure drop across the HEPA filter

has to be increased over time. Use the data provided in Problem 6 to estimate the annual
increment in electricity cost for a HEPA filter having an initial pressure drop of 100 Pa
and an annual pressure increment of 10 Pa.

. To control the relative humidity level of a cleanroom at 43%, the outside air has to be

cooled to 9°C to remove the excess moisture before being heated to the operating tem-
perature of 22°C. Since a large amount of heat is released by the process tools located
inside the cleanroom, significant energy saving on chillers and boilers can be realized by
lowering the outlet temperature of the make-up air to, for example, 14°C instead of 22°C.
Use the data provided in Section 1.3.5 to estimate the annual energy saving achieved in
a submicrometer fab with a monthly production capacity of 15,000 wafers. Assume the
average mask level is 20 and the average heat removal efficiency of a chiller is 5, i.e., 5
kW heat removed per kW of electricity required. The cost of electricity is $0.1 per kWh.

Estimate the gas displacement time of a 1/4-in. bellows valve at the flow rate of 50
cc/min. Repeat the same calculations for a diaphragm valve. The dead space of the bel-
lows valve and the diaphragm is 2 cc and 0.2 cc, respectively. The gas displacement
time is defined as the time required for the displaced gas to reach 0.01% of its initial
concentration.
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CHAPTER 2

Wafer-Cleaning Technology

C. Y. Chang and T. S. Chao

2.1
INTRODUCTION

ULSI technology requires more stringent and reliable means to control the surface
smoothness and to getrid of particles and contamination, such as metallic and organic
residues on the silicon wafer surface, than does VLSI technology.

The well-known RCA wet clean! processes have been used extensively since
the 1970s. The basic mechanisms of cleaning will be discussed in the following
section. This discussion is followed by a presentation of recent developments that
modify the standard RCA process to meet the more severe requirements and various
applications of ULSI processes. These processes include thinner (< 5 nm) gate oxide
formation, metal contact, and high-crystal-quality epitaxy. Next, we will address dry
cleaning processes that meet the future requirements of integrated cluster-processing
systems. Recent developments in surface electronic-state configurations, surface ter-
mination (e.g., H-terminated or F-terminated), surface kinetics, and reactions will be
discussed in order to understand the surface-cleaning processes.

Supporting technologies, such as O,-content-free deionized water, pure gas de-
livery systems, special designs for avoiding particulate generation in the process
chamber, cleanroom design, etc., that are crucial to avoid surface contamination of
the processing wafer have been discussed in detail in Chapter 1 and will be read-
dressed where they are needed.

2.2
BASIC CONCEPTS OF WAFER CLEANING

The wafer-cleaning process has been the important and critical step in semiconductor
manufacturing for over 30 years. The most common process used today is the RCA
wet cleaning process.! The RCA cleaning process was first developed by Kern and

60
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Puotinen in 1960 at RCA and was published in 1970. Two sequential cleaning so-
lutions, NH4OH-H,0,-H,O (called standard cleaning 1 (SC-1), a composition of
1:1:5t01:2:7at70 to 80°C) and HCI-H,0,~H,0 (called standard cleaning 2
(SC-2), acompositionof 1 : 1 : 6to 1:2: 8at 70 to 80°C), were used. Both of these
cleaning processes are based on hydrogen peroxide. At a high pH value SC-1 can
effectively remove organic contamination and particles by oxidation. At a low pH
value SC-2 can desorb metal contamination by forming a soluble complex. These ba-
sic concepts to remove contamination have not changed since they were developed.
However, as the dimensions of devices have shrunk to submicrometer scale, addi-
tional requirements have been proposed for an ultraclean wafer surface in VLSI and
ULSI. For complete fulfillment of an ultraclean wafer surface, it should be free from
particles, organic contamination, metal contamination, surface microroughness, and
native oxide.

‘Particle, organic, and metal contamination have been reduced with a controlled,
super-cleanroom technology and improved wet cleaning technology. To improve
the integrity of ultrathin gate oxide and to grow an epi-layer in a low-temperature
process, the surface must be free of native oxide, or perfectly hydrogen-terminated.
Another issue is the microroughness. This issue is not so serious when the thickness
of the gate oxide is larger than 200 A using 0.7 wm technology. However, as the
thickness is reduced to less than 100 A for 0.35 pm or smaller technology, surface
microroughness at the SiO,/Si interface becomes a prominent influence on chan-
nel electron mobility as well as on ultrathin gate oxide quality. The sources and
the related effects of the contaminations are shown in Table 1. Different contam-
inants cause different effects on device reliability, which will be discussed in the
next section. All these problems are summarized in Fig. 1 from the point of view of

TABLE 1
Sources and related effects of various contaminations

Contamination  Possible source Effects
Particles Equipment, ambient, gas, Low oxide breakdown
deionized (DI) water, chemical Poly-Si and metal bridging—
induced low yield
Metal Equipment, chemical, reactive Low breakdown field
ion etching (RIE), implantation Junction leakage
ashing Reduced minority lifetime
V, shift
Organic Vapor in room, residue of Change in oxidation rate
photoresist, storage containers,
chemical
Microroughness Initial wafer material, chemical Low oxide breakdown field

Native oxide

Ambient moisture, DI water
rinse

Low mobility of carrier

Degraded gate oxide
Low quality of epi-layer
High contact resistance
Poor silicide formation
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Cleaning

technology > Concentrations Si wafer
\ technology
Chemicals
DI water
Impurity,
Cleaning metals
equipment
Drying
process Gate oxide
integrity
Cleaning
recipe Particles, Roughness
colloids
Temperature
Oxidation technology
FIGURE 1

Interrelation of different factors on the gate oxide. (After Verhaverbeke, Ref. 2.)

gate oxide integrity.? These problems are important because gate oxide quality is one
of the critical steps that determine the yield, reliability, and performance of a ULSI
circuit. Problems due to roughness, impurity, and particles can be the result of clean-
ing technology (concentrations, chemicals, water, cleaning equipment, dry process,
and cleaning recipe), oxidation technology (gases, temperature), and Si wafer tech-
nology (initial wafer). Because chemicals, deionized (DI) water, and Si wafers are
available in high purity, the sources of most contaminations are tools and processes
rather than the environment and operators. Although many cleaning processes have
been developed to remove contaminants, the most important thing is to avoid con-
tamination rather than to clean it up during processing. The basic concepts of each
issue are discussed in the following section. The reliability problems related to each
contaminant will also be discussed.

2.2.1 Mechanisms for Removing Particles and Contaminations

The mechanisms of removing particles and contaminations are addressed in the fol-
lowing paragraphs.
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TABLE 2

Particle concentration (number/mL)
in ULSI-grade semiconductor
chemicals®

= 0.2 pm = 0.5 pm

NH,OH 130-240 15-30
H,0, 20-100 5-20
HF 0-1 0
HC1 2-17 12
H,S0, 180-1150 10-80

Particles

Particle adhesion to a silicon surface usually occurs during the process from the
equipment, ambient, gas, chemicals, and DI water. The particle contamination in
ULSI-grade semiconductor chemicals is shown in Table 2. H»SO,4 has the highest
number of particles and HF the lowest. Figure 2 shows that the yield of gate oxide is
reduced as the number of particles is increased. The requirement of the particle size
is scaled down with the minimum feature size of the technology.* The general guide
for particle size is one-tenth of the device feature size. By the year 2000, 0.2-pm
device features will require a particle size smaller than 0.02 pm.

To control particles, it is necessary to understand the mechanisms of adhesion
and removal of particles. Particle adhesion is dominated by several mechanisms:
forces due to static charge on the particle or to van der Waals forces, forces due to
the formation of an electrical double layer, forces due to capillary action around the
particle, and a chemical bond between the particle and the surface. Particle removal
mechanisms can be classified into four types:

1. Dissolution

2. Oxidizing degradation and dissolution

3. Liftoff by slight etching of the wafer surface

4. Electric repulsion between particles and the wafer surface

100

o2}
(=]

[=))
(@]

Epq yield (%)

20
FIGURE 2
0 L . Dependence of Eyq yield
1 10' ) 1020 1000 o particle density. (After
Particle density (#/cm”) Werkhoven et al., Ref. 3.)
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The oxidation and electrical repulsion mechanisms are illustrated in Figs. 3a and
b.> Figure 3a shows the oxidation of a particle to make it soluble. Figure 35 shows
the particle being removed from the sutface by the electric repulsion. The SC-1
chemistry has both mechanisms. Hydrogen peroxide can oxidize the silicon surface,
and OH™ from the NH,OH can provide the negative charges on the silicon surface
and the particle.

The deposition of the particle is a strong function of the pH value of the solution.
Figure 4 shows the number of particles deposited as a function of pH.6 Increasing the
pH to 10 results in low particle deposition. Clearly, maximum particle deposition is
observed in a highly acidic solution. A comparison of the particle-removal efficiency
of various cleaning processes is shown in Table 3; the SC-1 was found to have the
highest removal efficiency. .

Some methods have been developed to improve the efficiency of removing par-
ticles. The most effective commercial method is the megasonic cleaning process.’
SC-1 in conjunction with the megasonic cleaning process removes organic and inor-
ganic particles from the surface at a temperature of less than 40°C. Figure 5a shows

the detailed schematic of a static megasonic cleaning tank, which is noncontact and -

brushless, for removing particles (< 1 pm) simultaneously from both sides of a sil-
icon wafer. The model of the megasonic action on a particle on a silicon wafer sur-
face is shown in Fig. 5b. Sonic energy from the transducer is directed parallel to the
silicon surfaces, which are immersed in the SC-1 solution. The high-power (up to
300 W) and high-frequency (850 to 900 kHz) sonic pressure waves wet the particle
first, and the solvent diffuses into the interface. Finally, the particle is totaily wetted
and is removed from the surface as a floating free particle. This particle-cleaning
process is very useful in cleaning after the newly developed chemical-mechanical
polishing (CMP) process to remove the slurry on the surface. In addition to particle
removal, the megasonic process with SC-1 is reported to remove copper contamina-
tion effectively.” This is because the metal exchanges ions readily with the ammonia
and therefore can be rinsed off.

Oxidation /]._:. Dissolution
/ ..
.

e L ——

|

AP

(@) in a powerful oxidizing agent

Surface Electrical

etching | repulsion _
| 51+* . _' FIGURE 3

— —_— L [".  Acidic and alkaline wet chemical
| SEEEN oE mechanisms to remove particles, organics,
i - <7 and metallics: (a) in a powerful oxidizing

agent, (b) in an alkaline solution. (After

() in an alkaline solution Singer, Ref. 5.)
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1500 - HCl+H,0, + city water + DIW+ NH,OH + H,0, + city water + DIW
o

1000

Particle deposition (haze and particles/wafer)

500
O I | | 1 | | 1 1 | | 1 1
1 3 5 7 9 11 13
pH
FIGURE 4

Deposition of tap water particles onto wafer surfaces as a function of seed
solution pH. 10 percent by volume of tap water was mixed with ultrapure
water. Acidity/basicity was controlled by the addition of either HC] with
H,0, or NH4,OH with H,O;. (After Itano et al., Ref. 6.)

Two points must be considered in using this process. One is that enough energy
must be imparted to the particle so that it moves far enough from the surface not to
readhere; this problem can be reduced by adding a continuous filtration system to
trap the free particles from the surface into the solution. The other problem is that
the concentration of the H,O, will be reduced after long operation. Consequently,
the smoothness of the silicon surface will be degraded by etching by the NH,OH.
This will be discussed in the microroughness section.

TABLE 3
Particle contamination removal efficiencies for
various cleaning processes®

Cleaning

Pollution source SPM' SC-1# SC-28 PM?
City water 98.4 98.9 86.0 42.4
SiO, 83.3 98.4 97.1 94.7
PSLt 91.7 99.2 55.2 7.2

Environmental air 95.8 96.3 86.9 0.

T SPM (Sulfuric—peroxide mixture): HySO4: HyO5: (4:1) 5 min.
# SC-1: NH4OH: H,0,: H,0 (0.1:1.5) 10 min at 80-90°C.

8 SC-2: HCL: H,0,: Hy0 (1:1:6) 10 min at 80-90°C.

1 PM (peroxide mixture): HyOp: H,O (1:5) 10 min at 80~90°C.
1 Polystyrene latex sphere.
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FIGURE 5

(a) Detailed schematic of static megasonic cleaning tank. The transducer
plate incorporates eight transducers. The water holder is not shown,

for clarity. The megasonic action for particle removal is indicated
schematically. In an alternative system design the transducers are
mounted in the shape of strips, eliminating the need for the reflector.

(b) Model of megasonic action on a particle held on a silicon wafer surface:
frequency 900 kHz; pressure 9.1 X 10°N/m?; maximum instantaneous
velocity 30 cm/s; wavelength 1.3 mm; acceleration ~ 10° g; motion of H,O
molecule ~ 0.1 wm. (After Shwartzman et al., Ref. 7.)

Metal contamination

The source of metal contamination can be the chemical solution, the ion im-
plantation, or the reactive ion etching (RIE) process. Metal contaminations start at a
level of 1010 atom/cm?. Such a low level is below the lowest limit of measurement of
the commonly used total-reflection x-ray fluorescence (TRXF).8 The effects of metal
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contamination on devices are structural defects at the interface,’ stacking faults dur-
ing later oxidation or epitaxial process,'? increased leakage current of p-n junctions,
and reduced minority carrier lifetime.!! Figure 6 shows the metallic impurities on
a silicon wafer surface resulting from different processes.!?!? Steam oxidation has
the lowest level, less than 1010 atom/cm?. Ton implantation exhibits the largest metal
contamination, at a level of 10' to 10'® atom/cm?.

There are two mechanisms for precipitation of metal impurities onto the Si sur-
face. The first is the direct binding to the Si surface by the charge exchange between
a metallic ion and hydrogen atom that terminated on the Si substrate.! This type of
impurity is not easy to remove in the wet cleaning process. Metals of this kind are
usually noble metal ions, such as Au, whose electronegativity is higher than that of
Si and that tend to be neutralized by taking an electron from Si and to precipitate on
the Si surface. The electronegativity of various metals is shown in Table 4.

The second mechanism for precipitation of metal impurities occurs when oxide
forms on the surface and metallic impurities are included simultaneously. Metals
such as Al, Cr, and Fe tend to oxidize when the Si surface is oxidized and are included
in the oxide film. These metallic impurities can be removed by etching the oxide with
dilute HF. The enthalpy of metallic oxide formation is shown in Table 5.

Currently, the wet cleaning process is the most effective method for removing
metallic contaminations. HF-H,Oo(HF : 0.5%, H,0, : 10%) cleaning is effective in
removing metallic impurities that bind directly with Si surface. Some additives, such
as hydrocarbon-type surfactants, which are added to BHF (buffered HF) to improve
its wettability of the Si surface, are also found to be effective in removing Cu at room
temperature. !4

Both SC-1 and SC-2 have the capability of removing metallic impurities on
the Si wafer. This is believed to result from the high oxidizing mechanism of the
H,0,. Metallic contamination on the surface also induces microroughness,15 which
is shown in Fig. 7. Compared to the RCA-cleaned wafer, surfaces contaminated with
Ca show a pronounced increase in haze after annealing in Ar at 950°C for 5 min.

Jon implantation

Dry etching [« >0 0 b oo
Resistashing |t oo ]
e
o - Fe Ni Cu
Steam oxidation [ -1 .. - ]
— — T T 1
9 10 11 12 13

Log (concentration/ cm? )

FIGURE 6
Contamination induced by various processes. (After Anzai
et al., Ref. 12, and Ohmi et al., Ref. 13.)

Micron Ex. 1029, p. 94
Micron v. YMTC
IPR2024-00911



68 ULSI Technology

TABLE 4
Electronegativity scale of metals:'> M* + e~ — M

Half-cell
Electronegativity reduction
Element (Pauling) potential (V)
Au 2.4 1.68
Pt 22 1.19
Ag 19 0.80
Hg 1.9 0.79
Cu 1.9 0.34
Si 1.8 0.10 Tendency
to be precipitated
Pb 1.8 -0.13 on bare Si
Sn 1.8 -0.14
Ni 1.8 -0.23
Fe 1.8 -0.41
Zn 1.6 -0.76 !
Al 1.5 -1.66
Mg 12 -2.34
Ca 1.0 —2.87
Na 0.9 -2.71
K 0.8 -2.92

The defect density for these contaminated wafers after oxidation is shown in Fig. 8.
Fortunately, Cu contamination has little effect on the oxide quality and the surface
roughness. The most detrimental effect is from the Ca contamination, which results
in a rougher surface during the annealing process and also increases defect densities
in the oxide. Figure 9 shows the yield as the function of Ca contamination.'® As the
Ca contamination increases to 10! atom/cm?, the yield drops abruptly from 80% to
20%. This suggests that the threshold value for Ca contamination is 10!! atom/cm?
for areasonable yield. Figure 10 shows a typical I-V curve of an oxide grown on a Ca-
contaminated wafer.!” In the low-field region the current is enhanced, because of the
rough surface caused by Ca contamination, and results in early breakdown. Although

TABLE §

Enthalpy of oxide formation:!3
M + O; — MO,, AH < 0 (heat-releasing

process)

Oxide  AH2P (kJ/mol)

Al,05 —1675
CI‘203 —-11 30
CrO, —583
CrOs —580
Fe3 04 —1118
Fe203 -822
Si0, -909
NiO —241
CuO -155

T

Tendency to be included

in the oxide film
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Ca contamination will cause serious problems in the gate oxide, most of it can be
removed by the HF-last cleaning steps and DI water rinsing. Table 6 shows typical
metallic contamination after different last cleaning steps.!® HF-dipping reduces the
metal contamination most. The HF-H,0,~H,O cleaning process can remove more
Ca than HF can, but larger amounts of the other contaminants remain.

Another heavy metal prevalent on the Si is Fe, due to the common use of stainless
steel in the equipment and facility. Figure 11 shows the histogram of oxide failure
for Fe contamination levels of 1 X 103 to 5 X 10 atom/cm>.? When the Fe contam-
ination is less than 1 X 1010 atom/cm?, there is no effect on the failure rate, but when
Fe contamination increases to 5 X 103 atom/cm?, all oxides exhibit an early break-
down. The contamination threshold decreases as the oxide thickness is decreased? as
shown in Fig. 12. For an oxide only 100 A thick, the threshold of Fe concentration is
as low as 10" atom/cm?. Therefore, the Fe contamination level must be controlled
after each process to achieve a high gate oxide yield.

3000

&

E 2000

£

2

Z L

S

8 1000 |-

a

o

0 L 1
RCA Fe Cu Al Zn Ca
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FIGURE 8

Oxide defect density on the RCA-cleaned and contaminated samples as
obtained from extreme value statistics. The oxide thickness was 15 nm.
(After Verhaverbeke et al., Ref. 15.)
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Relation between the Ca concentration and the yield. (After
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A typical I-V curve obtained from a Ca-contaminated wafer. (After

Verhaverbeke, Ref. 17.)

TABLE 6

Typical metallic contamination after the last cleaning step
followed by rinsing (x 10'° atom/cm?), measured by VPD
(vapor-phase decomposition)-TRXF8

K Ca Cr Fe Ni Cu Zn
RCA 0.3 8.6 0.2 5.1 33 0.3 04
HF 0.1 3.8 0.05 0.3 0.1 0.06 0.1
HE-H,0, 0.6 1.6 0.3 2.2 0.2 0.09 1.2
BHF 0.2 14 0.4 2.6 0.3 3.7 0.7
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FIGURE 11

Combined summary breakdown field histograms for 13 nm oxides. All oxides were grown
in dry O, at 900°C. The threshold contamination level for this oxide thickness is between
1 X 10'3 and 5 X 103 cm™3. (After Henley et al., Ref. 9.)

Characterization of metal contamination level is important when one wants to
control the metallic contamination. Characterization techniques are compiled in Ta-
ble 7. Note that the sensitivity limits are quoted in cm™~2 or cm™3, corresponding to
surface or bulk concentration. Atomic absorption spectroscopy (AAS), surface pho-
tovoltage (SPV), and total reflection x-ray fluorescence (TRXF) have the highest
sensitivity. The SPV measurement can identify only Fe contamination. On the other
hand, it is suitable for routine monitoring of Fe because it is nondestructive.

Organic contamination

Organic contaminations on the silicon surface are usually from organic vapor in
the ambient, storage containers, and the residue of photoresist. The presence of or-
ganic impurities on the surface will cause incomplete cleaning of the surface, leaving
contaminants such as the native oxide or metal impurities,'®?° and will also cause a
micromasking effect in the later RIE process. Residual photoresist is the main source
of organic contamination in the IC processes. In the present cleaning processes, pho-
toresist is usually stripped by a combination of dry ashing by ozone with subsequent
wet cleaning in H,SO4-H;0, = (3:1to4: 1 at 120 to 130°C). Most of the or-
ganic residue is removed in the first dry ashing process; the wet process is employed
to clean the wafer completely. However, the high cleaning temperature depletes
the concentration of H,O, and makes the process difficult to control. Recently,
ozone-injected ultrapure water?! or the sequence of UV and a filter system?? to
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FIGURE 12

MOSDOT capacitor experimental data: oxide defect density versus iron
contamination level for 900°C dry oxides. A defect is defined as breakdown
occurring at less than 8 MV/cm during a ramp voltage I-V test. (After Henley
et al., Ref. 9.)

remove organic impurities was proposed and designed. The mechanism is as follows:
When ozone is dissolved in ultrapure water, it decomposes and becomes a strong
oxidizing agent that decomposes organic impurities. This process has the advantages
of lower temperature, simplicity, and reduced chemical consumption and chemical
waste. However, this method causes native oxide to grow on the Si wafer because of

TABLE 7

Analytical techniques for the detection of metallic impurities in
silicon’

Sensitivities are typical reported values for routine operation.

SPC'" line
Techniques  Sensitivity =~ Chemical ID?  Destructive? monitor?
SIMS! 10 ¢cm™3 Yes Yes No
TRXF 10'° cm2 Yes No Maybe
AAS? 10° cm™2 Yes Yes No
DLTS! 10" em~3 Yes Yes No
Spvit 10° cm™3 Iron only No Yes

T Secondary-ion mass spectroscopy
# Total-reflection x-ray fluorescence
¥ Atomic absorption spectroscopy

1 Deep-level transient spectroscopy
1 Surface photovoltage

1 Standard process control
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the ozone. The oxide thickness increases as the immersion time increases, and it also
increases with the concentration of ozone. Figure 13 shows the native oxide growth
caused by ozone-injected ultrapure water.?! Rinsing in 2 ppm ozoned ultrapure water
results in a very rapid growth of native oxide. The surface roughness using the ozone-
injected cleaning process is the same as that from the H,SO4—H, O, cleaning process.
Figure 14 shows the influence of residual surfactant molecule on the silicon
wafer surface.?! From the measurement of x-ray photoelectron (Sip,) spectra, the
wafer with the surfactant still has native oxide on the surface after the dilute HF dip
(DHF) process. The other sample, with ozone treatment, exhibits an almost native-
oxide-free surface after the DHF process. The organic contaminant—free surface re-
sulting from ozone treatment helps the subsequent cleaning to function properly.
The contact angle of a droplet of DI water on the silicon surface is usually used
to indicate the chemical condition of the surface. With poor passivation the surface
free energy is high and results in a low contact angle (Fig. 15a), whereas a surface
with good passivation exhibits a high contact angle (Fig. 15b). Figure 15¢ shows
the contact angle as the function of the ozone concentration on a Si surface with
absorbed surfactant.?! The contact angle of the absorbed surfactant on Si surface is
around 56.6°. After 10 min rinsing in ultrapure water, the contact angle is only 62°,
which is lower than the initial contact angle, 78.9°. However, if the ozone concentra-
tion increases to as little as 0.28 ppm, the contact angle increases to the initial value
at the same time. Increasing the concentration to 1.5 ppm reduces the clean time,
Hence, the ozone-injected ultrapure water is an effective cleaning process to remove

15

Sample: CZ-n(100)
Flow rate: 0.8 L/min
Temp: 25°C

O3 conc. 2 ppm

eh - o]
imﬁ, 10 S
3 O; conc. 0.5 ppm.,
:g . e

g

(0]

ke O, conc. 0.1 ppm
5 5

O; conc. 0.04 ppm
0 i i I I
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FIGURE 13

Native oxide growth on the wafer surface by ozone-injected ultrapure water
as a function of dipping time and ozone concentrations. The horizontal
axis shows immersion time, and the vertical axis shows the thickness

of the native oxide formed in the ozone-injected ultrapure water. Ozone
concentrations are 2, 1, 0.5, 0.1, and 0.04 ppm. Very rapid growth of native

oxide is confirmed in the 2 ppm ozonized ultrapure water. (After Ohmi et
al., Ref. 21.)
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FIGURE 14

Influence of residual surfactant molecules on the silicon wafer
surface. The solid line is the sample without the ozone-injected
ultrapure water cleaning; the broken line is the cleaned sample.
(After Ohmi et al., Ref. 21.)

the residual organic impurities on Si surface. It is a room-temperature process and
can replace the conventional H,SO4—H,0, process.

Surface microroughness

Surface microroughness is an important factor in the manufacture of high-per-
formance and high-reliability submicrometer and deep submicrometer ULSIs.23-26
This is because the thickness of the thin dielectric, which is grown after the conven-
tional RCA cleaning process, is reduced to less than 100 A for 0.35 wm technology.
For the 0.1 wm technology of the year 2000, the thickness of the gate oxide will be
reduced to only 40 A. Then the surface requirement should be atomic flatness. In
the conventional RCA cleaning processes, NH4OH-H;0,—H,O is used as the first
step to remove particle, organic, and some metal impurities. It has been reported that
this conventional process with NH4OH-H,0,—H,0 = 1:1: 5 at 70°C for 10 to 15
min results in a rough surface. The mechanism producing this rough surface is that
the NH4OH acts as the etchant of the oxide while H,O, acts as the oxidant. The
processes of etching and oxidizing progress simultaneously in the SC-1 solution;
consequently, the surface becomes rough. Methods of reducing the microroughness
can be summarized as

1. Reduce the proportion of NH4OH (the etchant).
2. Reduce the temperature of the bath.
3. Reduce the cleaning time.

The scanning tunneling microscope (STM) is the most commonly used instru-
ment to investigate the topography of the silicon wafer. Note that the native oxide
on the silicon surface affects the results of an STM study. The existing native ox-
ide reduces the tunneling current and influences the resolution. The atomic force
microscope (AFM) is also used to measure the topography of an insulator, such as
thin oxide. Figure 16 shows the surface microroughness of an n-type Czochralski
(CZ) wafer as a function of various etching solutions (10 min immersion) such as
HF (0.5%), conventional BHF (NH4F: 35 to 38%), and advanced surface-active BHF
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FIGURE 15

Schematic representation of the contact angle measurements for (a) poor
passivation and (b) good passivation. (¢) Time dependence for eliminating
absorbed surfactant molecule from the silicon surface using ozonized ultrapure
water, as measured by the contact angle. The horizontal axis shows immersion
time; the vertical axis shows contact angle. Ozone concentration in the ozone-
injected ultrapure water was varied. Very rapid recovery, up to the initial contact
angle, has been observed under 1.5 ppm ozone concentration. (After Ohmi et
al., Ref. 21.)

(NH4F : 17%) with surfactant.?® It is clearly seen from the figure that the average
roughness, R, is largest with conventional BHF, followed by the HE. The advanced
BHF has the same level as the control sample treated in advanced BHF for 1 min.

The R, values of the other conventional cleaning processes are shown in Fig.
17:

H,504(98%)-H,0,(30%) (4 : 1) (SPM)
NH,OH(28%)-H,0,(30%)-H,0 (1 : 1 : 5)(SC-1)
HCI(36%)-H,0,(30%)-H,0 (1 : 1 : 6)(SC-2)
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FIGURE 16

Relationship between the
average surface microroughness
(R,) of an n-type CZ wafer
and various etching solutions.
A “blank” wafer is a wafer
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Blank Conventional 0.5% Advanced
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treated in advanced BHF for
1 min. (After Miyashita et al.,
Ref. 25.)

No significant increase of roughness is found for the SPM and SC-2 cleaning
processes. However, the SC-1 cleaning process has the largest R, and deviation.?*
The proportion of NH4OH in the cleaning solution has a significant effect on micro-
roughness. Figure 18a shows the dependence of the surface microroughness of CZ
and floating-zone (FZ) wafers on the SC-1 cleaning process with various NH;OH
ratios.> The figure shows that the R, is reduced to the level of SC-2 cleaning when

0.8

0.6

R, (nm)
=
n
I

02 -

—e—i
——i

0.0

Control SPM  SC-2  SC-1
SPM: H,S0,-H,0, cleaning

SC-1: NH,OH-H,0,-H,0 cleaning
SC-2: HCI-H,0,~-H,0 cleaning

FIGURE 17

Surface microroughness on a silicon
wafer treated with SC-2 cleaning,
SC-1 cleaning, and fourth-time cyclic
SPM cleaning. (After Ohmi et al.,
Ref. 24.)
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FIGURE 18

Relationship of surface microroughness of (@) CZ and FZ wafers
having various NH,OH mixing ratios in SC-1 solution. (After
Miyashita et al., Ref. 25.)

the ratio of NH,OH is reduced from 1 to 0.05. The FZ wafer exhibits weak depen-
dence on the NH4OH ratio, because of the lower Si vacancy concentration in an
FZ wafer than in the CZ wafer; a 4-hr wet oxidation at 1000°C can overcome this
problem.?’ The surface microroughness of a wafer surface treated by a complete
RCA cleaning process with four different mixing ratios in SC-1 is shown in Fig.
18b. As the ratio is increased, the surface becomes rougher. The succeeding steps
of SC-1 cleaning also influence the surface condition. Rinsing at high temperature
results in a larger R,.2* Hence, for the advanced SC-1 cleaning process the ratio of
NH,4OH must be reduced and the wafers rinsed in DI water at room temperature for
an atomically flat surface. ’

One problem that must be taken into consideration is that when the concentra-
tion of NH4OH is reduced, the efficiency of particle and metal impurity removal is
reduced. The particle removal efficiencies as a function of NH4OH mixing ratio are
shown in Fig. 18c; in fact, the particle removal efficiency optimizes at a ratio from
0.05 t0 0.10. Nor does the metal-impurities removal efficiency change when the ratio
of NH4OH is reduced from 1.0 to 0.05 (Fig. 18d).

The etched thermal oxide depth in various SC-1 mixtures as a function of
NH,4OH concentration at 70°C for 10 min is shown in Fig. 19. The etching rate
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FIGURE 18 (continued)

(b) silicon wafers treated in an entire RCA cleaning process
with four different NH4OH mixing ratios in SC-1 solution.
(After Miyashita et al., Ref. 25.)

increases as the concentration of NH,OH increases. For the conventional concentra-
tion the etching rate is 3 nm for a 10-min immersion at 70°C. The higher the bath
temperature, the higher the etching rate.

Hence, to avoid microroughnéss the ratio of NH4OH can be reduced to between
0.05 and 0.25. This ratio can still maintain the efficiency of removing particles and
metallic contaminations.

The effects on reliability of the gate oxide and the device performance resulting
from the microroughness have been discussed.?® The dependence of the breakdown
field on microroughness R, is shown in Fig. 20a. The larger the R,, the lower the
breakdown field. The trend is the same for oxide thicknesses of 9.8 and 8.2 nm. Fig-
ure 20b shows the charge to breakdown, Qyq, versus the surface microroughness.?®
As R, increases to 0.8 nm, the Qpq value decreases almost an order of magnitude.

In addition to the influence on the quality of oxide, microroughness also has
a significant influence on the performance of the devices. Typical current—voltage
characteristics for two MOS transistors with average surface microroughness of 0.6
and 0.3 nm are shown in Fig. 21. The transistor with an R, of 0.6 nm has lower
current derivability than that with an R, of 0.3 nm. The channel electron mobility,
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(¢) Particle removal efficiencies as a function of NH4OH mixing
ratio in SC-1 cleaning for four different particles: PSL (polystyrene

latex spheres), silica latex, particles from city water, and particles
from outside air. (After Ohmi et al., Ref. 24.)

as a function of SiO,—Si interface microroughness, is shown in Fig. 22. The mobility
of electrons in the sample with R, = 1.5 nm reduces to 35% of the reference value,

0.2 nm. These results clearly indicate the importance of surface microroughness for
MOS transistor performance, especially in speed and reliability.

Native oxide

Native oxide that is free on a silicon surface becomes very important in the ad-
vanced ULSI process.?’?° A silicon surface with native oxide results in uncontrol-
lable ultrathin oxide growth, high contact resistance, and the inhibition of selective
chemical vapor deposition (CVD) or epitaxy. In addition, some metallic impurities
are included in native oxide during the cleaning process. If this native oxide is not

completely removed, it serves as the source of metallic impurities, which diffuse
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(d) Metallic impurities Fe, Ni, and Cu removal efficiency
by SC-1 cleaning with three different NH4OH mixing ratios.
(After Ohmi et al., Ref. 24.)

into the silicon or precipitate at the interface of the SiO,—Si, resulting in defects in
the succeeding high-temperature process. Therefore, a silicon surface that is native
oxide—free is a key factor in obtaining high performance and reliability of semi-
conductor devices. Native oxide thickness is usually determined by x-ray pho-
toelectron spectroscopy (XPS) and ellipsometry. It is difficult to determine the
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FIGURE 19

Etch depth of thermal oxide after 10 min in various SC-
1 mixtures as a function of ammonia concentration of the
mixture at 70°C. (After Verhaverbeke, Ref. 2.)
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FIGURE 20

(a) Dielectric breakdown field
intensity (Fpa) plotted as a
function of average surface
microroughness for two oxide
films, having thicknesses of
9.8 and 8.2 nm formed on an
n-type substrate. (b) Surface
microroughness dependence of
Qpa (C/cm?) under a constant
field of 9.5 MV/cm. (After Ohmi
et al., Ref. 26.)

thickness and refractive index simultaneously with an ellipsometric measurement
when the thickness is less than 200 A. Hence, the native oxide thickness is deter-
mined by using a fixed refractive index of 1.46. The Siy;, spectra of XPS is also used
to measure the thickness of native oxide. However, this method does not obtain the
result directly. The area ratio of the signal from thicker oxide to that of the silicon
substrate must be calibrated first by ellipsometry. Then the thickness of the native

oxide can be obtained from the area of the XPS.

The growth of native oxide in air at room temperature (23.7°C) with a humidity
of 42% is covered in Ref. 30. The oxide thickness increases as the exposure time
increases. The thickness of the native oxide shows a steplike increase of 2 to 3 A. This
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Typical current-voltage characteristics for two MOS transistors with
average surface microroughness of 0.6 nm (dashed line) and 0.3 nm
(solid line). (After Ohmi et al., Ref. 26.)

can be considered as a layer-by-layer growth of native oxide on a wafer at room tem-
perature. N-type silicon with a high doping concentration (10?° atoms cm™3) grows
thicker native oxide than less-doped silicon (10'> cm™3). After 7 days of exposure
to cleanroom air containing 1.2% H, O, the thickness of native oxide is 6.7 A, which
is larger than that of samples in an N, + 0,(1.7A) orN,(1.9A) environment with
moisture less than 0.1 ppm.?’
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FIGURE 23

Oxide thicknesses of wafers as a function of immersion time in
ultrapure water at room temperature for different dissolved oxygen
(D.0.) concentrations. (After Morita et al., Ref. 30.)

The dissolved oxygen in DI water enhances the growth of native oxide.’® Fig-
ure 23 shows the oxide thickness of wafers as a function of immersion time in ul-
trapure water for different dissolved oxygen concentrations. The thickness of native
oxide increases as the dissolved oxygen concentration increases. The curves increase
parabolically, unlike those of layer-by-layer growth in air. Si dissolves into the wa-
ter simultaneously during native oxide growth. The number of dissolved Si atoms is
larger than the number of Si atoms in native oxide by one order of magnitude. This
will result in a rougher surface.

A model of how native oxide grows in air and in ultrapure water has been
proposed.>® Figure 24 shows the model of native oxide grown in air. The oxygen

H H H H H H H H H
\./ ,00H N A4 A4
Sl\/ /S1\ — /Sl\ R Si —_— Si
/ N\
Si /Si — Si\ N y 0 O\S JUAN s"o N
Si 1 1 Si Si 1 Si
Si si— g \ o~ 0 o’
/ N..”
Si Si
FIGURE 24

A model of native oxide growth in air. (After Morita et al., Ref. 30.)
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Sl\ / \ /\ FIGURE 25

A model of native oxide growth in ultrapure water.
| | ' I (After Morita et al., Ref. 30.)

species break Si—Si bonds first. The surface still remains hydrogen-terminated and
hydrophobic. For the surface grown in ultrapure water shown in Fig. 25, the surface
is terminated by O or OH; the Si—H bond exists only at the SiO,-Si interface.

Some methods have been proposed to reduce the dissolved oxygen.>! The
first stage is a degassing-membrane module. Oxygen in the water rapidly diffuses
through the membrane, which is surrounded by a low-pressure vacuum. After this
stage, the oxygen concentration is reduced to 300 to 400 ppb; then two methods can
be employed. The first is reduction with catalytic resins by NoHy or H; (Pd catalyst)
according to the following reactions:

v 0, + Ny Hy — 2H,0 + N,
or
0, + 2H, — 2H,0

The residual concentration of dissolved oxygen can be reduced to 5 ppb or less by
using this method. The other method is N, gas bubbling, which reduces the par-
tial pressure of oxygen in the water. Theoretically, the oxygen concentration can be
reduced to less than 0.1 ppb with this method.

An Al-Si Schottky diode contact made with a native oxide—free process exhibits
a great improvement, such as a low contact resistance of 0.4 ) -cm?, and an ideal-
ity factor, n, of 1.02 without any thermal treatment.3?> The native oxide plays a more
important role when the gate oxide thickness is only 50 to 60 A.333* A preoxide pro-
cess, to prevent the increase of surface microroughness during the high-temperature
treatment of Si wafers, has been reported. The silicon surface is intensively oxidized
at 300°C in ultraclean oxygen to form one molecular layer of oxide as a passivation
layer after the desorption of hydrogen from the surface by the HF-clean. Dielectric
breakdown histograms of this process are shown in Fig. 26a and, with the control
samples, in Fig. 26b. Early breakdown of the dielectric is found for controlled
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FIGURE 26
N N I —— Dielectric breakdown histograms for
2 4 6 8 1012 14 16  Al/SiO,/n-Si(100) diodes (@) with and
Electric field (MV/em) (b) without preoxide. (After Makihara et al.,
®) Ref. 34.)

samples. Figure 27 shows the current density—voltage characteristics of 5.5 and 9.0
nm oxide with and without the preoxide processes.3* The leakage current in the con-
ventional dry oxide is much higher than that in the ultraclean preoxide. This indi-
cates that the preoxide-controlled, ultraclean oxide has a higher electrical insulating
capability, particularly for ultrathin oxide.

Last step of wafer cleaning for gate oxidation/epitaxy
Recently, epitaxy has become more important in high-speed devices, such as

high-electron-mobility transistors (HEMTs) or SiGe devices.* Gate oxide yield with
HF-last cleaning increases to 74%, comparing to the conventional RCA-last cleaning
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FIGURE 27

Current density-voltage characteristics of n™-polycrystalline Si/SiO,/p-Si(100)
diodes under negative-biased metal electrodes with and without preoxide. (After
Makihara et al., Ref. 34.)

(47%). This increase is due to the reduced metallic contamination as contaminants
included in the oxide can be removed in the HF-last cleaning.?® Native oxide—free
silicon is the key requirement for producing a high-quality epitaxy film.37-3® Dilute
HF solution is usually used to remove the native oxide on the semiconductor surface.
After the HF dipping, most of the silicon surface (80%) is covered by H-terminated
bonds, and the rest are covered by F, O, and C terminations. However, if the hy-
drogen termination of the surface is incomplete, subsequent exposure to air causes
absorption of carbonic impurities. The F coverage also depends on the orientation,
HF concentration, and immersion time.3° Figure 28 shows the ideal hydrogen termi-
nation on a Si(100) and a Si(111) surface. On a Si(100) surface, a surface Si atom
has two dangling bonds that can be passivated with hydrogen; on a Si(111) surface,
each surface Si atom has only one dangling bond for hydrogen passivation. The real
surface is always terminated by both monohydrides and dihydrides, resulting from
an imperfect, defective, or rough surface.

High-resolution electron energy loss spectroscopy (HREELS) is commonly used
to analyze the chemical composition of a treated surface. Figure 29 shows the vibra-
tional spectra of Si(100) and Si(111) surfaces after a 1 min dip in 40% HF.3° The
Si(100) is covered by dihydride at 2100 cm™! (stretching mode), 900 cm ™! (scissor
mode), and a wagging or bending mode at 640 cm™!. On the other hand, the Si(111)
surface is covered predominantly by monohydride (stretching mode at 2080 cm ™!
and bending mode at 640 cm™!). CH, bonds can be found on both surfaces. They
have wavenumbers of 2950 and 1350 cm™! for stretching and deformation vi-
bration. The spectra of the surfaces after they are rinsed in DI water are shown in
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FIGURE 28
Schematic representation of the ideal

hydrogen terminations on Sl(lOO)
and Si(111) surfaces.

Fig. 30. A Si—OH vibration is found after only a 30-sec water rinse. This presence of
Si—OH is explained by the fast exchange of Si—F groups with water. The silicon sur-
face, covered with hydrogen from the HF-last process, is hydrophobic. The HREELS
spectrum of a hydrophilic surface after the SC-1 and SC-2 wet cleaning process has
a strong asymmetric Si—~O-Si vibration. Hence, the OH groups are responsible for
the hydrophilic nature of the Si surface.

Intensity (arb. unit)

r 40% HF 1 min

%300

Si (100)

Si(111)

FIGURE 29

Vibrational spectra of Si(100) and
(111) surfaces after a 1-min dip in
40% HF. Only Si-H (640 cm™!,
900 cm™!, and 2100 cm™!)

and hydrocarbon vibrations

0 1000 2000 3000 4000

Wave number (cm™1)

(2950 cm™! and 1350 cm™!)
contribute to the spectra. (After
Grundner et al., Ref. 39.)

Micron Ex. 1029, p. 114
Micron v. YMTC
IPR2024-00911



88 ULSI Technology

FIGURE 30

Vibrational spectra of a Si(100)
sample (treated in 40% HF for

1 min) after different water
rinsing times. Changes in the
spectra occur around the OH,
Si—O-Si, and Si-H stretching
frequencies. The latter develops a
schematically shifted component,
indicated as O,—Si-H,. After 300

Intensity (arb. unit)

x33 min there is still an unshifted
) K TN 300 min contribution, suggesting that
L | L | l part of the surface has not yet
0 1000 2000 3000 4000 oxidized. (After Grundner et al.,
Wave number (cm!) Ref. 39.)

Contact angle is the simplest and most effective method to indicate the level of
passivation. High passivation results in a high contact angle. Figure 31 shows the
contact angle on a silicon surface after HF dipping (0.5%) with and without a DI
water rinse.3® A dip of about 30 seconds increases the contact angle to a maximum
of 70.0°. The surface with the DI water rinse has a lower contact angle because of

80

70

HF dip

60 -

50 -

40

Contact angle (°)

30

\ HF dip + DI water rinse

I L ] 1 | 1
2 6 10 20 30 80 300 600

HF dipping time (sec)

20

FIGURE 31
Contact angle on Si after HF dipping (0.5%) with and without a DI water
rinse. (After Verhaverbeke et al., Ref. 36.)
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partial reoxidation. The contact angle is also a function of the dipping time and the
temperature of water. Hot HF (70.0°C) can be used effectively to get the surface
completely oxide-free. Some modified HF-last processes have been proposed:

HF/IPA: A small amount of isopropyl alcohol (IPA) (< 1000 ppm) mixed with
HF (0.5%) prevents the addition of particles to the Si surface in the traditional HF-
last process and preserves the chemical state of the surface. Figure 32 shows the
particle density after the HF/IPA cleaning process. When 1000 ppm of IPA is added
to the HF mixture, the number of particles decreases to the level of the standard RCA-
clean. After a 60-sec dip in HF/IPA, the contact angle of the silicon surface reaches
the same maximum value as that achieved in the HF-last process. The correlation
between XPS and contact angle measurement for an HF/IPA-dipped Si surface is
shown in Fig. 33. The intensity of O to SiO,, as determined by XPS, decreases
as the contact angle increases. Therefore, the contact angle is very sensitive to the
degree of oxidation of a clean surface.*

HF/H0,: H,O, (10%) added to HF (0.5%) can remove metallic impurities to
a level of 10'%tom/cm? in 10 min and can also reduce the number of particles. This
has been discussed in connection with metal impurities.'* This process has been
proposed to replace the conventional HF-last process because it improves gate oxide
integrity. However, a high HyO, ratio results in a slightly oxidized silicon surface
and, consequently, reduces the contact angle.

There are some other additives that can be used in the HF solution, such as
HF/ethanol and HF/acetone. However, neither ethanol nor acetone can reduce the
number of particles; hence, they are not suitable for the HF-last process.

Conventionally, prior to epitaxy in ultrahigh vacuum (UHV), a high-temperature
(1200°C) thermal etching of native oxide is used. Figure 34 shows the in situ Auger

HF dip + DI water rinse

RCA + rinse (reference)

Particles/5-in. wafer > 0.2 pum (x 1000)
E-N

0 | {
0 200 600 1000

Concentration IPA (ppm)

FIGURE 32
Particle density on a 5-inch wafer after dipping in HF with various amounts of
IPA added and subsequent DI-water rinsing. (After Verhaverbeke et al., Ref. 36.)
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spectra of the Si surface cleaned by the conventional high-temperature etching
method.*! Line a is the surface after conventional chemical treatment; Okyy, (515
eV) and Ckyy, (272 eV) Auger signals, which originate from the surface contamina-
tion, are observed. The Oxyy signal disappears as the temperature rises to 850°C,
but the Cgy1, peak still remains. Lander et al.** first reported the removal of oxide
at temperatures between 800 and 1000°C in a high vacuum by

Si + Si10, — 2Si0

The Cxkiy signal disappears after the temperature rises to 1100°C. That is why the
conventional epitaxy process needs such a high-temperature treatment. Hence, if a
carbon-free, oxidized Si surface can be prepared, low-temperature thermal etching of
an oxide-free surface is possible (< 800°C). The high-temperature treatment causes
impurity diffusion and changes the designed impurities concentration profile, crystal
defects, such as dislocation and stacking faults, high wearout of the substrate-heating
elements, and low throughput. Therefore, a low-temperature surface cleaning of sil-
icon has been proposed (Shiraki clean process).*! It includes

1. Degreasing

2. HNOs boiling + DHF dip (2.5%)

3. NH,OH-H,0,-H,0(1 : 1 : 3) + DHF dip (2.5%)

4. HCI-H,0,-H,0(3:1:1)

5. Rinsing + spin dry to let the surface become uniformly hydrophilic

Figure 35 shows the in situ Auger spectra after heating at 785°C for 15 min. The
surface becomes oxide- and carbon-free. This method results in an atomically clean
surface, and the epitaxy can be achieved at a low temperature of 785°C. There is

i

(b) 550°C

() 785°C

s

Auger intensity dN/dE (arbitrary units)

FIGURE 35
In-situ Auger spectra of
Si surface cleaned by the
low-temperature thermal
etching method: (a) as freshly
oxidized, (b) after heating at
' ' ! l ' ' 550°C for 15 min, (c) after
0 200 400 600 heating at 785°C for 15 min.
Electron energy (eV) (After Ishizaka et al., Ref. 41.)
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also another method to reduce carbon. A modified Shiraki-clean process has been
proposed that omits the last HCI boiling and uses 4% HF as the last step to produce
a hydrogen-terminated surface without native oxide. The growth temperature using
this process can be reduced to as low as 650°C and maintains the same high quality
as that of the Shiraki cleaning process.*?

23
WET CLEANING TECHNOLOGY

Some optional processes steps have been added into the conventional RCA cleaning
process.** A preliminary cleanup treatment with a hot HySO4 : HyO2(2: 1t0 3 : 1,
at 120°C) mixture is used to remove the greasy contamination, which may be from
the cassette or residues from the photoresist layers. After the SC-1 process, a 15-
sec immersion in 1% HF-H,0 solution may be beneficial for removing any trace
impurity. Some techniques have been proposed for advanced cleaning processes.**

Immersion technique: Vessels of fused silicon have been introduced to prevent
leaching of Al, B, and alkalis, which can result if Pyrex glass is used. A DI
water overflow-quenching system is also used for the automatic processing.

Megasonic cleaning: This cleaning process can remove particles and contami-
nation with diluted SC-1 solution at a temperature of only 35 to 42°C.

Centrifugal spray cleaning: The chemical solutions, including SC-1, SC-2, and
DI water, are pressure-fed directly onto the spinning wafer. This process can
reduce the volume of fresh chemical and is faster than immersion. The spin-
drying process requires antistatic protection to prevent static-induced particle
deposition on the wafers.*’

Closed-system chemical cleaning: In this process wafers are cleaned in a closed
system during the entire cleaning, rinsing, and drying process to avoid con-
tamination from the operator and environments.

Advanced wet cleaning processes. The steps of the advanced wet-chemical
cleaning process proposed by Ohmi,*® and the contaminants each removes, are

H,0 + O5 Organic contamination
NH;OH + H,0,  Particle, organic, and metallic impurities
HF + H,0, Native oxide, metallic impurities

Ultrapure water ~ Rinsing

This process omits the conventional RCA SC-2 step when highly purified HF so-
lution is used. In the clean process, most of the organic contamination is removed
first in the ozoned, ultrapure water (low oxygen dissolved < 1 ppb) cleaning. Then
NH4OH-H;0,-H;0 = 0.05 : 1: 5 is used to remove the particles, organic, and
metallic impurities, maintaining an atomically flat surface. A HF (0.5%)-H,0,
(10%) cleaning is proposed as the final step to remove the native oxide and noble
metals.
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TABLE 8
Concept of IMEC cleaning®’

R

Step 1' Step 2* Step 3¢

Oxide growth  Oxide removal Optional Drying’
H,S04/H,0, Wet DHF Chemical oxide IPA vapor
H,S04/05 HF vapor + rinsing Hot DI water
H,0/0; Spin dry
UV-0s ' N, blow

Step 1: growth of about 1.5 nm of chemical oxide. -

#Step 2: removal of the oxide: drying procedure.

$Step 3 (optional): growth of chemical oxide.

TStep 4: easier drying due to the growth of a hydrophilic Si surface.

Another new cleaning concept, IMEC (for Interuniversity Microelectronic Cen-
ter) cleaning, is illustrated in Table 8. The basic concept of this new cleaning process
is to separate the oxidizing and the etching action.#’ In step 1 the organic contam-
ination is removed and a thin chemical oxide is grown; then this oxide is etched in
step 2. By using this method, the total etch depth should be sufficient to remove the
particles. The advantage of separating the cleaning into two steps is that the forma-
tion of the oxide layer is a self-limiting process of the chemical reaction. This layer
is easy to control by oxide removal to obtain minimum surface roughness. Step 3, a
chemical oxide growth, is optional. A cleaning process based on the IMEC cleaning
concept is as follows:

H,SO04-H;0, = 4:1  at 90°C for 10 min
HF(0.5%)/TIPA(0.1%)  at room temperature for 2 min

It has been shown that the particle removal efficiency using the IMEC clean is better

than SC-1 on the native oxide, and slightly weaker on the thermal oxide. IMEC
cleaning is also quite superior to the other cleaning process in removing metallic
contamination.*® The yields of the gate oxide for four different clean methods are

IMEC + RCA(spray) + HF(bath) ~ 80%

IMEC + RCA(spray) 65%
RCA(bath) 60%
IMEC(bath) 83%

The IMEC (bath) clean has the highest yield. The yield is defined as the percentage
of gate oxide with a breakdown field larger than 12 MV/cm.

24
DRY CLEANING TECHNOLOGY

Wet cleaning technology still remains the major method for wafer cleaning. However,
the ULSI industry has begun to recognize problems associated with wet cleaning.

Micron Ex. 1029, p. 120

Micron v. YMTC
IPR2024-00911



94 ULSI Technology

Among them are particle generation, drying difficulties, cost, chemical waste dis-
posal, incompatibility with advanced concepts in integrated processing, and general
inflexibility.*® The dry cleaning process may provide a way to solve these problems,
although currently it is not completely successful. The integrated dry cleaning pro-
cessing system is shown in Fig. 36, in which the dry cleaning chamber is connected
to the “cluster” processing system. The dry cleaning process, a kind of gas-phase
chemistry, usually requires excitation energy to enhance the chemical reaction at
low temperature. This added energy may be plasma, particle beam, short-wavelength
radiation, or thermal heating, which enhances the surface cleaning result but must
avoid the side effects of damage to the wafer.

Recently, many dry cleaning technologies have been developed, namely HF/H,0O
vapor cleaning,**-? ultraviolet-ozone cleaning (UVOC),33-5¢ H,/Ar plasma clean-
ing,?>37-5% and thermal cleaning.?” These processes will be discussed in the fol-
lowing paragraphs. Usually, wafers receive a wet cleaning first. Although RCA
clean’* has been used for more than 30 years in semiconductor manufacturing
because it is effective in removing organic, particulate, and metallic contamina-
tions, the resulting Si wafer surface is covered with 4 to 6 nonuniform monolayers
(ML) of silicon oxide resulting from liquid surface tension, bubbles, and generated
particles.*® The diluted HF dip cleaning (1 to 4%HF in H,0) usually suffers some
problems such as contamination by hydrocarbons on the surface.’® It is desirable
to have a hydrogen-passivated surface®>® for the subsequent processing steps, such
as poly-Si or epitaxial silicon growth. However, in dry cleaning, after the HF/H,0O

vapor process, the surface is fluorine (F)-terminated.*>->°

Interim

process

'
| ¥
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Load lock Surface cleaning — vapor
chamber chamber : I deposition
| | -
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LT @ <4t
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chamber robot
|
—T Interim
process
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FIGURE 36

An integrated processing system concept incorporating a dry cleaning chamber.
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Ultraviolet-ozone clean (UVOC)33-5¢

This is a very effective way to remove hydrocarbons, although the surface is
oxide-passivated. The mechanism of UVOC can be explained by the following pro-
cess equations.

Absorbed impurity + hv 2000300040V, Excited impurity 2.1)

In addition, oxygen atoms are excited by UV light to form atomic oxygen. This is a-

surface excitation process.

0, + hy AWV, 15 2.2)
O +0,— 05 2.3)
05 + hy -ZTAWV 51 0, 2.4)

Then Excited impurity + (O, O3) — volatile compound (2.5)

The reaction in Eq. (2.1) is a surface-excitation process, whereas the reactions in
Eqgs. (2.2) through (2.5) are gas-phase excitation processes that convert impurities,
such as hydrocarbons, into volatile gases.

Figure 37 shows the XPS spectra of a HF-dipped surface and a UV/O3 exposed
surface, which indicates the formation of surface oxide.?® The high resolution of
surface energy loss spectroscopy (HREELS) is used to examine the decomposition
of hydrocarbons. As shown in Fig. 38, after a 300 sec exposure in UV/O,, peaks of
6(CH) and v(CH) disappear, while »(SiO) and 6(SiO) peaks are intensified. The

Si(100)/ preclean

UV/O, exposed

HF-dip clean

Intensity (arbitrary units)

1 1 !
—538 —533 —528

Binding energy (eV)

FIGURE 37 .
X-ray photoemission spectra displaying the O, regions of Si(100) wafers after 15
min UV-ozone and after 10sec 10% HF dip clean. (After Offenberg et al., Ref. 29.)
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FIGURE 38

HREELS spectra for a Si(100) wafer that was HF-dip cleaned,
subsequently contaminated with cyclohexane, then cleaned
with UV/O, for 45 sec, and for 300 sec. (After Kasi and Liehr,
Ref. 50.)

subsequent HF/H,O vapor or Ar/H; plasma cleaning processes in vacuum would be
helpful in removing the surface oxide.

HF/H,0 vapor ciean

The diluted HF dip promotes a hydrogen-passivated surface, but the HF/H,0
vapor clean induces a fluorine-terminated surface.>!->2 Table 9 indicates that “clean
1” (2H3SO4 + 1H,05) results in a 5.8-monolayer (ML) oxide on the surface, “clean
2” (HF dip, then H,O rinse) results in an OH termination with 0.9 ML oxide cover on
the surface, and “clean 3” (1% HF in H,O) results in a hydrogen-terminated surface
with only 0.3 ML oxide. The contact angle measured i1s 19° for clean 1, 138° for
clean 2, and 155° for clean 3. This indicates a tendency to change from a hydrophilic
surface to a hydrophobic surface. When wafers receive a HF/H,O vapor clean, the
content of water vapor varies with the composition ratios. Although the surfaces
are F-terminated, the [C], [O], and [F] concentrations are different with different
process conditions. Contact angles decrease from 140° for 0.4 ML of [O] to 20°
for 5.9 ML of [O], indicating surface-state transformations.’!2 Figure 39 indicates
the concentration of fluorine, C[F], versus the concentration of oxygen C[O], where
F; = C[Si-F bond], F, = C[O-Si-F bond]. Clean 3, with a 155° contact angle, is
slightly more hydrophobic than process 1, with 140° of contact angle.!
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TABLE 9
XPS surface residues and contact angle of Si wafers’®> 52
B e 2
Contact
Termination [C], ML [0], ML [F1, ML angle (°)
Wet clean
2H,S04 + 1H,0, (0] 1.4 ML 5.8 19
(clean 1)
HF, then H,0 OH 1.6 0.9 138
(clean 2)
HF/H,O last (1:100) H 0.9 0.3 0.08 155
(clean 3)
HF/H,0 vapor clean
Process 1 F 04 04 0.2 140
Process 2, water-rich F 0.37 0.7 0.48 60
Process 3 F 0.5 14 04 —
Process 4 F 0.7 5.9 0.7 ML 20
-«—— Hydrophobic Hydrophilic ———»
100 Clean §
| ] ~
- 3 Fy O-Si-Fbond | &
80 |-
S L ~— o F/(F; +F,)
g ~— 8 E/(F, +F) -
§ 60 o C(F) —» L 5
=
Q
Q
2 F=F, +F
€ 40l 1+5, L4
=
=
£ - - 3
Q
20| L,
- 1
0 | 1 | | 1
5 10 15 20 25
C(0)[%]
FIGURE 39

Fluorine concentration versus oxygen concentration and respective F-Si and O-Si-F
concentrations versus oxygen concentration C[O]. (After Ermolieff et al., Ref. 51.)
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AR/H; plasma cleaning

Usually a remote plasma is used to reduce the bombardment damage to the
wafer. Gases, Ar or Hj or both, are passed through an rf (13.6 MHz) inductive-
coil or capacitive-coupled region where a plasma region is formed. At a pressure of
1 torr, the Ar or Hy gases molecules are excited or ionized and generate a plasma.
These gaseous molecules are carried to another region of the wafer, where a clean-
ing process begins. Excited Ar ions physically sputter the surface impurities away,
while the excited H, ions chemically etch the surface. By proper adjustment of the
physical/chemical etching (cleaning) ratio, an optimum cleaning condition can be
obtained that produces minimum damage of the surface.

Instead of RF plasma excitation, electron cyclotron resonance (ECR) can do the
same job at a higher plasma density and at a lower kinetic energy of the excited atom
or molecules (~100 eV). ECR occurs at a frequency of f. = eB/2mm*. The f, is
2.45 GHz, for a B of 875 gauss. The pressure is about 1 mtorr. The detailed con-
struction of ECR will be discussed in Chapter 7. Native oxide and hydrocarbons are
removed by Hy-plasma cleaning or by ECR Ar/H, plasma®® at room temperature
or at a temperature below 250°C. Figure 40 shows the effective carbon and oxy-
gen removal by a remote hydrogen plasma’® at several temperatures up to 305°C,
monitored by Auger spectroscopy.

Si C 0 Si
T — M
(a) As loaded (‘
(b)305° C
i —
g (©)250° C
]
By T
S @ 150° C
S FIGURE 40
AES analysis of a Si(100)
— surface after (a) a 40 :

(&) RT , 1 H,O : HF (49%) dip and
remote hydrogen plasma
clean for 45 min at (b) 305°C,

Lov 11 (o) 250°C, (d) 150°C, and

1 1 1 1 1
0 100 200 300 400 500 600 1550 1650 (e) room temperature RT).
Electron energy (eV) (After Hsu et al., Ref. 58.)
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Thermal cleaning

The native oxide can be removed by heating the wafer to 800°C or above in
ultrahigh vacuum (< 10710 torr) to vaporize the oxide. The native oxide is SiOy, in
which x depends on the previous cleaning process. In the Shiraki cleaning process,*!
an 850°C, 10 min thermal clean is necessary, whereas in the HF dip process (4% HF)
a prebake of 200°C, or no bake process, is used for a 650°C epitaxial growth.

In all these processes, high-temperature cleaning should be carefully examined
because at high temperature (> 800°C), the following reaction process occurs at low
oxygen partial pressure,?

Si + Si0, — 2810 (2.6)

The SiO is volatile at temperature above 750°C. When the SiO; film is removed, the
silicon wafer starts to etch:

Si + 0, — 2Si0 @.7)

produces aggravated etching, which induces microroughness on the surface. The
deposited gate oxide, therefore, has alow breakdown voltage (~1 MV/cm) due to mi-
croroughness. The low oxygen partial-pressure oxidation kinetics can be explained
by the work of Smith and Ghidini,®! as shown in Fig. 41. At low temperature and

2 0, + Si(100)
1072 -
Oxide-covered surface
5S¢ Roughness = 15A
.

Clean surface
Roughness = 70 A

2 —
10-5 1 1 1 1 1 1. ] 1 1 1 1
6.8 72 7.6 8.0 8.4 8.8 9.2
IT, (1074 K™
FIGURE 41

Boundary separating oxide-covered surface (upper right) from
clean surfaces (lower left) for Si(100) exposed to a partial
pressure of O, at elevated temperature. (After Smith and Ghidini,
Ref. 61.)
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TABLE 10

Comparison of wet and dry cleaning

Surface
Method termination Main effects Remarks References
Wet
RCA 4~6 ML SiO, Removal of organic,  Nonuniformity due 1,44
metallic, and other to bubble, particle,
particulate residues surface tension, etc.
HF-last H- Oxide removal 3,40
Dry
HF + H,O (vapor) F~ Oxide removal 49-52
uvocC OH-, SiO0~ CH removal 53-56
Ha/Ar plasma H~ H, chemical clean 1 torr 57-59
Ar physical clean
Remote plasma H~ C/O removal 1 torr
ECR H~ C/O removal 1 mtorr
Thermal clean Microroughness > 800°C, UHV 52

a high O, partial pressure a smooth surface with a roughness of 1.5 nm is obtained,
whereas at high temperature and a low O, partial pressure a roughness of 7 nm
indicates that a thermal etching process Eq.(2.6) is taking place.

Table 10 summarizes the effects of various cleaning processes. In surface ter-
mination, the RCA clean results in 4 to 6 monolayers of SiO, while removing or-
ganic and metallic residues on the surface. The HF-last cleaning process forms a
hydrogen-passivated surface and removes the oxide on the surface. These processes
suffer the result of incomplete cleaning due to forming gas bubbles, surface tension,
and remaining particles. The dry cleaning processes summarized in Table 10 have

_therefore been developed; they produce different surface terminations and impurities
removals. The HF + H,O vapor cleaning forms a F-terminated surface. The UVOC
results in an OH™, SiO~ covered surface; it is an effective way to remove hydrocar-
bons. The Hy/Ar plasma processes result in a hydrogen-passivated surface; however,
the surface residues are removed by H, chemical etch and by Ar physical sputter-
ing processes. Good control of Hy/Ar ratio will give a good result of “soft” cleaning
with minimum damage. Remote plasma and ECR plasma cleaning processes are
effective in carbon and oxide removal. Finally, a thermal clean is presented that re-
moves oxide, but sometimes a microrough surface is obtained if oxygen remains in
the vacuum chamber.

2.5
SUMMARY AND FUTURE TREND

Removal of silicon surface contaminations such as heavy metals, organics, and parti-
cles can be achieved by wet cleaning with a modified RCA cleaning process. Recent
studies of surface-state physics have increased the efficiency of cleaning methods.
An oxygen-free DI water rinse promotes hydrogen surface termination by eliminat-
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ing the Si—Si bond breakage resulting from oxygen atoms, thus making the surface
more hydrophobic. IPA added to the HF solution enhances particle removal. An O3-
containing DI water rinse helps to remove the organic and hydrocarbon contami-
nants. Advanced wet cleaning processes have been proposed for the more sophis-
ticated ULSI processes. Microroughness is crucial to ULSI device quality, and a
detailed mechanism and method of obtaining a good microsmooth surface has been
proposed.

To meet future requirements for an integrated processing system, dry etching
processes have been introduced. A summary of these technologies were given, which
should help readers make a judgment about using these processes in their individual
process applications.

The present state of these technologies still does not meet all the future require-
ments for more advanced ULSI devices. More in-depth understanding of the surface-
state physics and chemistry is required, not only to eliminate the surface contamina-
tions but also to provide the atomically flat surface and interface required for future
semiconductor manufacturing. In addition, the development of more efficient dry
etching and wet cleaning processes is essential for future integrated processing sys-
tems.
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PROBLEMS

1. What is needed for the complete achievement of an ultraclean wafer surface?

2. What are the advantages of the HF-last step?

3. The RCA SC-1 process results in a rough silicon surface. What can be done to reduce the

roughness of the silicon surface?

4. What are the advantages of the dry cleaning processes?
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CHAPTER 3

Epitaxy

Pei-Jih Wang

3.1
INTRODUCTION

Epitaxy is one of the most fundamental processes for semiconductor device fabrica-
tion. It is the foundation on which most devices are built. The term epitaxy means
“upon-ordered” in Greek. In reality, epitaxy is simply a process to grow a single-
crystal layer on a single-crystal substrate. When the single-crystal layer and the
single-crystal substrate are of exactly the same material, it is called homoepitaxy;
if the grown single-crystal layer and its single-crystal substrate are different in any
aspects, the process is called heteroepitaxy. Strictly speaking, almost all epitaxial
processes are heteroepitaxial, because there are always some differences between
the layer and the substrate, even if they are of the same material chemically. Such
microscopic differences may result from variations in doping or defect density. How-
ever, it is widely accepted that homoepitaxy takes place when the two materials have
the same crystalline and chemical structures, whereas heteroepitaxy involves differ-
ent materials.

In principle, it is much easier to achieve high-quality epitaxial layers with
homoepitaxy, because there are no problems associated with lattice mismatch. In
contrast, it is much more difficult to grow a high-quality layer with heteroepitaxy,

because two dissimilar crystals of different lattice constants or orientations are
thermodynamically unfavorable to combine without generating defects, such as
dislocations. This is not to say that perfect heteroepitaxial layers are not obtain-
able. Most of the theories, together with experimental results, agree that the strain
due to lattice mismatch can be accommodated elastically if the layer is thinner
than a certain critical thickness, k..! Figure 1 shows schematic drawings of a
typical unstrained and strained heteroepitaxy. It has also been reported by many re-
searchers that the value of %, is inversely proportional to the misfit strain between two

105
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Unstrained h>h,
layer
Semiconductor
substrate
(@
Strained h<h,

- epitaxial layer

Semiconductor

substrate FIGURE 1

Schematic drawings of typical
(a) unstrained and (b) strained
) heteroepitaxy.

materials and is greatly increased with reduced growth temperatures. Atlow growth
temperatures the epitaxial growth process is far from equilibrium and is dominated
by a kinetic reaction, resulting in a larger h,.2

The term epitaxy is applied to all kinds of thin-film depositions as long as
they are “arranged on in order.” This process has been widely employed to prepare
III-V and II-VI compound semiconductor materials, such as GaAs, InP, AlGaAs,
InGaAsP, CdSe, and HgCdTe, and devices, such as the long-wavelength infrared
detector, light-emitting diode (LED), semiconductor laser, heterojunction bipolar
transistor (HBT), and modulation-doped field-effect transistor (MODFET). How-
ever, in this chapter we will focus only on silicon epitaxy. For readers who are
interested in pursuing work in the field of III-V or II-VI compound semiconductors,
please refer to other articles.’

Silicon epitaxy provides flexibility for a device designer to tailor or optimize
the device performance. Unlike the diffusion or ion implantation process, epitaxy is
a much easier method for controlling doping layer thickness, doping concentration,
and doping profile. In addition, it can produce a buried layer structure or a lightly
doped epitaxial layer on top of a heavily doped substrate, a combination that is de-
sirable for tuning device performance. For example, a bipolar device built directly
on a heavily doped substrate has a low collector resistance but suffers from a low
collector/substrate junction breakdown voltage. On the other hand, if a lightly doped
epitaxial layer is deposited on top of a heavily doped substrate, the collector/substrate
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junction breakdown voltage of a bipolar device can be greatly improved without
sacrificing the advantage of low collector resistance, which is essential for high-
speed operation. An epitaxial wafer with a lightly doped layer on top of a heavily
doped substrate has also been employed for advanced complementary metal-oxide-
silicon (CMOS) devices to minimize latch-up effects.

An epitaxial process involves many complex physical and chemical steps. In
this chapter, we will first introduce the fundamental aspects of epitaxy, including
basic growth kinetics and various growth models, in Section 3.2. Once the back-
ground concepts are established, conventional Si epitaxy is introduced in Section
3.3. The term conventional is used to differentiate it from other novel approaches
such as low-temperature epitaxy, described in Section 3.4, and selective Si epitaxy,
described in Section 3.5. These novel growth techniques have received a great deal
of attention recently, because of the demands for a low thermal budget and much
more miniaturized devices for ULSI technology. Device performance is ultimately
influenced by the quality of an epitaxial layer; in Section 3.6 we will introduce vari-
ous characterization techniques that are commonly used to evaluate the quality of an
epitaxial layer. Finally, the trends and future developments in the field of Si epitaxy
will be summarized in Section 3.7.

3.2
FUNDAMENTAL ASPECTS OF EPITAXY

Epitaxial growth can be achieved from solid-phase, liquid-phase, vapor-phase, and
molecular-beam deposition. For a Si epi-layer, vapor-phase epitaxy (VPE) has re-
ceived the widest acceptance of all these techniques. Therefore, in this section, we
will focus on the basics of the VPE process. However, some of the models and mech-
anisms, which are also applicable to other epitaxial growth processes, will be dis-
cussed as well.

A typical VPE process is illustrated schematically in Fig. 2. Prior to the layer
deposition, the growth system is purged by nitrogen or hydrogen for a short period,
and followed by a vapor HCI etching. The deposition process is then initiated by

Growth reactor
H,, N, .
HCl —_— . —— > By-products
reactant Deposit
Substrate at Tg
FIGURE 2

Schematic illustration of a typical VPE process.
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directing the reactant gases into the growth reactor, where the substrate is located and
kept at a desired growth temperature, T,. Once the reactant gases are fed into the
growth reactor, these chemical species undergo a series of physical and chemical
reactions, which result in the layer deposition. In a steady state, the sequence of
the growth process’ is best illustrated by Fig. 3. According to this figure, a growth
process can be broken down into the following steps:

1. Introduction of the reactant species to the substrate region

2. Transfer of the reactant species to the substrate surface

3. Adsorption of the reactant species on the substrate surface

4. Surface diffusion, site accommodation, chemical reaction, and layer deposition
5. Desorption of residual reactants and by-products

6. Transfer of residual reactants and by-products from the substrate surface

7. Removal of residual reactants and by-products from the substrate region

During growth these steps may occur consecutively or in series, depending on the
growth conditions such as growth temperature and growth pressure. These sequen-
tial steps describe only the fundamental reactions involving the VPE growth process.
As with all chemical reactions, the slowest step of these reactions determines the
overall rate of the growth process. This slowest step is called the rate-limiting step.
This concept is very important to describe a growth process. If a growth process is
dominated by step 3, 4, or 5 in the list above, one may say it is a surface-controlled
process. On the other hand, if a growth process is dominated by step 1 or 2, it is
called a mass-transport-controlled process. In all cases a growth process can be ei-
ther surface-controlled or mass-transport-controlled at different growth conditions.
We will discuss this point in some detail in the next section.

Carrier gas
. +
Carrier gas -
+ unreacted reactants
reactants +
products
- < > > >
Transfer of L Transfer of
reactants to products to
surface main flow

Absorption of Desorption of
y reactants products

Surface diffusion
Surface reactions

Substrate

FIGURE 3
Schematic description of the sequential steps of a VPE process.
(After Shaw, Ref. 5.)
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CHAPTER 3: Epitaxy 109

This growth sequence is only applicable to cases where the input reactant gases
are flowing in one direction and passing over the substrate to the exhaust. This kind
of flow pattern is called laminar flow and is a characteristic of a low-growth-pressure
process. Conventionally, the growth syster is operated at atmospheric pressure. Un-
der this condition, turbulent flow inevitably occurs, which complicates the growth
process. In addition, desorption of the reactant species from the walls of the tubing
and furnace and the back-diffusion of gases from the exhaust make the growth pro-
cess even more complicated. Even though a VPE growth process is too complicated
to understand fully, many models have been proposed to describe the basic phe-
nomena observed in this process. Before introducing these models, we shall briefly
review the basic growth kinetics.

3.2.1 Basic Growth Kinetics of Epitaxy

Deposition of a thin epitaxial layer on the substrate can be described by two pro-
cesses: nucleation and growth. In the nucleation process a small region of a new
phase is created on another phase, in this case the surface of the substrate. When
the newly formed phase grows to approximately a critical size, it becomes stable
and is usually called a nucleus; below the critical size it is called an embryo and
is unstable. A nucleation process proceeds in two ways: homogeneously and het-
erogeneously. The former is characterized by the formation of an embryo without
the aid of other phases, such as foreign materials or surfaces, whereas the hetero-
geneous nucleation forms in the presence of other objects.® For a VPE process the
former represents the formation of an embryo via gas-phase reactions; the latter, via
the substrate surface.

In homogeneous nucleation, for a VPE process, a number of embryos are formed
in the vapor phase. Subsequently, these embryos coalesce and condense into the solid
phase. Such a process involves the release of free energy (AG,), resulting from the
condensation process, and an increase of free energy (y;), due to the formation of
surfaces in the coalescence process. The former is a function of reactant gas par-
tial pressure and increases as the reactant gas partial pressure increases. The latter
depends on the surface energy of the associated phases in the growth region, such
as vapor, substrate surface, and nucleus. The total free-energy change (AG;) for an
embryo of a radius » with homogeneous nucleation can be expressed as

3
AG, = (4777

)AGV + (47rr?)y, (3.1)

From the thermodynamic viewpoint, the critical radius 7. of an embryo can be ob-
tained at maximum total free-energy change, where

-2
re= % g 3 (3.2)

After substituting 7. in Eq. (3.2) into rin Eq. (3.1), the critical formation free-energy
change AGy, of a stable embryo is then written as
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167y3
3(AGy)?

An embryo with a radius larger than r. will tend to lower its free energy by grow-
ing. Under a quasi-equilibrium condition, the number of stable embryos, 7., can be
expressed by the following equation:

ne = n, exp(—AGg/kT) (3.4

where 7, is the total number of embryos, k is Boltzmann’s constant, and 7T is the
substrate temperature in kelvins. Finally, the nucleation rate of a homogeneous nu-
cleation process, Ry, is given by

R, = (no/t.) exp(—AGe/kT) (3.5)

where 2, is the average lifetime for stable embryos.

As already mentioned, most nucleation processes may occur heterogeneously on
a substrate in the VPE process. Figure 4 illustrates the initial wetting characteristics
on a substrate surface, where vy, Y, and vy, are surface energies associated with
surface (s)/vapor (v), nucleus (n)/vapor (v), and nucleus (n)/surface (s), respectively,
and 6 is the contact angle. A mathematical derivation® gives the critical energy for
heterogeneous nucleation:

AGhetero = AGhomo[(2 + cos 0)(1 — cos §)2/4] (3.6)

According to Eq. (3.6), with the aid of a substrate surface, AGhpetero is lower than
AGhomo- Therefore, thermodynamically, heterogeneous nucleation is always prefer-
able to homogeneous nucleation.

It can be noted from Eq. (3.6) that surface wetting (i.e., the contact angle 6) is a
predominant factor for a heterogeneous nucleation process. Thus, surface preparation
prior to the epitaxy is one of the most important steps that determine the quality of
an epitaxial layer. In addition, since the value of AG, decreases with decreasing
reactant partial pressure and increasing temperature, performing the VPE process at
reduced partial pressure and higher temperature is preferable.

An epitaxial process proceeds by impingement, adsorption, diffusion, reaction,
and desorption of the reactant species. Many models have been proposed to describe
this process. However, none of them can account for all aspects of the various growth

AGy, = (3.3)

Nonwetting _Partial wetting Complete wetting
0=180" 0" <0< 180° 6=0°
’)GV + sz < ’};1.\' ’KYV = yﬂS + yﬂV COSG %f&‘ = ynv + ’KS’V
Yy
6
T7777777/77777777777777777 7 777 J77777777777777777777777777777 J777777/7777777777777777777
Y. Y,
i Soid '
FIGURE 4

Wetting characteristics of a heterogeneous nucleation process. (After Ghandhi, Ref. 3.)
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results obtained by different growth techniques. In the next section we will intro-
duce a few generally accepted models to explain some characteristics of an epitaxial
growth process.

3.2.2 Growth Models for Epitaxy

A model’ based on the assumption that only transport of the reactant species and
chemical reactions are operative is shown in Fig. 5. In the schematic drawing of the
model, F; is the flux difference between the reactant in the input gas stream, Cy,
and that at the substrate surface, C;, and F, is the consumption of the reactant at the
substrate surface. Assuming a linear change from Cj to Cs, F; can be expressed by

Fi = hg(Cy — Cs) 3.7

where A, is the gas-phase mass transfer coefficient and is relatively independent of
temperature. For simplicity, by assuming F, proportional to Cs, F, is expressed as

Fo = ksCs (3.8)

where k is the chemical surface reaction constant. The value of k,, on the other
hand, is a strong function of temperature and is usually expressed in the form of
ks = ko, exp(—E,/kT), where k, is a temperature-independent constant and E, is
the activation energy of the reaction.
At steady-state conditions the two fluxes must be equal. By equating Eqgs. (3.7)

and (3.8), one obtains
- Ce

1 + (kg/hy)

If hy >> ks, then Cs = C,. This condition is called a surface-controlled process.
On the other hand, if h, << ks, C; = 0, and the process is called mass-transport-
controlled. Simple mathematical derivations lead to the growth rate G of a VPE
process given by

C (3.9)

G = CiksM/N (surface-controlled case) (3.10)

FIGURE 5
Schematic representation of the
Substrate Grove (Ref. 7) model.
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or by

G = CihyM/N (mass-transport-controlled case) (3.1

where C; is the total number of molecules per cm?3 in the gas stream, M is the mole
fraction of the reactant species in the gas stream, and N is the number of atoms
incorporated into a unit volume of the layer.

Another model assumes that the gas stream above the substrate surface is di-
vided into two regions.® As shown in Fig. 6a, in the region away from the substrate
surface, the gas stream moves with a constant speed V in parallel to the substrate
surface, where in the region next to the substrate surface, a stagnant layer exists in
which the gas velocity is zero. In this model, mass transfer of the reactant species
from the upper region across the stagnant layer to the substrate surface is dominated
by a diffusion process. With this assumption, F; in Eq. (3.7) can be rewritten as

F; = D,[(Cy — Cy)lts] (3.12)
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FIGURE 6
Schematic representations of (a)

- L - stagnant-layer model and (b)
boundary-layer model. (After
(b) Wolf and Tauber, Ref. 20.)
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where Dy is the diffusion coefficient of the reactant species and # is the thickness of
the stagnant layer. From Eqgs. (3.7) and (3.12) we find

he = Dylt, (3.13)

A model similar to the stagnant-layer model was developed to provide a more
realistic estimate of the mass transfer coefficient h,.8 As shown in Fig. 6b, a bound-
ary layer is present between the substrate, where the gas velocity is zero, and a free
gas stream, where the gas velocity is u. In this model, u is not a constant value but
changes rapidly across the entire range of substrate or susceptor. The boundary layer
thickness #, is a function of distance along the flat plate, x. Therefore, it can be ex-
pressed as

x 12
1(x) = (“—) (3.14)
pu

where w is the gas viscosity and p is the gas density. Upon integration, the average
boundary layer thickness over an entire flat plate with length L is expressed as
(2/L)

where Re is the Reynolds number for the gas, given by
_ puL.
7

For Re < 2000 the gas flow has a laminar pattern, whereas for larger Re values the
gas flow is turbulent.
The average boundary layer thickness, #;, in Eq. (3.15), can be substituted for 7
in Eq. (3.12), resulting in an expression for A as
_ 3DgRel/ 2

hy = =5 — (3.17)

Re (3.16)

According to this equation, in the mass-transport-controlled regime the growth rate
of a layer depends on the square root of the free gas stream velocity . This predicted
dependency is observed in a typical experimental result for epi-Si grown at low flow
rates, as shown in Fig. 7. At higher flow rates the growth rate reaches a maximum
and becomes independent of the flow rate. Figure 8 shows the formation of bound-
ary layers in a horizontal reactor. The spatial dependencies of reactant concentration,
gas velocity, and temperature across the entire susceptor are illustrated. The fluxes
of the various reactant species that cross this layer to the substrate surface are there-
fore dependent on factors such as boundary layer thickness, reactant concentration,
growth pressure, and growth temperature.

Once the reactant species are adsorbed on the substrate surface (in which con-
dition they are often called adatoms), the growth of the epitaxial layer is believed
to occur via the migration of adatoms (position A in Fig. 9) to steps on the substrate
surface (positions B, C in Fig. 9). From the thermodynamic viewpoint, the kink po-
sition (position C in Fig. 9) along a step is the most favorable site for growth to occur.
Such a layer growth is assumed to proceed by lateral movements of the steps. In
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The growth rate of an epi-Si versus the free gas flow rate. (After Wolf and
Tauber, Ref. 20.)
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Schematic illustration of the formation of boundary layers in a horizontal reactor. (After
Ban, Ref. 8.)

FIGURE 9
Schematic illustration of epitaxial growth with adatoms. (After Wolf
and Tauber, Ref. 20.)
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this growth model, a “maximum growth rate” is imposed to ensure the crystallinity
of the resulting layer. At high growth rates, not enough time is available for the
adatoms to migrate, resulting in a polycrystal layer. However, as the growth temper-
ature increases, the surface migration rate increases, facilitating single-crystal layer
growth. Figure 10 shows the crystallinity of a layer with respect to temperature and
growth rate. For a fixed temperature, there is a maximum growth rate for an epi-layer.
Likewise, for a fixed growth rate, a minimum temperature is required to achieve an
epi-layer. For Si epitaxy, an activation energy of =5 eV is observed. This value is
comparable to the activation energy of self-diffusion in Si. Therefore, self-diffusion
in Si is believed to be the dominant mechanism for the growth of Si epi-layers.1°

3.3
CONVENTIONAL Si EPITAXY

The term conventional Si epitaxy is used to differentiate it from the other approaches,
such as low-temperature Si epitaxy and selective Si epitaxy, which will be discussed
in the following sections. Conventional Si epitaxy was originally developed to over-
come the problems associated with high concentrations of impurities present in the
substrate. This technique was then used extensively to optimize the performance
of bipolar transistors and bipolar integrated circuits. It enables the growth of a
lightly doped Si epi-layer over a heavily doped Si substrate. As a result, a higher
collector-substrate breakdown voltage is achieved with minimal increase of collec-
tor resistance. Similarly, if CMOS devices or circuits are built in the lightly doped Si
epi-layer over the heavily doped Si substrate, the latch-up effect is greatly reduced.*
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The advantages of conventional Si epitaxy are its flexibility and accuracy in con-
trolling the doping concentration and doping profile. However, since this technique
is usually carried out at temperatures above 1100°C, it suffers from problems such
as autodoping and pattern shift. In addition, because the epitaxy is an “arranged on”
process, it is susceptible to defect generation due to strain, impurities, and particles
on the substrate prior to or during the growth process. In this section, we present
(a) growth chemistry; (b) doping and autodoping; (c) defect generation and min-
imization; (d) pattern shift, distortion, and washout; and (e) epitaxial deposition
equipment.

3.3.1 Growth Chemistry

The success of an epitaxial growth relies heavily on the chemistry used in the pro-
cess. The major source gases used to deposit Si epi-layer commercially contain
hydrogen and chlorosilanes, such as silicon tetrachloride (SiCly), trichlorosilane
(SiHCl3), and dichlorosilane (SiH,Cl,). In addition, silane (SiH4) has also been
used when a lower growth temperature is desired. The choice of each source gas is
based on the growth conditions and layer requirements. One of the most important
parameters that affect the selection of the Si source gas is the growth rate. Fig-
ure 11 shows the growth rate of Si layers as a function of growth temperature for
various silicon sources.!! Two distinct growth regimes are noted in this figure. At
low growth temperatures (region A) the growth rate of Si layer is exponentially
dependent on temperature, which is evidence of a surface-controlled reaction. In
the high-temperature regime (region B), the growth rate is nearly independent of
the growth temperature, which is typical of a mass-transport or diffusion-controlled
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FIGURE 11

Growth rate of epi-Si as a function of growth temperature for a
variety of Si sources. (After Eversteyn, Ref. 11.)
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CHAPTER 3: Epitaxy 117

reaction. It is important to note that at the lower temperature, as-grown Si layers are
in polycrystal form. Epi-Si layers are formed at temperatures above the transition
point of each curve seen in Fig. 11. The position of the transition point varies with
the mole fraction of reactant, gas flow rate, and reactor type. However, it can be
inferred from this figure that epi-Si can be grown from the SiH, gas at temperatures
above 900°C, whereas for SiCly gas it is above 1100°C.

Reductions of SiCly and SiHy to solid Si encompass two extremes of the chemi-
cal reactions involving conventional Si epitaxy. The overall reaction for the reduction
‘of SiCls in H can be written as

SiCly + 2H, — Si + 4HCI (3.18)

In reality, a study of thermodynamics of the H-CI-Si system showed that a number
of chemical reactions were occurring either simultaneously or sequentially in the
deposition process. It is postulated!? that the net reaction of Eq. (3.18), may proceed
as follows: ’

SiCly + Hy «—> SiHCl; + HCI (3.19)
SiHCl; + H, «— SiH,Cl, + HCI (3.20)
SiH,Cl, «— SiCl, + H, (3.21)
SiHCl; «— SiCl, + HCI (3.22)
SiCl, + Hy «—> Si + 2HCI (3.23)

Note that all the above reactions, Egs. (3.19) to (3.23), are reversible. Therefore, both
reduction and etching processes compete with each other, depending on the mole
fraction of reactants and growth temperature. Figure 12 shows the boundary between
etching and deposition in a SiCls and H, mixture at atmospheric pressure as a func-
tion of temperature and partial pressure of SiCly.!3 A separate study also showed that
the growth rate of silicon varied with the growth temperature with SiCly + H, chem-
istry. Figure 13 shows that an etching process is favored at both low and elevated
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FIGURE 12

Growth temperature as a function of the partial pressure of SiCly in
a SiCly + H, mixture at one atmosphere. (After Ban and Gilbert,
Ref. 13.)
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Growth rate of Si films as a function of growth temperature for
SiCly + H, chemistry. (After Sirtl, Hunt, and Sawyer, Ref. 14.)

temperatures.!* Therefore, the deposition process is usually performed at tempera-
tures between 1100 and 1300°C in this case. For thicker layer growth SiHCl; is often
used because its growth rate is higher than that of SiCly.

In contrast to SiCly chemistry, the reduction reaction of SiHy is not reversible
and proceeds by the following overall reaction:

SiH, — Si + 2H, (3.24)

As noted in Fig. 11, the major advantage of the SiHy is that epi-Si can be obtained
at relatively lower temperatures than any of the chlorosilane chemistries. However,
it is very difficult to avoid some degree of gas-phase nucleation of Si via the homo-
geneous reaction of SiHa. As a result, Si particulate is formed, which results in poor
surface morphology or even polycrystal Si growth. This problem can be minimized
by raising the gas velocity through the growth region via a low-pressure operation or
by controlling the deposition temperature. In constrast to the chlorosilane chemistry,
SiHy is more susceptible to oxidation and is explosive. Therefore, it is not commonly
used in the conventional Si epitaxial process. Because there is no HC] in the SiHy
growth system, there is no etching process. This may result in higher metallic impu-
rities in the film grown with SiHy unless a careful preclean process is used.

3.3.2 Doping and Autodoping

The conductivity type and electrical resistivity of an epitaxial layer are ultimately
dependent on the doping characteristics. In an epitaxial process, dopants are in-
corporated into the grown layer simultaneously or intermittently during the layer
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deposition reaction. Typically, hydrides of various types are used to introduce these
dopants. For Si epitaxy, diborane (BoHg) is used to incorporate the p-type dopant B,
whereas phosphine (PH3) and arsine (AsHj3) are used for the n-type dopants P and
As, respectively. These gases are extremely toxic and are unstable above room tem-
perature. Therefore, they are normally diluted with a large amount of Hy. Because
of this, the hydride doping gases would not follow a simple rule for incorporation
into the growing Si film from the gas phase. The dopant/Si ratio in solid phase cor-
responding to that in gas phase can only be obtained through experiments for each
growth condition and each growth reactor. The many factors that affect the dopant
incorporation include the growth temperature, growth rate, dopant/Si ratio in gas
phase, and reactor geometry.

In addition, the interactions or competing reactions between the dopant gases
and Si source gases make the doping process even more complicated. It has been
found that B,Hg and PH3 have opposite influences on the silicon deposition rate.'?
The former enhances the silicon deposition rate, whereas the latter suppresses it.
It has been found that PH3 chemisorbs dissociatively with the formation of Si-H
bonds at high temperatures. Hydrogen can be desorbed at temperatures above 400°C
to form a phosphorus layer, which has a maximum adsorption at 550°C. Once ad-
sorbed, PHj3 is stable under a SiH, flux, effectively passivating the silicon surface
and suppressing the growth rate in the phosphorus-doped Si epitaxy.

On the other hand, B,Hg has a very small sticking coefficient and is easy to
decompose directly on the silicon surface to deposit boron. The adsorbed B,Hjy fa-
cilitates the heterogeneous reaction of SiHy, resulting in enhanced growth rate. The
amount of dopant incorporation in epi-Si is influenced by the growth rate. Figure 14
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FIGURE 14
A typical plot of arsenic doping concentration as a function of silicon

deposition rate. (After Reif, Kamins, and Saraswat, Ref. 16.)
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Schematic illustration of various sources of dopants for a VPE
growth process. (After Srinivasan, Ref. 17.)

shows typical results of impurity incorporation as a function of Si deposition rate
for arsenic doping.!® At high growth rates the incorporation of As is dominated by
surface kinetic processes such as surface adsorption and surface diffusion, while at
low growth rates it is controlled by the mass transport process.

The foregoing discussion applies only to the doping process that is performed
intentionally to obtain different conductivity types and various resistivities in the
epi-Si layer. In practice, the doping process is complicated by an unintentional pro-
cess named autodoping. Figure 15 shows a schematic drawing of various sources
of dopants for an epitaxial growth.!” Dopants can be released from the substrate or
susceptor through outdiffusion or outgassing. The outdiffusion is in the solid state,
whereas the outgassing is in gas phase and is often termed the memory effect. Figure
16 shows a plot of a typical doping profile of an epitaxial layer grown over a heavily

™ Solid-state
outdiffusion

Gas-phase
autodoping
tail

Dopant concentration (log scale)

Intentional doping

Ll (620 oh FIGURE 16
e gas phase) A typical doping profile
. Epitaxy ‘{‘ Substrate of an epi-Si grown over a
heavily doped Si substrate.
Vertical depth (After Srinivasan, Ref. 18.)
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doped substrate.'® Several regions of autodoping are noted. Close to the substrate/epi
interface, outdiffusion in solid phase from the substrate is predominant, resulting in
a broad transition region. This effect is soon limited, because the growth rate is nor-
mally much higher than the speed of solid-state outdiffusion. Thereafter, the dopant
incorporation is controlled by the sources in gas phase. If the outgassing dopant ex-
ceeds that intentionally introduced, an autodoping tail develops. However, this effect
becomes insignificant as the growth process proceeds, because of the coverage of a
low-doped layer over substrate and susceptor, which slows down the supply of the
dopant to the surface (i.e., the outgassing speed). The extent of the autodoping tail is
a function of substrate dopant species and its concentration, reactor geometry, growth
temperature, growth rate, and growth pressure. Once the autodoping is minimized,
the intentional doping process predominates.

For most ULSI applications lightly doped epi-Si layers over a heavily doped sub-
strate are required. Autodoping imposes a constraint on the minimum layer thickness
and minimum doping level for an epi-Si layer with controlled doping. Therefore,
it is a subject of great technological importance. Various techniques are proposed
to minimize this effect. Low growth temperature seems to reduce boron autodop-
ing, whereas lower growth pressure works well for phosphorus and arsenic. In-situ
vapor-phase etching, using HCI, or cap-seal, with a thin lightly doped Si over the
substrate and susceptor, are also employed. With the advent of low-temperature epi-
taxial growth techniques, the autodoping effect has been greatly minimized.

3.3.3 Defect Generation and Minimization

In an epitaxial process various types of defects are often observed. These defects
may result from substrate imperfection, contamination or inclusion in the reactor or
substrate, or any mismatch between the substrate and epi-layer. In principle, the de-
fect density of an epi-layer cannot be lower than that of its parent substrate. Defects
due to the substrate are related to the surface conditions prior to the deposition pro-
cess. Therefore, care must be taken to remove organic and metallic impurities and
particulate on the front and rear substrate surfaces. In addition, a defect-free wafer
is preferred for an epitaxial process.

There are four types of crystalline defects in an epitaxial layer: point defects,
such as impurities and vacancies; line defects, such as dislocations; area defects,
such as stacking faults; and volume defects, such as voids and precipitates. Figure 17
illustrates the defects that commonly occur in epitaxial layers.' In this figure, 1 rep-
resents a dislocation line propagated from the substrate through the growing layer; 2
is a stacking fault nucleated from the impurity or precipitate on the substrate surface;
3 is an impurity precipitate incorporated by contamination in the growth system; 4
is a growth hillock caused by the process or surface finish of the substrate; and 5 is
a bulk stacking fault or void caused by an existing surface defect in the substrate.
In addition to these, defects such as dislocations or slip lines can be generated from
the thermal stresses set up by the temperature gradients between the front and rear
substrate surfaces during the deposition process, as illustrated in Fig. 18.2° Further-
more, the existence of lattice mismatch between the substrate and epi-layer leads to
the formation of dislocations to accommodate the misfit strain.
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FIGURE 17
Schematic illustration of common defects in epitaxial layers. (After
Ravi, Ref. 19.)

"One of the most important measures for minimizing the defects in epi-Si is the
substrate cleaning. The pre-epitaxy substrate cleaning (see Chapter 2) consists of a
wet clean followed by a dilute HF dip and an in-situ HCI, HF or SF¢ vapor etch.?!
This preclean process is especially important for low-temperature Si epitaxy and will
be discussed separately in Section 3.4.2. In addition to the wafer cleaning, defects in
epitaxial layers can be reduced by employing “denuded” substrates.?? Such a sub-
strate is obtained by using an oxygen intrinsic gettering technique to minimize the
defect and metallic impurity levels on the substrate surface and thus reduce the de-
fect density in the growing layer. For heteroepitaxy, misfit dislocations due to lattice
mismatch are inevitably formed. It has been found that a strain field near the misfit
dislocation serves as a gettering site to trap impurities.?3 A strained-layer structure
grown between the substrate and active device layers was also found to be effec-
tive in gettering heavy metals without introducing misfit dislocations into the device
layer, leading to better device performances.

3.3.4 Pattern Shift, Distortion, and Washout

Pattern shift, distortion, and washout (the extreme case of pattern shift) occurs when
an epitaxial layer is deposited over a buried layer in the fabrication of modern bipo-

lar integrated circuits. Schematic representations of these phenomena®* are shown

Thermally induced stress

Wafer
FIGURE 18
Rcacho " Schematic drawing of wafer bow, due to
wa a temperature gradient between front and
) back of a wafer during a growth process.
,>T,>T,>T,> T (After Wolf and Tauber, Ref. 20.)
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in Fig. 19. The main cause of these effects is the different growth rates on various
crystal orientations. However, the amount of shift or distortion also depends on de-
position rate, growth temperature, growth pressure, and silicon source. Therefore, to
compensate these effects the circuit designer must adjust the position of features on
the subsequent mask levels.

It has been found that pattern shift is at a minimum when the pattern is oriented
on-axis with respect to a (100)-oriented substrate. For the case of (111)-oriented
substrates, a misorientation of 2 to 5 degrees from the [111] to the [110] direction
is needed to minimize these effects. For both cases the amount of shift seems to
decrease with increasing growth temperature and decreasing growth rate.?> Pattern
shift can be completely prevented if SiHy is used. In addition, reduced growth pres-
sure seems to minimize the amount of shift. In contrast to pattern shift, the amount
of pattern distortion increases with increasing temperature and decreasing growth
rate,?® and the use of SiHy results in more severe pattern distortion than use of
chlorosilanes. Moreover, pattern distortion occurs in both (100) and (111) substrates.
Reduced growth pressure may be effective for controlling such a distortion for the
(111)-oriented substrate, but not for the (100)-oriented substrate. However, increased
layer thickness seems to reduce the distortion for both cases. Therefore, an optimized
epitaxial process is required to minimize both pattern shift and pattern distortion.

3.3.5 Epitaxial Deposition Equipment

A typical epitaxial growth equipment consists of a gas distribution system, a high-
purity quartz bell jar or reactor tube, a susceptor, a substrate heating system, an
electrical control system, a cooling system, and an exhaust system.

The gas-handling system is used to feed the reactant gases, such as silane or
chlorosilanes, H,, and HCI; doping gases, such as AsHs, PH3, and B,Hg; and purg-
ing gas, Hy or N,. Note that except for N, all other gases are explosive, corrosive,
or highly toxic. Therefore, built-in safety interlocks, together with hydrogen and

Epi NA_ BT

C D
Substrate
(@
Epi A B
\. C D /
Substrate
)
_ FIGURE 19
Epi Schematic illustrations of (@) pattern shift,
(b) pattern distortion, and (c) pattern
Substrate : washout. (After Wolf and Tauber, Ref.
(c) 24.)
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toxic-gas monitors, are required for preventing accidents. In addition, the entire
growth system must be operated under leaktight conditions to ensure safety. In or-
der to meet the stringent requirements of an epitaxial process for ULSI applications,
high-precision mass-flow controllers with a vent-run configuration are used to obtain
tight control on gas flows. Electropolished stainless steel tubing is used to transport
all gases fed into the growth reactor. All gases must be of high purity or passed
through a gas purifier (e.g., Pd-diffused H,) to ensure minimum impurity incorpo-
ration. An exhaust system, consisting of a burn box and a wet or dry scrubber, is
necessary to safely remove or treat unreacted by-products from the growth system.
A high-purity quartz bell jar is normally used as the growth reactor. The sus-
ceptor in the reactor is used to support substrates and to supply thermal energy for
the reaction. Therefore, it should be mechanically strong and not reactive to the reac-
tants and their by-products. In addition, a susceptor must be noncontaminating to the
growth system. Graphite is commonly used as the primary material for susceptors.
Silicon nitride— or silicon carbide—coated polysilicon or quartz susceptors are often
used as alternatives. Coating is also required for the graphite susceptor, because it is
impure and soft. In addition to SiC and Si3Ny, glassy carbon and porolytic graphite
are often used to coat the susceptor. Care must be taken to avoid any crack or scratch
on the susceptor and to eliminate any contaminating source from the susceptor.?’
Commercially, Si epitaxy is carried out in reactors of the types shown in Fig. 20.
Susceptors of horizontal, pancake, and barrel shapes are widely used.?’ The horizon-
tal reactor is the most commonly used system. It offers high capacity and throughput.
However, it suffers from an inability to achieve a uniform deposition over the entire
susceptor. Tilting the susceptor a few degrees (1.5 to 3 degrees) seems to reduce this
problem greatly. In contrast, the vertical pancake reactor is capable of very uniform
growth with minimal autodoping problems. Disadvantages of this system include
its mechanical complexity, its low throughput, and its susceptibility to particulate
incorporation. The barrel reactor is an expanded version of the horizontal reactor
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FIGURE 20

Types of conventional epitaxial reactors: (a) horizontal reactor; (b) vertical reactor;
(c) barrel reactor. (After Pearce, Ref. 27.)
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in a different configuration. When used with a tilted susceptor, this system allows
high-volume production and uniform growth. ‘

Two types of substrate-heating systems are used to provide the thermal energy
to the reaction: inductive heating and radiant heating. In the former case the suscep-
tor is heated inductively by the underlying water-cooled RF coils. These coils are
usually set outside the reaction chamber but close enough to the susceptor to obtain
RF coupling. Once the susceptor is heated, the thermal energy is transported to the
substrate by conduction and radiation. In the latter case the energy is supplied by
radiant heating using banks of quartz-halogen lamps via IR absorption. This method
provides more uniform heating than inductive heating does.”® Temperature mea-
surement is usually done with an optical or IR pyrometer. To avoid contaminating
the growth environment, thermocouples should not be used in the reactor.

34
LOW-TEMPERATURE EPITAXY OF Si

Low-temperature epitaxy (LTE)?® of Si is a process that produces epitaxial growth
of the Si layer at temperatures of 550°C or less, much lower than the conventional Si
epitaxy process does. Because tight controls over interfacial quality, spatial dopant
distribution, and layer thickness are required for many advanced Si devices such
as heterojunction bipolar transistors (HBTs), low processing temperature becomes
necessary to minimize thermal diffusion and/or mass-transport-controlled processes.

This section will start with an introduction of the chemical aspects of the LTE, fol-

lowed by a discussion of a key step for this technique: surface preparation. There are
many growth techniques that can be classified as LTE; this section will introduce the
techniques that attract the most research interest. Finally, device applications of the
LTE process are reviewed.

3.4.1 Chemical Aspects

The reason a S1 layer can be deposited epitaxially onto a substrate at low temperature
is primarily the growth conditions, such as substrate surface material, purity of Si
source gas, and growth pressure. \

To grow an epitaxial layer, the seed substrate surface should be of single-crystal
material. It is well known that SiO, is readily formed on Si substrate under equi-
librium conditions and becomes unstable at a temperature higher than 1000°C at
atmospheric growth pressure. It has been found that the stability of the SiO, film de-
pends on the partial pressures of oxygen and water vapor in the growth environment.
As shown in Fig. 21, the crossover between the oxidation and the oxide-free regions
is a function of water-vapor partial pressure and temperature.?’ Similar results have
been observed for oxygen. Therefore, one of the most important criteria to realize
LTE is to control the oxygen and water-vapor partial pressures in the growth reactor.
In order to grow the Si epi-layer at a temperature lower than 700°C, the partial pres-
sure of water vapor should be lower than 1078 torr, maintaining a bare single-crystal
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FIGURE 21

Water vapor pressure vs. reciprocal temperature for oxide-free and
oxidized Si surfaces. (After Meyerson, Ref. 29.)

Si substrate surface. Presumably, in the oxidation region, the stable SiO, is formed
on the silicon surface by the chemical reaction

Si (solid) + 2H,0 (gas) — SiO, (solid) + 2H; (gas) (3.25)

In the oxide-free region, on the other hand, the water vapor serves to etch the silicon
surface by the following chemical reaction:

Si(solid) + H,O(gas) — SiO(gas) + Hj(gas) (3.26)

There are many ways to achieve a bare Si single-crystal surface prior to the
epitaxial growth process. As mentioned above, the straightforward approach is to
keep the growth environment at an ultrahigh vacuum. Growth techniques employ-
ing this approach are ultrahigh vacuum/chemical vapor deposition (UHV/CVD) and
molecular beam epitaxy (MBE). Another approach is to employ ultraclean gases with
ultralow oxygen and water-vapor contents. Growth techniques using this approach
are atmospheric-pressure chemical vapor deposition (APCVD) and ultraclean low-
pressure CVD. In addition, plasma-enhanced CVD (PECVD) and photochemical
CVD (photo-CVD) have been proposed to achieve LTE-grown epi-Si layers.

The surface preparation of the Si substrate prior to the layer deposition is a key
step in a successful LTE process. This subject will be discussed in the next section.
To date, most LTE studies use SiHy as the Si source gas; other gases, such as Si;Hg
and SiCl, H,, have also been used, but to a lesser extent. The major advantage of the
SiHy source is its low decomposition temperature, which facilitates the LTE process.
In addition, H, plays an important role in the LTE process. It has been reported that
the desorption rate of H, dominates the growth rate of the Si layer in the UHV/CVD
LTE process.*®
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3.4.2 Surface Preparation

Surface preparation is a key step in the LTE process. The conditions of the initial
growth interface determine the quality and the content of unintended impurities at
addition to providing an ultraclean growth environment, all LTE growth techniques
rely strongly on the preparation of an ultraclean substrate surface prior to growth. A
wide variety of surface cleaning techniques have been proposed and implemented in
the LTE process. Those techniques can be classified into two groups, namely ex-situ
and in-situ. A combination of both ex-situ and in-situ methods is frequently used. The
ex-situ techniques perform the surface cleaning process outside the growth reactor,
whereas the in-situ techniques perform it inside the growth reactor.

The most widely used ex-situ cleaning technique involves the removal of organic
impurities and particles using HySO4: H,O, and NH,OH: H,O, and the removal of
metallic impurities by growth of a thick protective Si0; layer using a Si oxidizer, such
as a HCI: H,O, solution. This method is often called the RCA clean or Shiraki clean
in the literature.3! Following the wet chemical ex-situ cleaning process, two methods
have been used to remove the oxide. One is to dip the substrate in the HF: H,O (e.g.,
1 : 10) solution ex-situ, and the other is to desorb the surface oxide in the growth
reactor. In the case of the former, it has been observed that after a dip in HF solution,
a hydrophobic (i.e., hydrogen-passivated) silicon surface is formed. This hydrogen-
passivated silicon surface is air-stable and remains oxide-free for more than 10
minutes.>? Using this method, device-quality-Si and SiGe epi-layers were obtained
at 550°C or lower without employing any in-situ surface-cleaning process. In the
case of the latter, the thick oxide was removed by thermally desorbing it at a tempera-
ture above 950°C in ultrahigh vacuum or by etching it at a temperature above 800°C
in H, inside the growth reactor.3> The drawback to this approach is the use of a high-
temperature process, which results in rapid impurity diffusion, extensive outgassing,
and wafer warpage. In addition, the high-temperature process complicates integrated
device fabrication; hence, it is not desirable from a manufacturing viewpoint.

Recently, a number of low-temperature Si-cleaning techniques have been de-
veloped. Among them Si beam cleaning, which employs a small flux of Si to desorb
a thin Si oxide, has brought the temperature down to 700°C. Furthermore, with an
in-situ exposure of a clean Si surface to H atoms, a successful Si epitaxy can be
performed at 600°C. Etching in gaseous HF has also been reported to result in a H-
passivated surface that allows the Si epitaxy at 550°C. However, a 200°C prebake
is essential for low-temperature epitaxy on HF-dipped Si.>* By incorporating this
process, Si epitaxy has been performed at a temperature of 370°C.

3.4.3 Low-Temperature Si Epitaxial Growth Techniques

There are many ways that Si epi-layers can be grown at low temperatures. All of
these techniques rely on both an ultraclean growth environment and a unique Si
surface-cleaning process. CVD?® and MBE?? are the most popular methods used by
researchers. However, solid-phase epitaxy (SPE) has also been reported.3

CVD has received the most research interest because of its simplicity and
manufacturability. Many CVD approaches have been reported, such as ultrahigh
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vacuum/chemical vapor deposition (UHV/CVD),? ultraclean low-pressure CVD,?’
rapid-thermal-processing CVD (RTPCVD),*® limited-reaction-processing CVD
(LRP-CVD),3® atmospheric-pressure CVD (APCVD),* plasma-enhanced CVD
(PECVD),* photo-CVD,*' and excimer laser-assisted CVD.*? These techniques
can be divided into three groups based on their characteristics, namely ultrahigh vac-
uum and/or ultraclean environment, rapid thermal processing, and enhanced-mode
processing. In this section, we will only consider the two most promising techniques:
UHV/CVD and MBE. For details of the other techniques, see the references herein.

A schematic drawing of a UHV/CVD system?” is shown in Fig. 22. The wafers
used in this technique are subjected to an RCA clean followed by a 10 : 1 H,O/HF
dip for 10 seconds. These precleaned wafers are placed coaxially into a quartz boat
and loaded into the load-lock chamber. The load-lock chamber is kept at approxi-
mately 100°C and is pumped down to a pressure below 107 torr. Once this pressure
is reached, the wafers are introduced into the growth chamber together with flow-
ing hydrogen. The growth chamber is kept at a constant temperature of 550°C and
is pumped down to a base pressure of below 107 torr. The source gases are sub-
sequently fed into the growth chamber prior to the desorption of hydrogen atoms
from the HF-passivated surface. Typical source gases used for this system are silane
(SiHy) and germane (GeHy) for Si and SiGe epi-layer growths. The dopant gases are
diborane (B,Hg) for p-type and phosphine (PHj) for n-type. Nominally, the operating
growth pressure is maintained at 1073 torr as the growth process proceeds. As a re-
sult of the low-pressure process, the reactant residence time within the growth zone
is greatly reduced. This technique makes an abrupt control of the Ge composition
and doping profile possible.

A typical stepwise boron profile in epi-Si achieved by a UHV/CVD technique
is shown in Fig. 23. Abrupt transitions between each doping step are clearly evident.
In addition, this growth technique yields a growth rate of about 3 A/min for intrin-
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FIGURE 22
Schematic drawing of a UHV/CVD system. (After Meyerson, Ref. 29.)
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FIGURE 23
A typical stepwise boron profile in epi-Si achieved by a
UHV/CVD technique. (After Meyerson, Ref. 29.)

sic or boron-doped silicon epi-layers. Therefore, it enables a precise control of layer
thickness for advanced device applications. Since the growth of epi-layers of this
technique is thermally activated, with an activation energy of about 1.6 €V, it can
be increased rapidly at higher growth temperature. By using this growth technique,
many novel heterostructures have been realized for Si-based materials.

MBE is a technique that was developed to fabricate devices that demand very
tight controls over epi-layer thickness and doping uniformity. A conventional MBE
technique, as shown in Fig. 24, is similar to that of an evaporation process.** For
Si-MBE, the silicon and desired dopants are simply evaporated onto the Si substrate
under ultrahigh-vacuum conditions. Typically, the base pressure of the MBE process
is kept at 101 torr or higher. The evaporated atoms or molecules impinge on the
heated substrate and then condense to form layers epitaxially. The Si-MBE process
is usually performed in a temperature range of 500 to 900°C. Therefore, it has been,
and remains, one of the most sophisticated low-temperature growth techniques for
epi-Si. Because of its complexity and noncompatibility with device fabrication re-
. quirements, MBE has received little attention until very recently, when a low thermal
budget has become more and more important for ULSI device fabrication.
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FIGURE 24
Schematic drawing of a typical MBE growth system. (After Bean, Ref. 43.)

Over the last two decades the MBE process has been improved significantly.
However, its conventional electron-gun evaporator configuration still suffers from
problems, such as clustering and spitting defects. To solve these problems, a modified
MBE system, called gas-source MBE (GSMBE),** has been reported. This growth
technique employs gaseous rather than solid sources to deposit epi-Si. As a result,
spitting-type defects are eliminated. Conceptually, GSMBE is similar to UHV/CVD,
except that the former is a cold-wall system whereas the latter is a hot-wall sys-
tem. From the manufacturing point of view, MBE still suffers from low throughput.
However, GSMBE opens a new approach toward the development of LTE for ULSI
applicatio. 3.

3.4.4 Device Applications

The LTE process has been employed to fabricate advanced bipolar transistors, MOS-
FETs, resonant tunneling diodes, infrared waveguide detectors, and other devices.
Because the scope of this book is ULSI, only bipolar and MOSFET devices using
an LTE process will be discussed. For readers who are interested in the other device
applications of the LTE process, please refer to the references herein.

Both UHV/CVD and MBE techniques have been used to fabricate SiGe-based
heterojunction bipolar transistors (HBTs). It is well known that the speed of a bipolar
transistor can be improved by scaling the vertical profile and by reducing the para-
sitic resistance and capacitance of the extrinsic portion of the device. Theoretically,
with a proper doping profile, a homojunction Si bipolar transistor can reach unity-
current-gain cutoff frequencies (fr) as high as 50 GHz. However, such a device
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would be practically of no use, because of the limitations imposed by base resis-
tance, punch-through, and breakdown voltage. These limitations are mitigated with
a heterojunction device. This concept has been implemented extensively for III-V
compound semiconductor devices for more than a decade. However, only very re-
cently, it was applied to the Si-based devices, because it is now possible to make
device-quality Si epi-layers at low temperatures. In the case of the Si-based bipolar
transistor, the heterojunction is formed by using SiGe as the base material.*> 46
Improved transport properties of electrons and holes have been demonstrated
by Si/SiGe heterostructures grown with UHV/CVD and MBE techniques.*’ 48 N-
channel and p-channel FETs of various types have been fabricated to exploit the ad-
vantages of Si/SiGe heterostructures for high-speed devices.** 3° Modulation-doped
SiGe p-channel MOSFETS, utilizing the enhanced hole mobility characteristics of

Si/SiGe heterostructures, have achieved a hole mobility of 220 cm?/V-s at 300 K

and 980 cm?/V-s at 82 K in the SiGe channel, which is much higher than those of
conventional p-channel MOSFETSs. A similar study, which simply used high-quality
UHV/CVD-grown SiGe layers to form p-channel MOSFETSs, achieved a 70% higher
transconductance at 300 K than conventional p-channel devices.’! To avoid degrada-
tion of LTE-grown layers during device processing, a PECVD oxide was selected to
form the gate at low temperatures. However, it was found that thermal and PECVD
gate oxides gave comparable device characteristics. Therefore, the choice of a gate
oxide formation process depends on the design of the MOSFET device. Even though
enhanced electron mobility has been reported for Si/SiGe heterostructures grown by
the UHV/CVD technique,*’ n-channel MOSFETs have been fabricated only by us-
ing MBE,*° presumably because of the difficulties with n-type doping control using
. the UHV/CVD technique. Enhanced electron mobility has been reported by incor-
porating an n-type modulation-doped structure.

3.5 '
SELECTIVE EPITAXIAL GROWTH OF Si

Selective epitaxial growth (SEG) of Si is a process that allows the deposition of a
Si epitaxial layer on a bare Si-substrate surface without the simultaneous growth of
amorphous Si thin film on the silicon dioxide or silicon nitride surface. Therefore,
the SEG process has attracted a great deal of interest for novel device applications.>?

The SEG process was initially developed to achieve an advanced dielectric iso-
lation structure. This approach is intended to replace the conventional local oxidation
of Si (LOCOS) process, because of the scalability limits of LOCOS.? SiCly has of-
ten been used for the SEG of Si. Both silicon dioxide and silicon nitride have been
employed as the mask materials. The addition of HCI to the SiCly is believed to pre-
vent spurious nucleation and growth of silicon on the silicon dioxide mask surface;
hence, it increases the selectivity of the growth process.>* To a lesser extent, SiHy
chemistry has also been used for the SEG process.>

SEG of Si was performed using a commerical cylindrical radiant-heating epi-
taxy reactor at a growth temperature below 1000°C using SiCl,H, + HCI at a
reduced pressure of 80 torr.’® A lower growth temperature plus an increased HCI
additive flow were found to lower the stacking fault density in the Si epi-layer. This
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work marked the major advance in SEG of Si. Since then, most of the SEG of Si
has been performed at reduced temperatures and pressures. In 1985 a successful
SEG-Si deposition down to 826°C, using SiH,Cl, at 25 torr, was reported. Proper
epitaxial precleaning and deposition techniques would prevent the oxide sidewall
lifting (i.e., oxide undercutting) problem.>’ In 1989 the SEG-Si process was carried
out with a growth temperature down to 650°C at an operating pressure less than 2
torr using SiH,Cl,. Over a temperature range of 650 to 1100°C no loading effect
was observed.’® This process was further performed at a growth temperature down
to 600°C using the SiH, + H; chemistry at low deposition pressures. Even at a depo-
sition pressure as low as 1 mtorr an ultraclean growth environment was required to
achieve a successful SEG process.3”> % In 1991 a UHV/CVD system was employed
to use the SEG process in novel device fabrication.®

A novel approach, called epitaxial lateral overgrowth (ELO), using the SEG-
Si process, was invented to obtain silicon-on-insulator (SOI) substrates.®! As IC
technology advances, the quality of SEG-Si layers becomes crucial for device appli-
cations. The use of a sacrificial oxide was found effective for removing the contami-
nation and damage on the Si substrate, greatly improving the SEG-Si surface quality.
The defects at the interface between the silicon dioxide and the SEG-Si layer could
be minimized when the mask edges were oriented in a [100] direction.%?

3.5.1 Fundamental Aspects

Strictly speaking, SEG-Si symbolizes a process that deposits Si only on the bare Si
substrate, with no Si in any form deposited on the silicon dioxide or silicon nitride
mask. However, in practice, the SEG-Si process can be divided into two types. Type
1 is the standard SEG-Si process, in which Si epitaxy occurs only on the bare Si sub-
strate surface within the openings in the dielectric mask film, with no Si deposition
whatsoever on the dielectric films. Type 2 SEG-Si is a process that allows simulta-
neous deposition of a Si epitaxial layer on the single-crystal Si substrate within the
openings in the dielectric film and deposition of polycrystalline Si (poly-Si) on the
dielectric mask surface.5?

Type 1 SEG-Si is achieved when Si atoms possessing high surface mobility
are deposited from the silicon sources. Si atoms are able to migrate to favored sites
on the single-crystal substrate, where nucleation occurs. It has been found that the
surface mobility of Si atoms- is affected by the presence of halides in the silicon
sources. The degree of selectivity increases as the number of chlorine atoms in the
silicon sources increases. Accordingly, SiCly becomes the silicon source of choice
for Type 1 selective deposition. However, as shown in Fig. 11, SiCly requires the
highest reduction temperature among all silicon sources; thus, the use of this source
gas has been limited because of the degradation of the silicon dioxide mask at high
temperatures. As an alternative, the silicon nitride mask, which can sustain higher
temperature than the silicon dioxide mask, was employed for Type 1 SEG-Si pro-
cess using SiCly source gas. However, silicon nitride is a better nucleation source
for silicon deposition than silicon dioxide is, and its use results in poor selectiv-
ity. As a result, SiHCl; becomes the optimum silicon source of choice to perform
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Type 1 SEG-Si, simply because of its high chlorine content and lower reduction tem-
perature compared to SiCly. SiH,Cl, and SiHy4 have also been used frequently as the
source gases for Type 1 SEG-Si process. In these cases, HCI or Cl, has been added to
the growth system to increase selectivity. The presence of crystallographic defects,
such as microtwins and stacking faults, is commonly observed at epi/dielectic mask
interface. It has been reported that these defects are greatly reduced, because the
wall of the silicon dioxide step is coated with poly-Si prior to the SEG deposition.

In contrast, the Type 2 SEG-Si process can be achieved more easily by using
SiHy, since selectivity is not strictly required and a low deposition temperature is
needed. This process results in an interface between the epitaxial layer on the sub-
strate surface and polysilicon on the dielectric mask film. The angle of this interface,
relative to the film-growth direction, depends on the crystallographic orientation of
the substrate. For example, this angle would be 90 degrees for (110), 72 degrees to-
ward poly-Si for (100), and 70 degrees tapered toward the single-crystal silicon for
(111)-oriented substrates.

Many factors affect the selective nature of Si deposition, including growth pres-
sure, growth temperature, HCI concentration, silicon source, Si substrate surface
condition, dielectric opening size, and the surface ratio of bare Si to oxide (dielectric
film). Applications of the SEG-Si process are discussed in the next section.

3.5.2 Applications

One of the most important applications of the SEG process is for device isolation at
submicron levels. The conventional LOCOS isolation process has a problem known
as “bird’s beak encroachment.” Therefore, the scalability of the LOCOS is limited
to about the pm range. To increase the device integration level, different isolation
techniques are required. A typical SEG process for device isolation®’ is shown in
Fig. 25. This approach offers many advantages, such as near-zero lateral encroach-
ment, deep submicron-device separation, excellent planarity, and excellent latch-up
immunity. In addition, it allows the formation of independent n and p wells, making
retrograde wells possible by buried-layer epitaxy or graded epitaxy techniques.’
For CMOS devices, the SEG process can be used to tailor the substrate and well re-
sistance, increasing the latch-up immunity. Recently, low-temperature epitaxy was
used in the SEG process, resulting in a sharp epi/substrate transition region due to
minimal dopant outdiffusion and autodoping.

_ Another application of the SEG process is epitaxial lateral overgrowth (ELO),
which is one way to form silicon-on-insulator (SOI) structures.®* A schematic il-
lustration of ELO process is shown in Fig. 26. In this process the lateral-to-vertical
growth ratio depends on the step height and the substrate orientation.%® It has been
found that for the same substrate orientation, the lateral-to-vertical growth ratio de-
creases as the step height increases. For the same step height the lateral-to-vertical
growth ratio decreases according to orientation, (100) > (110) > (111). To avoid
facet formation, both lateral and vertical growth should be in the [100] directions.>?

Device applications of the SEG process have been reported by many researchers.
It has been used to develop an epitaxy-over-trench (EOT) process for dynamic
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FIGURE 25

Schematic illustration of a typlcal SEG process for device isolation:
(a) oxide deposition; (b) window formation; (c) epi growth; (d) n-well
drive-in. (After Borland and Drowley, Ref. 57.)

random-access memory (DRAM) technology.®® This approach permits the transfer
transistor to be fabricated directly over the storage capacitor, resulting in a high-
density DRAM. For bipolar technology a method using the SEG-Si process to form
epitaxial bases has been proposed. Such a selective-epitaxy-base transistor (SEBT)
allows the scaling of bipolar devices to less than that obtainable with the ion implan-
tation technique to produce a narrow base width in the deep submicron regime.®’ In
addition, a selective-epitaxy emitter-window (SEEW) process has been used. In this
case, the SEG-Si is deposited with high boron concentration to define the geometry
of the emitter wmdow opening and to provide electrical contact to the extrinsic base

of the transistor.%?
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Schematic illustration of an ELO process.
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3.6
CHARACTERIZATION OF EPITAXIAL FILMS

To develop and then implement an epitaxial process would not be successful without
employing proper characterization techniques. In this section, we will review some
of the measurements that are essential to evaluate epitaxial films. By nature, these
techniques can be used to investigate the physical, chemical, and electrical properties
of an epi-layer.

3.6.1 Physical Properties

The physical properties of an epitaxial layer include surface morphology, crystallo-
graphic defects, stress, and layer thickness.

Surface morphology is normally examined by eyes under high-intensity illumi-
nation or microscopically by conventional optical microscopy (in the brightfield or
darkfield mode), Nomarski interference-contrast microscopy, and scanning electron
microscopy (SEM). The selection of a proper technique depends solely on the need
for each application. In an industrial environment, human eyes with high-intensity
illumination are frequently used, because the process is simple and has a high screen-
ing speed. When a detailed surface morphology is required, microscopic methods of
various modes are employed. In the brightfield mode of optical microscopy the im-
age is formed by the reflection of the light received by the sample; in the darkfield
mode only light that is reflected by the features on the wafer surface is collected.
The former gives the best overall image and information about the surface and is,
therefore, commonly used. In contrast, the latter is very powerful in resolving small
structural features on the surface and is often used to scan a wide range of defects
(including crystallographic defects after etching) on the surface. Using a splitting
polarized light source, Nomarski interference-contrast microscopy is capable of re-
solving surface features of 3 to 5 nm in depth, far beyond what can be achieved
by ordinary optical microscopy. SEM operates by scanning a focused electron beam
over a surface and sensing the secondary electrons emitted from the surface. This
technique has a large depth of field and high resolution and is capable of resolving
submicron surface features at a magnification much higher than that obtainable with
any optical microscopy.5®

An epitaxial layer may contain a variety of crystallographic defects. In an as-
deposited epi-layer, these defects are not always readily visible. Etchants are used
to delineate defects preferentially prior to microscopic examination. For Si epitaxy,
Wright etch, a mixture of HF, HNOj3, CrOs;, Cu(NO3),, acetic acid, and deionized
water, is the most frequently used etchant. Stacking faults in an epi-layer can be
revealed with a 5-min Wright etch. Other solutions, such as the Secco or Sirtl etches,
are also often used to delineate dislocations and pits.%

When a thin epi-layer is deposited on a substrate of another material, it is under

either tensile or compressive stress, causing the substrate to deflect downward or

upward, respectively. A variety of techniques may be used to measure the wafer
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center deflection and, hence, the stress in the epi-layer. The simplest method is to
place the wafer on the stage of an optical microscope and calibrate the vertical ad-
justment for the in-focus vertical positions at the wafer edge and the wafer center.”?
A commercial wafer deflection gauge, using the degree of light reflection, is also
used to evaluate the amount of wafer deflection.

Depending on the nature of a film, a measurement of the film’s thickness can
be fairly simple or quite complex. In general, a thickness measurement technique
can be either destructive or nondestructive. Although there are many thickness mea-
surement techniques, only a few, especially nondestructive ones, are preferable for
Si epitaxial layers. Destructive methods include angle-lap and stain and groove and
stain.”! These techniques can be used only for an epi-layer that has a different dop-
ing type or doping concentration than the substrate. For example, the cross section
of the p-n or n-n" junction is differentiated by chemical etching (staining) and then
examined with optical microscopy or SEM to measure the epi-layer thickness.

The most widely used nondestructive epi-layer thickness measurement tech-
niques are based on optical properties of the Si epi-layer. In the near infrared region
(2.5 to 50 pm), lightly doped Si is relatively transparent, whereas heavily doped Si
behaves as a reflective surface. Therefore, when an electromagnetic radiation with
various wavelengths is applied to an epi-layer on a Si substrate, interference and
optical patterns are formed because of the interaction between the reflections from
the air/epi-layer surface and epi-layer/substrate interface. Based on these optical in-
terference patterns, the epi-layer thickness can be obtained. The infrared (IR) in-
terference spectrophotometer is, therefore, often used as a quick and nondestructive
thickness measurement technique for Si epi-layers.”? A Fourier-transform infrared
(FTIR) spectroscopy procedure using a Michelson interferometer has been devel-
oped to measure Si epi-layer thickness. This technique is capable of a rapid (=30
sec), accurate (+0.05 pm), and precise (=0.005 pwm) measurement and, therefore, is
widely accepted.”> More recently, a high-resolutioni double-crystal x-ray diffraction
(HRXRD) method’* has been employed to measure the layer thickness of Si/SiGe
multilayer structures with an accuracy within +2%.

3.6.2 Chemical and Electrical Properties

The chemical and electrical properties of an epi-layer are usually closely related.
The resistivity of an epi-layer is proportional to the activated dopant concentration.
When a dopant is incorporated into an epi-layer, it can be either electrically active
or nonactive, depending on the lattice site. Electrically active dopant concentration
can be determined only by electrical measurement techniques, such as the four-point
probe, capacitance-voltage (C-V), and spreading resistance. On the other hand, to-
tal dopant concentrations, including electrically active and nonactive species, are
usually measured by surface spectroscopic techniques, such as secondary-ion mass
spectroscopy (SIMS), Auger electron spectroscopy (AES), electron specttoscopy for
chemical analysis (ESCA), and Rutherford backscattering spectroscopy (RBS).
The four-point probe is one of the fastest techniques to measure the dopant
concentration.”” However, it is applicable only to an epi-layer that is grown on a
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lightly doped substrate of an opposite conductivity type to the layer. In this technique,
the resistivity p of the epi-layer is expressed by

o = RTF 327

where R; is the sheet resistivity, T is the epi-layer thickness, and F is the geometric
correction factor. Low current is preferred, to avoid ohmic heating or reaching punch-
through voltage. When a thin layer is measured, care must be taken to avoid the tips
penetrating the layer. Overall, this technique can achieve an accuracy of only =10%
and is not capable of measuring doping profiles.

The C-V technique is performed by using a mercury contact to form a Schottky
barrier diode with the epi-layer.”® This is a rapid, nondestructive technique to mea-
sure the doping profile in the layer. By applying a reverse bias, the capacitance, as a
function of voltage, is recorded, and the doping profile is obtained according to the
following equation:

N(x) = —C3[geAX(dCldV)]
and _
x = eA/IC(V) (3.28)

where C is the capacitance, ¢ is the electric charge, € is the permittivity of silicon,
A is the junction area, x is the distance from the junction, and V is the bias voltage.
This technique works well with doping in the range of 10'* to 10!7/cm3.

’ For higher doping concentrations the spreading resistance technique is used.
This technique employs a cleaved and beveled sample. A two-point probe is used
to measure the resistivities sequentially at a number of points, starting from the epi-
layer surface through the layer/substrate interface.”’ By correlating the change of
resistivity between each point with carrier concentration, the doping concentration
and its profile are deduced. This technique is capable of measuring a wide range of
doping concentrations (10!* to 10%%/cm3). However, it suffers from poor accuracy
and complex data reduction. Besides, special care must be taken to compensate for
the effect of the wear of the probe tip, which significantly affects the accuracy of this
measurement technique.

In contrast to these electrical measurements, surface spectroscopic techniques
are used when a total doping profile is needed. All surface spectroscopic techniques
are carried out under high-vacuum conditions. Therefore, they are not useful for rou-
tine process control. However, as Si technology becomes more and more miniatur-
ized, these techniques become more and more important because of their excellent
depth-profiling capability.
~ Secondary-ion mass spectroscopy (SIMS) uses ions, that are accelerated by high
voltage (500 to 5000 eV), as the probe beam to sputter ions, called secondary ions,
from the surface of interest.”® These secondary ions are then analyzed with a mass
spectrometer to characterize the elemental constitutes of the surface. Both oxygen
and cesium ion beams are used for SIMS measurements. The former is more effec-
tive for electropositive elements such as B, Al, and Cr, and the latter for electroneg-
ative elements such as C, O, and As. Since this technique involves sputtering of the
surface, depth profiling can be obtained readily. Depth resolution in the 2 to 5 nm
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range can be achieved routinely. Layers of ~1 pm thickness can be depth-profiled
with this technique. For Si with doping levels down to 10'° cm™3, SIMS is one of
the most powerful techniques for measuring the total doping profile.

Auger electron spectroscopy (AES) employs an energetic electron beam (up to
10 keV) to probe the surface.” The energetic electron can ionize an atom by dis-
lodging an inner-core electron. When an outer-core electron falls back to the inner
core to replace the ejected electron, the atom gives up its excess energy by emit-
ting an x-ray. Alternatively, it can eject a second, “Auger” electron. The energy of
this Auger electron is characterized by the atom from which it comes, allowing the
elemental composition to be measured. Although the electron beam can penetrate
many hundreds of angstroms into the surface, only Auger electrons that escape from
the top 1 to 3 nm of the surface can be collected. When combined with a sputtering
process, AES is also capable of depth profiling.

Electron spectroscopy for chemical analysis (ESCA) is also known as x-ray pho-
toelectron spectroscopy (XPS). This technique uses a beam of low-energy x-rays
to bombard a sample.?? The x-ray photon energy, when it is absorbed, removes an
outer-shell electron from an atom. This electron is then emitted with a kinetic ener-
gy of a magnitude equal to the difference between the x-ray and-the bonding energy
of the electron. The energy of the emitted electron is analyzed to determine the type
of atom, and the number of electrons at this energy is used to obtain the density of
such atoms in the layer. Like AES, this technique is truly a surface analysis technique
(1 to 3 nm from the surface). Since an x-ray beam is used, ESCA allows rapid depth
profiling. In addition, it is often used to obtain information about chemical bonding
around an atom, which is not achievable with other surface analysis techniques.

Rutherford backscattering spectroscopy (RBS) employs high-energy He** ions
(=1 MeV) to penetrate the sample surface to obtain the depth profile in the layer.%!
This technique is nondestructive and is based on the elastic collision theory to obtain
the chemical information in a layer. When He?* ions impinge on a surface, pene-
trate to the subsurface, and collide with atoms, some ions are backscattered with an
energy loss that is characteristic of the atom struck and the distance from the sample
surface where the collision occurs. Therefore, both the elemental composition and its
depth profile can be obtained simultaneously. RBS is a surface-analysis technique
that gives quantitative chemical information without using standards. However, it
has relatively poor depth resolution (=2 nm) compared to other techniques.

3.7
SUMMARY AND FUTURE TRENDS

Epitaxy will remain as a unique process that provides doping capability and flexibil-
ity for IC technology. As the industry moves into the ULSI era, LTE will play an im-
portant role in preparing the active parts of IC devices, such as the intrinsic base for
a bipolar transistor. In addition, low temperature is required to minimize autodoping
effects, which become more and more critical for ULSI circuits. In the near future,
LTE will undoubtedly receive most attention in the field of epitaxy. Among all LTE
techniques, UHV/CVD seems to be most promising for being incorporated into
ULSI manufacturing. However, APCVD also shows a high potential for this appli-
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cation. In any case, an ultraclean environment is inevitably required for any epitaxial
processes in the future. Because of the limitation imposed by the Si material and Si
homojunction, the development of Si/SiGe heteroepitaxy will receive a great deal of
attention in the foreseeable future. Defect minimization remains as one of the major
topics in the pursuit of heteroepitaxy. In terms of growth chemistry, SiHy will be
the preferred chemical in the future, because LTE will be a dominant technology.
Finally, more sophisticated instrumentation, such as the FTIR and SIMS apparatus,
will be widely used for characterizing physical, chemical, and electrical properties
of an epi-layer to meet the stringent requirements of ULSI circuits.
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PROBLEMS

. A heteroepitaxial layer with a lattice constant of a; is deposited on a (001) substrate witha

lattice constant of a;. Assuming that the layer is in a perfectly strained condition, what are
its lattice constants along the directions normal and parallel to the substrate? Is the layer
in tensile or compressive stress along these two directions if a; > a,?

Following Problem 1, assume that the lattice constants of the layer normal and parallel to
the substrate are ¢ and «, respectively. How are a, ¢, and a; correlated?

. Derive mathematically the relationship between the critical layer thickness 4. and the

lattice-misfit strain € under equilibrium conditions. Explain why a larger A, value is ob-
tained at lower growth temperatures.

. Derive Eq. (3.6) in the text. Explain mathematically why reduced pressure and high tem-

perature are preferable for a VPE process from a thermodynamic viewpoint.

. Intrinsic diffusivity of B in Si can be expressed by D = 0.76¢~34CVV T Calculate the

minimum growth rate that is required when a Si-epi is grown on a heavily B-doped Si
substrate for 20-min at 1200°C. Discuss why a low growth temperature is essential to
achieve a submicron Si-epi layer.

. The UHV/CVD technique is capable of achieving a boron doping concentration two orders

higher than the solubility of boron in Si at a growth temperature of 550°C. Why? Discuss
why a conventional MBE technique is not able to achieve such a high boron doping con-
centration.

Use a schematic drawing to illustrate how facets can be avoided when a Si-epi is grown
with the SEG process on a (100)-oriented Si substrate.

Develop a method to determine a dislocation density of 10%/cm? in a Si-epi routinely using
an optical microscopy.
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CHAPTER 4

Conventional and Rapid Thermal
Processes

Richard B. Fair

4.1
INTRODUCTION

The chemical and physical processes applied to silicon (Si) wafers are, in general,
thermally activated; therefore, the wafers require heating at elevated temperatures so
that these processes proceed at reasonable rates. Typical silicon-based semiconduc-
tor factories use batch furnaces for thermal fabrication steps, where a batch con-
sists of 20 to 100 wafers that are simultaneously processed together in a single
system. Batch-furnace thermal processes include thermal oxidation, dopant diffu-
sion, annealing, glass reflow, and various chemical vapor deposition (CVD) pro-
cesses. Such conventional thermal processing involves heating by convection and
conduction where the wafers are in thermal equilibrium with the furnace surround-
ings. For example, batch wafer processing may typically occur in a clean, high-purity’
fused-quartz tube that is inserted into the core of a furnace that is heated resistively.
Wafers are placed inside the open tube and pushed into the hot zone of the furnace
where a uniform temperature is maintained. Thus, the heating elements surround-
ing the quartz tube heat the tube, the ambient inside the tube, and the wafers with
long-wavelength thermal radiation (spectral distribution peak at 2 pm). In this ap-
proach, many wafers can be processed simultaneously, and the cost of the opera-
tion is divided among the number of wafers in each batch. However, in this “hot
wall” process, the wafers are susceptible to contamination from the hot processing
chamber on which deposited films may accumulate and flake off or through which
impurities may diffuse and contaminate the wafers inside. For additional details on
conventional, batch-furnace thermal processes, the reader is referred to the appro-
priate chapters on oxidation, diffusion, epitaxy, ion implantation, and dielectric and
polysilicon film deposition in the previous edition of this book, VLSI Technology,
(2nd ed.).!

144
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Processing of ULSI wafers requires tight control of contamination, process pa-
rameters, and reduced manufacturing costs. Toward this end, producers are begin-
ning to use microprocessing environments for single wafers rather than batches of
wafers. In single-wafer machines, it is necessary to extract a wafer out of a carrier
and present it to the process chamber. If multiple process chambers are connected
together, wafer transport among the different modules can be done best in a modest
vacuum. Thus, a compatible heating technology is required that allows thermal pro-
cessing to occur in closed microenvironments and that matches the wafer through-
put of the conventional open-tube, batch-furnace systems. Rapid thermal processing
(RTP) using transient lamp heating can meet this requirement nicely. With RTP,
a single wafer is heated quickly under atmospheric conditions or at low pressure
under isothermal conditions. The processing chamber is made of either quartz, sil-
icon carbide, stainless steel, or aluminum and has quartz windows through which
the optical radiation passes to illuminate the wafer. The wafer holder is often made
of quartz and contacts the wafer in a minimum number of places. A measurement
system is placed in a control loop to set wafer temperature. The RTP system is inter-
faced with a gas-handling system and a computer that controls system operation.? A
schematic diagram of a basic RTP system is shown in Fig. 1a and is compared with
a batch-furnace system that is resistively heated, shown in Fig. 1. Typically, wafer
temperature in an RTP system is measured with a noncontact optical pyrometer that
determines temperature from radiated infrared energy.

The small thermal mass inherent in the RTP heating system stems from the
fact that the wafer heats up but the surroundings remain cool. This results from

Reflector Lamps

Heating elements

Wafers /
Gas flow
N AN L
\ Q\uartz wmdow& .

[ v~ (o
AN
A \\
Quartz tube \
Gas inlet Wafer Furnace body
IR pyrometer
(a) RTP system ' - (b) Batch-furnace system
FIGURE 1

(@) Rapid thermal processing (RTP) system that is optically heated compared with (b)
batch-furnace system that is resistively heated.
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the Si wafers selectively absorbing radiation from the lamps, which produce short-
wavelength radiation (spectral distribution peaks in the range of 0.5 to 1.0 wm).
Thus, RTP is based on the energy transfer between a radiant heat source and a wafer,
and the wafer is not, typically, in thermal equilibrium with the reactor wall. The re-
sponse of a processed Si wafer to near-surface radiant energy deposition is a highly
complex process in which the absorption of the energy depends on its wavelength,
reflections of energy in the RTP chamber, as well as light diffusion, refraction, and
transmission. Current knowledge is limited for the purposes of accurate modeling of
wafer heating dynamics, so equipment manufacturers must rely on empirical meth-
ods of measurement and design. Some of the basic concepts are presented here.

4.1.1 Thermophysics in Rapid Thermal Processing (RTP)

The basic physical laws that describe radiative heat flow begin with the total radiant
exitance, M, expressed in units of watts emitted per square meter of surface by an
object with absolute surface temperature T, and given by the Stefan-Boltzmann law3

M(T) = goT* (4.1)

where ¢ is the emissivity and o is the Stefan-Boltzmann radiation constant with a
value of 5.6697 X 10~8W/m?K*. In an RTP system with lamps and reflectors re-
moved some distance from the wafer and with an intervening quartz optical window
in place, it is necessary to produce a high level of radiative heat flow. From Eq.
(4.1), this requires that the temperature of the source be very high. In addition, each
type of radiation source has the wavelength of the maximum intensity related to its
temperature according to Wien’s displacement law>

Amax - T = 2.89783 x 1073 4.2)

where Apax 1S in units of meters. Typical lamps in practical RTP systems have theo-
retical blackbody color temperatures from Eq (4.2) between 6000 K (arc lamp) and
2900 K (tungsten filament).* However, the color temperature of the heated wafer is
much lower, usually 900 to 1400 K. Thus, in the optical-heating reactor, the absorp-
tion and emission spectra of the Si wafer never overlap. The result is that temperature
nonuniformity is created in the wafers, and this is the greatest challenge to the ac-
ceptance of RTP as a manufacturing technology. By contrast, conventional furnaces
that are resistively heated produce a blackbody color temperature of 1450 K, which
allows for the thermal-uniformity characteristic of wafers that have seen furnace
heating.

The total emissivity of Si in an RTP system depends on the optical properties
of the starting wafer (intrinsic emissivity), the dielectric or conducting layers that
may exist on top of the wafer surface or on the wafer bottom, buried layers within
the wafer (extrinsic emissivity), and the specific optical properties of the reflective
chamber and the components contained therein (effective emissivity).* The intrinsic
emissivity of a perfect blackbody is ¢ = 1, causing it to emit the maximum possible
amount of radiation [see Eq. (4.1)]. Also, under thermal equilibrium conditions, a
diffuse radiator will have an emissivity that is equal to its absorptivity.
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The emissivity, ¢, of a 1.8-mm-thick, 15-ohm-cm, phosphorus-doped sili-
con wafer is shown in Fig. 2 as a function of wafer temperature and radiation
wavelength.’ It can be seen that for A > 1.5 wm, & varies from near zero at low
temperatures up to 0.7 as the temperature increases. The value of 0.7 is characteris-
tic of an ideal gray body. The deviation from ideal gray body behavior is caused by
electronic valence-to-conduction band absorption, which is efficient for wavelengths
below the silicon bandgap of 1.2 wm. Above 6 pm, absorption due to lattice vibra-
tions becomes efficient. Between these two wavelengths (1.2 to 6 pwm) and below
600°C, the main Si wafer heating process is by intrinsic free-carrier absorption. As a
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FIGURE 2

Spectral features in RTP systems: (a) heat sources (After
Roozeboom, Ref. 6.); (b) temperature dependence of emissivity
of a 1.8-mm-thick, 15 ohm-cm, P-doped Si wafer. (After Sato,
Ref. 5.)
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result, the emissivity in this range depends strongly on the free-carrier density and,
therefore, dopant concentration, wafer thickness, and temperature.

From this discussion it is evident that proper selection of the spectral output
of the heating lamps in an RTP system is important, since this determines the re-
sponse of the processed semiconductor to the rapid near-surface energy-deposition.
For comparison, the spectral distributions of several popular radiation sources used
in commercial RTP systems are shown® in Fig. 2a. Since a portion of these spectra
occur at wavelengths above 1.2 wm, the initial heating rate of Si below 600°C de-
pends on free-carrier absorption and, thus, on doping concentration. And the fraction
of radiation that falls in this range is different for the various lamps. For example,
the fraction is smallest for arc lamps since they emit their spectra with a peak wave-
length of 0.5 pm. Tungsten-halogen lamps emit radiation with a peak at 1.0 pm,
producing a larger fraction of energy above the silicon bandgap. Finally, resistively
heated silicon carbide bell jars exhibit a peak at 2.0 pm. Thus, the influence of lamp
spectral characteristics on wafer heating is only important up to 600°C, at which
point the wafer is no longer transparent to radiation but rather becomes an opaque
gray body with ¢ = 0.7.

Device wafers contain layers of deposited films and patterns in those films,
which further complicates the concept of emissivity. Parameters that affect the ex-
trinsic emissivity include film thicknesses (front and backside), material optical
properties, and etched features. Optical interference will produce changes in emis-
sivity, and thus absorptivity, during the deposition of films. For example, in Fig. 3,
emissivity changes are shown for Si with 0.5 pm of SiO, and variable thicknesses
of deposited polycrystalline Si.” This graph reveals that the spectral emissivity
oscillates as a function of film thickness. The implications for such variations are
serious, since the surface temperature varies in a similar fashion. It has been re-
ported that temperature variations can exceed 100°C during poly-Si deposition in an
RTP system, causing alternating layers of amorphous and polycrystalline Si if the
temperature swings below the polycrystalline-to-amorphous transition value.®

The walls of an RTP chamber are made highly reflective to overcome large vari-
ations in extrinsic emissivity as described above. For example, Fig. 37 shows two
emissivity curves for poly-Si thickness changes; one in a chamber with 0% chamber
reflectivity and one with 70% reflectivity. The incidence of direct and reflected ra-
diation on a wafer is shown schematically for a typical RTP reactor in Fig. 4.° It can
be seen that reflections occur off of all surfaces onto both the front and the backside
of the Si. This phenomenon complicates the determination of the emissivity. Thus,
the extrinsic wafer parameters together with the RTP chamber and its internal com-
ponents make up the overall effective emissivity.* Effective emissivity is, therefore,
dependent on the specific reactor and must be measured at the wafer surface in con-
junction with an infrared pyrometer to determine the temperature at any given time
during an RTP process.

If a wafer is patterned, an additional complication occurs during lamp heating,
since the various surfaces absorb energy differently, creating a lateral temperature
distribution across the wafer. This nonisothermal nature is due to larger differences
in the time constants of the physical processes involved. For instance, the process
of photon absorption has a very short reaction time (10712 to 1071 sec), whereas the
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time constant for thermal conductivity is a function of the square of the distance.
Consequently, there is a great difference between the vertical response time (tem-
perature changes in 5 to 50 msec) and the lateral thermal response time (temperature
changes in 1 to 10 sec) of the wafer among different features on the surface.! Thus,
RTP is rarely an isothermal process in practice.
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4.1.2 Other RTP Approaches

While the challenges inherent in optical heating are being tackled by many equip-
ment companies, alternative approaches have been implemented that use wafer
susceptors with lamps to improve wafer temperature nonuniformity!! or that use
continuous heat sources. Rapid wafer heating can be accomplished with continuous,
resistively heated sources when the wafer is moved quickly in and out of the vicinity
of the heat source. The difference between optical heating and this approach is that .
thermal equilibrium is maintained within the hot wall-ambient system while the
wafer is heating or cooling. A diagram of the system is shown in Fig. 5.12 The wafer
is supported on three quartz pins on an elevator that is rapidly inserted into a silicon
carbide bell jar. The top of the bell jar is resistively heated and the bottom of the bell
jar is water-cooled, establishing a smooth temperature gradient from top to bottom.
Annealing temperatures are dependent on the position of the elevator in the jar, and
control in the range of 2 to 4°C is possible across a 200 mm wafer. Temperature ramp
rates are 10 to 100°C/sec, whereas optical systems can operate at 50 to 300°C/sec.

4.1.3 Comparisons between RTP and Furnaces

A comparison between conventional furnace and RTP technologies is shown in Table
1. In order to achieve short processing times, tradeoffs must be made in temperature
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TABLE 1
Technology comparisons

Furnace RTP
Batch Single-wafer
Hot wall . Cold wall
Long time Short time
Small dT/dt Large dT/d¢
High cycle time Low cycle time
Environment temperature measurement Wafer temperature measurement
Issues Issues
Large thermal budget Uniformity
Particles Repeatability
Atmosphere control Throughput

Wafer stress
Absolute temperature measurement

and process uniformity, temperature measurement and control, and wafer stress and
throughput. In addition, there are concerns over the introduction of electrically active
wafer defects during the very fast (100 to 300°C/sec) thermal transients.'® Rapid
heating with temperature gradients in the wafers can cause wafer damage in the
form of slip dislocations induced by thermal stress. On the other hand, conventional
furnace processing brings with it significant problems such as particle generation
from the hot walls, limited ambient control in an open system, and a large thermal
mass that restricts controlled heating times to tens of minutes. In fact, it is these latter
issues with the added concern of manufacturing costs that have driven semiconductor
producers to consider RTP over conventional furnace technologies. Requirements on
contamination, process control, and cost of manufacturing floor space are driving a
paradigm shift to a single-wafer, microprocessing methodology.

To date, RTP has been integrated into some noncritical ULSI manufacturing ap-
plications where the advantages of a reduced thermal cycle are obtained. For RTP to
replace existing manufacturing technologies it must demonstrate technical and cost
advantages such as higher process yield, higher throughput, and no lost processing
potential. The major limitation on RTP has been uncertainty in temperature unifor-
mity and repeatability. And high process yield can only be obtained by improving
the repeatability and uniformity intrinsic to the equipment.!* We now investigate
some additional manufacturing requirements for thermal processes.

4.2
REQUIREMENTS FOR THERMAL PROCESSES

ULSI processing equipment must produce chips with high reliability, tight toler-
ances, and high yield. The specific requirements on thermal processes can be stated
in terms of a thermal budget, which is the allowed time -at-temperature for a given
step, as well as a manufacturing budget that deals with temperature control, repro-
ducibility, process step yield, and uniformity across a wafer. For example, typical
requirements on equipment to meet the thermal and manufacturing budget needs of
Jjunction formation and oxidation include the following:
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Mechanical control budget for processing and positioning large-diameter wafers

Temperature uniformity and reproducibility budget within each wafer and from
run to run

Atmospheric budget for controlling gases used in the equipment

Time control budget

Absolute, repeatable temperature measurements on wafers

4.2.1 Thermal Budget

Dopants are introduced into Si by processes involving ion implantation, gaseous
sources, solid sources, or crystal growth. Each method creates n- or p-type conduc-
tivity layers with a desired spatial distribution depending on the application. The
desired time-at-temperature (thermal budget) to produce pn junctions at the desired
depth from the Si surface for p-channel metal-oxide-silicon (MOS) transistor sources
and drains is shown in Fig. 6. Assuming a gaseous dopant source is used that gives
a boron (B) surface concentration of 1 X 10?0 atoms/cm?, then the thermal budget
as a function of temperature can be determined. In Fig. 6, the requirements for four
MOS technologies specified by the minimum patterned feature sizes (2, 1, 0.5, and
0.25 pm) are plotted.’> Thus, for each generation of technology the time allowed
at each temperature to form a junction at the necessary depth can be determined
from the calculated lines. For example, for 0.25-pm devices, the time allowed to
form the required 700 A deep source-drain junction at 1000°C is only 24 seconds!
This compares to junction-formation times of over 1000 sec at 1000°C for 2-pm
technology.
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Dopant diffusion
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< 100 design rules
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o)
=
£
=
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Thermal diffusion dopi (thermal budget) to produce
1r oma & usm;) s ; scaled p*n junction depths for
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diffusion sources are assumed
‘ ' —1 with a fixed surface concentration
7 8 ) 19 10 of 1 X 10%° atoms/cm>. (After
10%/T (K™) Fair, Ref. 15. © 1990 IEEE)
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This example shows us that the thermal budget requirements for MOS technol-
ogy are driving a change in the type of furnaces needed to form pn junctions by
diffusion. The natural question is, Why not keep the conventional batch furnaces
and reduce the temperature to get more thermal budget time? If this were done for
the last example, we could operate at 800°C and have 1000 seconds of processing
time available. Although this certainly is feasible, gaseous source diffusion is gen-
erally not used, because it is difficult to get rid of the source after the junctions are
formed. Traditional diffusion sources form doped glasses in the open windows that
are defined in SiO,. These glasses etch marginally faster than SiO,, making them
difficult to remove without losing the definition of the window itself. In addition,
doping control is difficult with gaseous sources. The preferred process for introduc-
ing dopants into Si is ion implantation, since it is controllable and there is no residual
source material to remove. However, implanting high-energy ions into a Si substrate
produces extensive damage to the crystal through collisions between the incoming
jons and the lattice atoms.'® Once the temperature of the implanted wafer is raised
sufficiently, the implant damage begins to anneal or change form, producing large
quantities of point defects, i.e., Si vacancies and Si self-interstitial atoms. If the im-
plant dose exceeds approximately 2 X 10'* ions/cm?, more stable, extended defects
may form, such as dislocation lines and loops. As we will see, an 800°C anneal is not
sufficient to remove these extended forms of damage, which may cause incomplete
dopant activation or leaky junctions. Thus, the appropriate annealing temperatures
for ion-implanted junctions are above 900°C, which constrains the thermal budgets
for shallow junctions for ULSI devices to tens of seconds.

Perhaps the most significant factor associated with the use of ion implantation in
junction formation for ULSI is the production of large quantities of point defects dur-
ing the damage anneal. The basic process of thermal diffusion of dopants requires
the presence of such point defects, usually found in the Si crystal at equilibrium
concentrations. However, damage annealing can produce point defects in concen-
trations that may reach many orders of magnitude above equilibrium levels at the
annealing temperature. As a result, dopant diffusion can be significantly enhanced
during ion-implantation damage annealing when excess point defects are present.!”

The time required to remove the simplest forms of damage produced by ion
implantation (point defect clusters) is measured in seconds at temperatures above
1000°C. This time is considered insignificant for older MOS technologies with deep
source/drain junctions that require considerable diffusion times. However, this is not
the case for ULSI technologies, where junctions must be established in seconds. As
a result, thermal budgets can be dominated by the effects of implantation damage
annealing. The thermal budgets for ion-implanted p* junctions for the same four
generations of MOS technologies previously discussed in Fig. 6 are now shown
in Fig. 7. Implants consisted of 6- to 10-keV BF, ions to form B-doped layers in
Si with surface concentrations of 1 X 102 atoms/cm3.5 The thermal-budget curves
were calculated using the PREDICT simulator,'® which contains models for damage
effects on diffusion. For 0.25-pm technology, only 2.5 seconds are available for a
diffusion temperature of 1000°C, which is a factor of 10 less than the thermal budget
for a comparable gaseous-source process in Fig. 6. And, as we have seen, reducing
the diffusion temperature to buy more process time is a limited option. It is usually
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important to remove the implantation damage before the desired junction depth has
been achieved. Otherwise, the annealing of the damage with the resulting generation
of excess point defects in the Si will dominate the junction formation process rather
than normal, thermally assisted diffusion. This results in poor control, because im-
plantation damage is not very reproducible from one ion implanter to the next. The
variables in damage production include wafer temperature during implantation, ion
beam currents (dose rates), and wafer orientation with respect to the beam. Addi-
tional uncertainties follow when the wafer is heated. The production of excess point
defects depends on temperature ramp rates as well as the final annealing temperature.
It follows, then, that the preferred junction formation process should be controlled by
thermally assisted diffusion (no damage) rather than by damage-assisted diffusion.

Times to remove shallow and deep dislocations produced by ion implantation
are superimposed on the diffusion-time curves in Fig. 7.1% Such dislocations result
when heavy ion implants are performed at doses sufficient to turn the implanted
crystal amorphous. The shallow dislocation boundary is based on data for damage
400 A deep, and the deep dislocation boundary is for damage 1000 A deep. The time
to remove damage continues to decrease as the proximity to the surface increases.
For example, the time required to form 700-A-deep junctions will be less than the
minimum time needed to remove the 400-A-deep dislocations. Thus, the damage
will remain after annealing, unless the dislocations are within 200 A of the Si surface.
To do this requires ultralow-energy ion implants.

Experience has shown that rapid thermal annealing will be required to achieve
defect-free junctions for ULSI. The technology allows rapid heating to high temper-
atures for short times, which is best for removing damage and limiting diffusion of
dopants. In addition, the technology road map for shallow junctions shown in Fig.
8 requires the use of either very-low-energy ion implantation (E < 1keV for B—
see Section 4.3.4, “RTA of ion-implanted junctions”)!? or solid diffusion sources that
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Semiconductor Industry Association front-end-of-the-line road map for isolation
wells and source /drain junction formation showing current and future technologies.

become part of the device structure. Both approaches will yield diffusion-controlled
junction processing, which is necessary for manufacturability.

4.2.2 Ambient Control Budget

The smallest fabricated dimension in an MOS transistor is the gate-oxide thickness,
which is produced by thermal oxidation. For 0.25-um devices, a 70-A gate oxide
controlled to within 7 A is needed; this meets stringent reliability requirements with
defect densities on the order of 0.5/cm?. To manufacture devices with ultrathin ox-
ides requires careful process control and oxidation-furnace optimization. For exam-
ple, the use of 150 to 200-mm diameter Si wafers requires large-diameter furnace
tubes in which careful ambient control is difficult. The backstreaming of air from
the large open ends of the furnace tubes is a major problem. In addition, the partial
pressures of the oxidants, dry O, or wet O,, would have to be maintained within
6% of nominal.!’ For dry O, oxidation, there is the additional requirement that trace
amounts of water be controlled. A relatively small amount of water (125 ppm) in O,
can increase the oxidation rate at 980°C, enough to throw the oxidation process out
of spec for a sub-0.5 p.m technology.?

Silicon surface control prior to the growth of thin oxide layers is also important
because a native oxide grows on bare Si at room temperature. Thus, 70-A film growth
can be controlled if the Si surface is cleaned with HF, which leaves the Si surface
bonds terminated with H.2! Desorption of the H at 300°C in a highly pure Ar gas
ambient followed by the formation of one monolayer of oxide passivates the surface
for subsequent gate-oxide growth.

For ambient control, single-wafer RTP chambers offer a microenvironment ap-
proach that can satisfy the stringent requirements for ultrathin growth using rapid
thermal oxidation (RTO).
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4.2.3 Contamination Budget

Scaling transistors to dimensions suitable for ULSI has a profound effect on the
manufacturing yield and reliability of integrated circuits. Processing complexity
" naturally increases with each generation of chips, caused in part by the need for
additional mask levels to interconnect the increased number of subcircuits on the
chip. This trend makes devices more susceptible to contamination introduced by
particulate and chemical impurities at each process step. In addition, smaller de-
vices are vulnerable to smaller defects and smaller amounts of chemical impurities
that may result in chip loss.??

Particles can cause yield loss through the presence of random defects in the pat-
terning of film levels. Chip yield is expressed in terms of the defect density through
various statistical models such as the Poisson distribution,?3

Yield = ¢ 4° 4.3)

where A is the chip area and p is the density of defects per unit area. As devices are
scaled down in their dimensions, the density of potentially fatal defects increases
rapidly. This result follows because killer defects are at least one-third the size of a
lithographic feature or one-half of a film thickness. With a gate oxide 70 A thick, a
35-A particle could be fatal.

Measured particle densities are plotted in Fig. 9 versus particle size for bulk
gases, semiconductor chemicals, deionized water, and cleanroom air at MCNC
(Microelectronics Center of North Carolina).!> 22 All of these distributions show in-
creasing particle densities with decreasing particle size. And this is the environment
in which smaller devices will be made. Device scaling by a factor of two occurs in a
processing environment in which the number of potentially fatal particles increases
by four to eight times.?? The impact on yield may be devastating. Under these condi-
tions, a process that yields 25% and is limited by particle contamination would yield
nothing after scaling it down by a factor of two. Consequently, improved means must
be found for controlling particle size and numbers in the processing environment.

Improved contamination control is possible in single wafer, in-situ processing
where process modules are clustered together and interconnected by vacuum trans-
port means. An example of such an arrangement is shown in Fig. 10,2* where the
connected processing modules include wafer cleaning, silicon oxidation, and low-
pressure chemical vapor deposition (LPCVD). Rapid thermal processing technology
allows for the use of cold-wall systems, which can better meet the stringent require-
ments for low-level contamination. It should be noted that recent developments of
vertical batch furnaces can help reduce the contamination problem inherent in hot-
wall, conventional furnaces. However, there is no methodology to integrate such fur-
naces with an ultralow-contamination environment that protects the wafers during
pre- and post-processing. '

4.2.4 Device Electrical Budget

The electrical budget refers to the control of electrical device parameters that
are determined by device-scaling rules. Included in this budget are specifications
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Comparison of particle size distributions in bulk gases, chemicals,
deionized water, and processed air in the MCNC semiconductor
cleanroom. The particle densities increase rapidly with decreasing
particle size; . this is the environment in which smaller silicon
devices are being scaled. (After Osburn et al., Ref. 22.)

for contacts, interconnections, electric-field levels, and process-induced electric
charge.

For ULSI, it is desirable that contacts with low specific resistance (1 X 1078
ohm-cm?) to semiconductor junctions be made with high yield. These contacts must
also be reliable, serving as barriers to unwanted metal reactions with Si. Barrier
layers of titanium/tungsten and titanium nitride have proven to be good choices.

Low-resistance contacts are imperative. If contact dimensions are halved, con-
tact resistance increases by a factor of four. Thus, specific contact resistances must
be decreased by factors of 10 or better for ULSI.

Refractory silicides of transition metals have been used to improve contact re-
sistances. Recent work with AI-TiW-TiSi, contacts to shallow n* junctions has
been reported.”> By performing sputter etching of the TiSi, surface to remove any
oxides prior to TiW deposition in the same vacuum environment, specific contact
resistances below 2 X 10~80hm-cm? can be achieved. Thus, the contact-resistance
budget is driving the use of in-situ vacuum processing in an RTP, single-wafer
module. :
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The intrinsic electrical-parameter budget of submicrometer semiconductor de-
vices becomes increasingly bounded as device dimensions decrease. For example,
submicrometer MOS transistors must be designed and manufactured without exceed-
ing physical limits imposed by drain-junction avalanche breakdown, bulk punch-
through, short-channel effects, and hot-electron effects.?-?° In addition, device
design for one-transistor DRAM cells is constrained by noise-margin requirements
that are dominated by the threshold-voltage mismatch at the input of the on-chip sense
amplifier.’” Although there are several sources of threshold-voltage mismatch, one
that will become much more important as device dimensions approach 0.1-pwm mini-
mum feature size is the variation resulting from channel doping distribution statistics.
Indeed, channel doping by ion implantation causes scattering in the location of the
impurity atoms in the Si, which causes a one-sigma variationin V; of 15mV fora0.1-
wm channel length.3® However, this is a control problem that can be solved by rapid
thermal epitaxy and atomic-layer doping in a single-wafer processing module (see
Section 4.3.1). Such new doping technologies will also affect control of the subthresh-
old conduction current between source and drain of a MOSFET. This current can vary
in a 0.5-p.m device by a factor of ten with a 500-A change in channel profile depth.
In addition, such process parameter variations also change the subthreshold slope
(the change in gate voltage produces a change in drain current) by 25 mV/decade.’!

4.2.5 Cost Issues and the Manufacturing Budget Crisis

The cost of manufacturing submicrometer ULSI chips is increasing in inverse pro-
portion to the decrease in device feature sizes. These expenses are driven by a man-
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ufacturing budget crisis associated with the technology and complexity limits of
integrated circuit (IC) design, costs of research and development to address manufac-
turing issues, and facility capitalization.’ Thus, examination of the rate of progress in
microelectronics over the past 30 years suggests that the primary challenge in reach-
ing the gigachip age in the year 2001 will be the semiconductor industry’s ability to
change the cost trend lines; i.e., to change the economics of how ICs are developed
and manufactured.?

Several approaches have been suggested for reducing the costs associated with
developing and manufacturing ULSI chips. Requirements on contamination, process
control (manufacturing-parameter budgets), and cost of manufacturing floor space
are driving a paradigm shift to a microprocessing methodology. Thus, single-wafer
processing environments with highly controlled, ultraclean ambients clustered to-
gether in specialty process modules are being considered. Today, in-situ vacuum
processing equipment accounts for 40% of the total equipment, and it is projected
that by the year 2001, 80% of ULSI equipment could be in-situ vacuum-based mod-
ules clustered together and controlled by a factory information system.?

4.3
RAPID THERMAL PROCESSING

Perhaps the most important feature of a rapid thermal processing system is its gen-
eration and delivery of radiant energy to the wafer from tungsten-halogen lamps in a
wavelength band of 0.3 to 4.0 wm. Because of the optical character and wavelength
of the energy transfer, the quartz walls do not absorb light efficiently, whereas the
Si wafer does. Thus, the wafer is not in thermal equilibrium with the cold walls of
the system. This allows for short processing times (seconds to minutes) compared to
minutes to hours for conventional furnaces.

With the addition of reactive ambients to RTP reactors, other applications have
opened up besides simply heating wafers. The merger of single-wafer RTP and
single-wafer chemical vapor deposition (CVD) has brought continuous improve-
ments to film deposition technology. Thus, rapid thermal CVD (RTCVD) tech-
nology provides a means of controlling chemical vapor deposition processes with
temperature ramps rather than by turning gas flows on and off. This methodology
is called limited reaction processing (LRP).>? The use of LRP in silicon epitaxy
is demonstrated in Fig. 11 where temperature-versus-time profiles are drawn com-
paring conventional furnace epitaxy to the LRP growth process.33 The reduction in
temperature-time exposure afforded by the RTP-based method is dramatic.

4.3.1 Epitaxy

Processing demands on the growth of high-purity epitaxial Si include ambient pu-
rity (oxygen and water levels in the parts per billion range), optimization of gas
flow patterns, minimum wall deposition, and vacuum compatibility. Thus, an RTP
system suitable for epitaxy will look different from other RTP systems. A schematic
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Schematic temperature versus time profile comparing conventional
furniace, silicon epitaxy (hatched regions) to the LRP growth process.
(After Hoyt, Ref. 33.)

diagram of an advanced, low-pressure, epitaxial Si reactor based on RTP technol-
ogy is shown in Fig. 12.33 This technology is an alternative to other growth meth-
ods such as plasma-enhanced CVD, ultrahigh-vacuum (UHV) CVD, and molecular
beam epitaxy (MBE). _

Conventional epitaxial growth of Si is usually performed in a quartz reaction
chamber with a batch of wafers placed flat against a graphite susceptor. Deposi-
tion occurs with the wafers held at an elevated temperature while the reactant gas
stream flows across the wafers’ surfaces. Typical Si source gases include silane
and dichlorosilane, and a hydrogen carrier gas provides the required gas velocity.
Overall, the deposition process comprises a mass-transport process with a weak tem-
perature dependence and a sequential surface-reaction process that is exponentially
dependent on wafer temperature (see Chapter 3). Since the properties of epitaxial
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Diagram of an advanced, low-pressure, RTP, epitaxial, Si reactor. (After Hoyt, Ref. 33.)

layers improve as the growth pressure decreases, most conventional systems operate
at either atmosphere (760 torr) or reduced pressures (20 to 100 torr). Typically, the
graphite susceptor is heated inductively or by infrared lamps to around 1150°C, and
the quartz chamber is water- or air-cooled or both.*3

The requirements for ULSI devices include thinner epitaxial layers, better
dopant profile control, and selective epitaxial growth.3* In addition, lower cost-per-
wafer requirements translate into factors such as equipment costs, energy consump-
tion, and raw materials. If such costs remain constant, then the wafer cost varies
inversely with the reactor throughput.3> But throughput in conventional reactors
is achieved primarily by the number of wafers that can be accommodated on the
susceptor. As wafer sizes increase, fewer wafers can be processed in a single run.
Thus, the next-generation machine must be purchased with a larger susceptor and a
higher price. On the other hand, for RTP, throughput depends minimally on wafer
size and mostly on processing time, which can be reduced with improved automatic
wafer-handling tools and high-rate processes.

Selective growth

To achieve full selective growth of silicon epitaxy from dichlorosilane in a con-
ventional tool requires the addition of HCI. The presence of HCI is important for
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etching small Si nuclei and clusters that will try to grow over the masking layer where
growth is undesirable. The widely accepted vapor phase reaction for dichlorosilane
is

SiH,Cl, — SiCl, + Hj (4.4)

Under conditions of limited reaction processing, full, selective, epitaxial growth of
Si has been observed over the temperature range from 650 to 1100°C without the
addition of HCL3 It has been proposed that the reaction kinetics are different un-
der LRP conditions and that HCl is produced as a by-product of the dichlorosilane
reaction.® Thus, LRP deposition kinetics are controlled by this reaction:

SiH,Cl, — SiHCl + HCl 4.5)

The dissociation energy of Eq. (4.5) is 2.7 eV, whereas Eq. (4.4) yields 1.4 eV.
Measurements of growth rate versus temperature for three deposition conditions are
shown in Fig. 13.36 Unlike conventional epitaxy, where surface reaction energies
are independent of gas-phase species,’” LRP conditions produce variable reaction
energies that depend on Cl concentration in the gas stream. The activation energies
for the three curves are (a) 1.7 eV, (b) 2.6 eV, and (c) 3.2 eV. The temperature de-
pendence of the surface reaction-limited deposition rate is exponential and follows
the Arrhenius relation '

R = Ae BT (4.6)

where E, is the activation energy in eV, T is the absolute temperature in K, and A is
the frequency factor. One conclusion from this result is that good temperature control
is even more important for low-temperature LRP reactions because of the higher
activation energies and, consequently, the larger dependence of epitaxial growth on
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temperature. However, temperature control and uniformity of today’s RTP systems
do not approach the levels of conventional systems, which is a major drawback for
production control.

Doping profiles

The growth of thin epitaxial layers on heavily doped substrates requires that
autodoping and outdiffusion from the substrate be minimized. Otherwise the re-
quired doping in the epi-layer can be lost by diffusion of impurities from the
epi/substrate interface or from vapor-phase doping of impurities that have evaporated
from the substrate. Diffusion decreases with temperature and time, and autodoping
decreases similarly through lower gas-residence time, lower dopant surface segre-
gation, and dopant evaporation rates. RTCVD has been shown to produce intrinsic
Si layers grown on n™ Si with results comparable to molecular beam epitaxy,*? i.e.,
abrupt doping-transition regions. An example of boron delta-doping spikes obtained
by epitaxial Si layer growth at 900°C in a UHV-RTCVD reactor is shown in Fig.
14.38 The use of B,Hg with Si;Hg was preferred over SiHy in this application be-

cause higher growth rates could be obtained at lower growth temperatures, allowing

higher throughput and better control of gas impurities. Precision temperature and
time profile control allows the growth of such films with dimensional control within
tens of angstroms.

The ability of RTCVD to produce abrupt n* doping layers has met with mixed
success. Whereas abrupt i-n-i layers have been demonstrated using dichlorosilane

1020
1010 - 3 sec 6sec 9sec 12 sec
T
£
g
=
3:::; 1018 |
8 X
g L
o L
g
A FIGURE 14
10" Boron delta-doping spikes
[ obtained by epitaxial growth
- using SipHg, BoHg, and H; in
r a UHV-RTCVD reactor. The
I growth times in seconds for
10'6 T T e —" each spike are shown. (After
0.0 0.1 0.2 03 04 05 Ozturk and Wortman, Ref.
Depth (um) 38)

Micron Ex. 1029, p. 190

Micron v. YMTC
IPR2024-00911



164 ULSI Technology

and phosphine in a single-wafer reactor,? similar arsenic-doped layers have not been
possible, because of the accumulation of arsenic (As) in the growing Si surface.*0 As
the layer is grown, the As atoms available for doping the layer are slowly released,
causing a gradual buildup of doping to its steady-state level.

4.3.2 Thin-Film Deposition

Chemical vapor deposition can be performed over a wide pressure range from at-
mospheric to ultrahigh vacuum. Low-pressure CVD (LPCVD), atmospheric CVD
(APCVD), and ultrahigh-vacuum CVD (UHVCVD) all rely on the pyrolysis of
source gases at elevated temperatures. At present, LPCVD is the preferred conven-
tional deposition technology for many thin films because of high deposition rates and
excellent film-thickness uniformity.

The application of RTP to CVD processes is particularly well-suited to single-
wafer cluster tool technology. A typical design of an RTCVD system appears in
Fig. 15, which shows a cross-sectional view of a RAPRO™ RTCVD chamber.*!
The chamber walls are water-cooled, thus eliminating deposition on the chamber
walls. In LPCVD, the chamber walls are hot and in equilibrium with the rest of the
system. Another difference between conventional CVD and RTCVD is the sequence
of required tasks. The process sequences for LPCVD and RTCVD are shown in Fig.
16.41 Tt can be seen that RTCVD requires higher temperatures but shorter times
to deposit the same amount of material as LPCVD. In addition, temperature is the
switch that turns the RTP deposition process on or off, avoiding the long ramp-up
and ramp-down times required in the conventional method.

Oxide deposition processes

To be commercially viable, RTCVD systems must be able to process a single
wafer in 1 to 2 min. The corresponding throughput is 30 to 60 wafers per hour. For
relatively thick deposited films of 1000 to 2000 A, this requires deposition rates
greater than 1000 A/min. However, conventional batch LPCVD processes are much
slower (100 A/min). Therefore, if one plans on transferring a recipe for an LPCVD
deposition step to an RTCVD system, it will be necessary to raise the temperature
in the RTCVD system to increase the system throughput. However, there are limits
on the deposition rate for a given gas flow once the temperature is raised sufficiently,
so the deposition kinetics become mass-transport-limited. For example, in Fig. 17 the
mass transport region occurs when the deposition temperature exceeds 850°C, and
further increases in temperature do not yield further increases in the rate.

As an example, consider the deposition of thick SiO, layers as either an inter-
level dielectric between metallization layers or as a sidewall spacer on a polysilicon
gate. These applications require oxides that are several thousands of angstroms
in thickness. An important requirement for both applications is good oxide step
coverage. The physical parameter indicative of step coverage is the sticking coeffi-
cient of the CVD process.*? A small sticking coefficient of absorbed atoms means
that they will tend to diffuse on the surface of the deposited layer or be reemit-
ted. A CVD process with a small sticking coefficient provides better step coverage
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Cross-sectional view of the RAPRO™ RTCVD chamber (After Ozturk, Ref. 41.)

and conformality.*! This requirement favors the use of TEOS (tetraethoxysilane or
tetracthylorthosilicate) and TMCTS (tetramethylcyclotrasiloxane) in the CVD pro-
cess. Thus the RTCVD of SiO, by pyrolysis of TEOS is believed to occur by the
reaction®?

Si(OC,Hs)4 — Si0, + 2H,0 + 4C,Hy “.7

The temperature dependence of the oxide deposition rate obtained in an RTCVD
system according to Eq. (4.7) is shown in Fig. 18.* Below 800°C, the deposition
rate is controlled by surface reaction processes with a 3.3 eV activation energy.
This large sensitivity to temperature would require tight temperature control for thin
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Process sequences for conventional LPCVD and RTCVD. The major difference in the
two technologies lies in the way the deposition is initiated; in LPCVD, the gas flow is
turned on and off for control, whereas in RTCVD, temperature is used for control with
the gas flowing. (After Ozturk, Ref. 41.)

oxide deposition at low temperatures. Above 800°C, the deposition rate of SiO, ap-
proaches 1000 A/min with lower activation energy, which meets the throughput and
deposition control requirements of the RTCVD system. Such a high operating tem-
perature, however, restricts the process to oxide deposition steps at the front end of
the line. The process is unsuited for depositing interlevel SiO, at the back end of the
line in multilevel-metallization technologies that use aluminum. For this purpose,
a process is needed that can provide acceptable throughput at temperatures below
approximately 450°C. Such an RTCVD process has not yet been found.*!
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log (deposition rate)

FIGURE 17

Temperature dependence of the
deposition rate for a typical CVD
T (K) process. (After Ozturk, Ref. 41.)
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Thin oxide applications include in-situ deposition of MOS gate structures
where Si surface cleaning, gate oxide formation, and polysilicon gate electrode
deposition would all occur in a low-pressure, multichamber cluster tool. This pro-
cess would require the low-temperature deposition of SiO, as a substitute for the
preferred, thermally grown oxide. However, oxidation or rapid thermal oxidation
(RTO) is performed at atmospheric pressure, which would not be consistent with the
low-pressure cluster tool approach. In addition, RTO is performed at temperatures
exceeding 950°C, which requires process times up to 2 min. Therefore, both through-
put and thermal-budget issues could become important for RTO. As a result, work is
being done to bring the quality of low-temperature CVD oxides up to that attainable
with thermal oxides.

RTCVD offers a promising technology for high-quality oxide deposition through
the use of ultraclean gases in a chamber with a highly controlled ambient. Most
conventional LPCVD furnaces use silane and oxygen in the oxide deposition reaction
described in Eq. (4.8).%

SiH4 + O, — SiO, + 2H, (4.8)

Typical deposition temperatures are in the 300 to 450°C range. However, Eq. (4.8)
results in excessive particulate generation, which may contaminate the wafers. Thus,
alternate gas combinations are being explored for RTCVD. One potential gate-
quality RTCVD oxide-deposition process being studied utilizes SiHy and N,O:*!

SiHy + 2N,0 — SiO; + 2N, + 2H,0 (4.9)

At800°C and with SiH, : N,O ratios less than 4%, stoichiometric films are obtained*®
with activation energies in the range of 1.5 to 1.75 eV and deposition rates around
50 A/min, which are nearly 100 times larger than the thermal oxidation rate at
atmospheric pressure. The films also have acceptable electrical properties.
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Silicon nitride deposition

Silicon nitride has found important uses in integrated circuit processing: as a
mask against O, diffusion during local oxidation, as a passivation layer because it
is a barrier to contaminants, as a gate dielectric in MNOS memory transistors, and a
new use as an interlevel dielectric in oxide-nitride-oxide stacked-gate structures.*’

Deposition of Si3Ny in conventional systems involves the reaction of ammonia
with either silane in APCVD or dichlorosilane in LPCVD. This latter reaction has
become the preferred approach and is described as follows:

3SiH,Cl, + 10NH3 — SizNy4 + 6NH4Cl + 6H, (4.10)

This reaction is unsuitable in a cold-wall RTCVD system. The reaction by-product,
ammonium chloride (NH4Cl), deposits in the form of a fine powder on cool surfaces
in the chamber. Although this is a minor concern in hot-wall LPCVD systems, it
would be a major problem in an RTCVD system, in which deposits would occur
essentially everywhere, including the quartz windows and chamber walls.*!

Alternative reactions have been studied for application to RTCVD systems, in-
cluding the use of SiH4 and NHj;.#8 This reaction can be described as

3SiH, + 4NH; — SizNy + 12H, 4.11)

It is interesting that Eq. (4.11) has been tried in LPCVD systems with little success.
Wafers with deposited nitride films showed radial nonuniformities in which less ma-
terial was deposited in the wafer center than on the perimeter. This “bullseye” effect
was believed to be caused by mass-transfer deficiencies.*! However, the reaction in
Eq. (4.11) works well in a single-wafer RTCVD system, where reactant-depletion
effects are not observed.*®

It has been observed*® that stoichiometric nitride films are obtained for de-
positions using NHj : SiH, ratios greater than 120 : 1. The Si3N, deposition rate
versus NH3 : SiHy reactant gas ratio at 785°C is shown in Fig. 19. The useful deposi-
tion rates at high flow ratios are very small (100 A/min), and therefore this process is
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i conditions were NH3 and
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J 111 1. 1 1 | T
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) . (After Johnson et al., Ref.
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suited only for thin-film applications such as stacked-gate structures. However, no
suitable single-wafer RTCVD processes exist yet for typical thick-film uses of silicon
nitride.

Polycrystalline silicon deposition

Polysilicon is the preferred gate electrode material in ULSI MOS devices. It
is also used as an interconnect layer with a low-resistivity, silicide-forming metal
such as titanium or cobalt. In addition, polysilicon resistors are used in analog ICs
as well as in static random-access memory (SRAM) chips. In conventional LPCVD

systems, polysilicon is deposited by the pyrolysis of silane:#

SiH4(gas) — SiHg(absorbed) — Si + 2H, (4.12)

Deposition usually occurs around 600°C at 0.2 to 1 torr with rates of 100 to
200 A/min. Since these rates are too low for single-wafer processing, it becomes
necessary to raise the temperature of the reaction above 700°C with the goal of
attaining rates in the 2000 A/min range. This approach, however, has been tried
in LPCVD systems with the result that higher deposition temperatures resulted in
polysilicon films with rough surfaces.’® Conversely, very smooth polysilicon films
have been deposited in RTCVD systems at elevated temperatures and pressures.
The main factors that control polysilicon deposition rates are temperature and the
partial pressure of the reactants. For example, the temperature dependence of de-
position using 10% SiHy in a carrier gas of Ar is shown in Fig. 20.4%% The surface
reaction activation energy of 1.7 eV is similar to that achieved in LPCVD systems,
and Fig. 20 shows that 1000 A/min rates are possible at 700°C. The figure also
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FIGURE 20

The deposition rate of polysilicon from SiH4 in an RTCVD
reactor. Silane was diluted with Ar to 10.3%. (After Ozturk
et al., Ref. 49a.)
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shows that there is no true mass-transport-limited deposition region above 780°C.
With regard to surface roughness of the polysilicon films, it appears that very smooth
films can be achieved in RTCVD systems at deposition temperatures above 725°C
and at elevated pressures (above 3 to 4 torr).”! Surface roughness measurements on
2000-A-thick films are shown in Fig. 21, where root-mean-square roughness data
measured on 2000-A-thick polysilicon layers are illustrated. These data were ob-
tained from either cross-section TEM or UV surface-reflectance measurements.

Perhaps the biggest challenge for RTCVD systems designed to deposit polysil-
icon is film-thickness uniformity. Deposition requirements for ULSI manufacturers
range from *=1% to £3% film uniformity across a 200-mm wafer. The influence of
the deposition system on uniformity depends on the process chemistry through the
activation energy. If a process has zero activation energy, then there is no tempera-
ture dependence and perfect uniformity is possible. Assuming a 1.6-eV process for
polysilicon deposition, the deposition uniformity as a function of the percentage of
temperature uniformity across a wafer is plotted in Fig. 22 for three temperatures.’!2
An assumed +3% film uniformity extrapolates to +0.2% temperature uniformity.
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This means that at 700°C the temperature would have to be held to within +1.4°C
across the wafer. Only a very few RTP tools have this level of control today, whereas
this level of control is routine in conventional furnaces.

4.3.3 Oxidation

Rapid thermal oxidation (RTO) technology is well-suited to the growth of thin, high-
quality dielectric layers in ULSI devices. An ideal RTO system is also an ideal RTP
system, but with some additional requirements.’? The system must be designed to
handle reactive gases without introducing contamination or particles onto the wafers,
and the gas-handling system must be vacuum-compatible and capable of switching
quickly from one process ambient to another. In addition, the heating system must
have a radiation spectrum that is compatible with the absorption properties of the
wafer to allow uniform heating across the wafer.

The primary issues that differentiate RTO from conventional thermal oxidation
are the more complex chamber design in RTO compared to the quartz tube in a
furnace, the design of the radiation source, and the temperature measurement and
calibration. From the point of view of oxide-growth kinetics, it is believed that oxide
growth during RTO may be influenced by both thermally activated processes and a
nonthermal, photon-induced component observed in the ultraviolet and visible range
of the optical spectrum.’® The basic photochemistry is described by the following

reactions:>*
0, +hv—0+0 | (4.13a)
0+0,+0,—03+0, (4.13b)
O+ 03 —20, (4.13¢)
O3 +hv—0+ 0y (4.13d)

Enhanced Si oxidation has been observed at 450 to 550°C resulting from the presence
of UV radiation. The cause of this is speculated to be the absorption of UV light by
the oxygen gas, leading to photodissociation and the production of the species in Eq.
(4.13). The highly reactive, monatomic O atoms produced are believed to create a
parallel oxidation reaction that dominates at low temperatures.”>* However, it is not
known whether this reaction is important at normal RTO temperatures above 900°C.

Thermally induced stresses in wafers processed in RTO systems have also been
shown to affect thin-oxide growth® by up to 10%. It has been found that regions
of the Si wafer in tensile stress yield thicker oxides than compressive regions. A
tensile stress in Si stretches the Si atom-to-atom spacing, making oxidation easier. In
conventional oxidation furnaces, thermal stresses are controlled by uniform heating
and slow-temperature ramping.

Oxide growth comparisons

An example of a two-step RTO process is shown in Fig. 23.¢ The wafer is
ramped up in O, to a preset temperature below the oxidation temperature, and then
ramped again to the oxide growth temperature. A second, high-temperature, rapid
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thermal annealing (RTA) step is performed in N to anneal and improve the electrical
properties of the Si-SiO; interface. Figure 23 compares operation of the system under
two temperature control methods: pyrometer temperature control and preset control
of the heating source power. In conventional furnaces, the temperature is fixed and
the wafers are inserted under N, ambient conditions. Switching the O, gas flow on
and off determines the duration of oxidation.

RTO growth kinetics exhibit activation energies that differ from those measured
in conventionally grown oxides. In the initial 20 seconds, the RTO growth is ob-
served to be linear followed by nonlinear growth.>” The duration of the linear region
1s found to depend on the type of heating lamp used (tungsten halogen vs. water-
cooled arc), and the linear region showed activation energies of 1.44 eV and 1.71
eV, respectively, for the two lamps. This result compares to a linear-rate activation
energy of 1.76 eV reproduced in conventional furnaces. Numerous other studies of
linear-growth kinetics in RTO systems have been conducted, each producing differ-
ent activation energies. The origin of these differences has not been modeled, and
work in this direction would not be warranted now because of uncertainties about
wafer temperatures in different RTO systems. As an example, discrepancies in RTO
growth rates on (100) Si in dry O, at 950°C are shown in Fig. 24.52 The data were
taken from a number of published reports in which these specific oxidation condi-
tions were used. For comparison, the analytical growth relationship of Massoud and
Plummer,>® using rate constants for conventional oxidation, is also plotted at 950°C
and at 1000°C. Figure 24 shows that only one RTO growth experiment was con-
sistent with the calculated 950°C curve. This result implies an uncertainty of up to
50°C in the RTO systems used.

Temperature control in closed-loop RTO systems is particularly difficult. Such
systems use pyrometry as a temperature-sensing method, but this method is viable
only if the effective emissivity of the wafer is known. Section 4.1.1 stated that many
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FIGURE 23

Example of a two-step RTO cycle showing wafer temperatures and
ambients for RTO followed by RTA. (After Nulman, Krusius, and
Renteln, Ref. 56.)
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FIGURE 24

Discrepancy in RTO growth kinetics on (100) Si in dry O, at 950°C.
Data symbols represent oxide growth in a number of different RTO
systems. Solid lines are the analytical thermal-oxidation-growth curves
calculated from the model of Massoud and Plummer.>® (After Massoud,
Ref. 52.)

factors influence emissivity, such as absorption in the ambient gas and surface film
thicknesses. Wafer emissivity also depends on the presence of dielectric films which
may have been deposited or grown on the reverse of the wafer during processing.
The layers act as interference filters, leading to constructive or destructive inter-
ference of the emitted radiation in the wavelength range of the pyrometer. This
causes a critical emissivity dependence on thickness, stacking sequence, and op-
tical constants of these layers.!* An example of this effect is shown in Fig. 25. RTO
was performed on low-doped Si wafers using closed-loop pyrometric feedback. A
six-layer stack of deposited films was put on the reverse side of the wafer in the
following sequence:!4

Oxide—4900 A
Nitride—1600 A
Oxide—variable
Polysilicon—2100 A
Oxide—4900 A
Nitride—250 A

kv

RTO was performed on the bare, front side for layer-three oxide thicknesses of 4000
to 8300 A, and the resulting RTO oxid thicknesses are shown in Fig. 25. The calcu-
lated temperatures corresponding to the oxide thickness grown vary by 1081 + 85°C
because of the changes in layer-three oxide thickness. Significant improvements in
wafer temperature control are possible when the RTO system is operated in a power-
control mode in which lamp power, cooling air flow, and optical characteristics of
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FIGURE 25

Rapid thermal oxidation results obtained with closed-loop pyrometric
feedback on the front side of a wafer with a six-layer stack of
deposited films on the reverse. The third deposited oxide layer
thickness is the variable. Emissivity variations result in significant
wafer-temperature changes and RTO film thickness. (After Nakos,
Ref. 14.)

the system are controlled. Indeed, =3.5°C temperature control was achieved in the
same experiment described above under a power-control mode.

Properties of rapid, thermally processed oxides

Rapid thermal processing is used to grow dielectric films as well as to postpro-
cess the films to impart the desired chemical or electrical properties. For example,
in Fig. 23 we saw a two-step RTO process followed by an RTA process to improve
the interface electrical properties. Other RTP processes used in thin-gate dielectric
formation for MOS devices include rapid thermal nitridation (RTN), rapid thermal
oxynitridation, and all the RTCVD processes previously discussed.

Oxides annealed in an RTA system generally possess electrical and dielec-
tric properties that are comparable to or better than those of furhace oxides.’? Pa-
rameters included in this statement are oxide fixed charge, interface traps, and
charge-to-breakdown levels, Opp. Indeed, it has been shown that Qpp increases
from 20 C/cm? for conventional furnace oxides to 80 C/cm? for RTO-RTA oxides
of 100 A thickness.”® The charge-to-breakdown is directly related to the trapping
of electrons that are injected into the oxide. A higher Ogp implies that RTO-RTA
oxides have fewer trapping centers, resulting in better reliability. In studies of the
annealing of interface traps by RTA, it was shown that the RTA temperature was
dominant in reducing traps. Since RTA can be performed in the RTO chamber
at higher temperatures than postfurnace annealing, the expected improvement in
interface traps is observed.5°

High-frequency, quasi-static capacitance-voltage measurements on oxides yield
interface trap distributions and oxide-fixed charges at the Si-Si0O, interface. A com-
parison of interface trap distributions in furnace oxides (FO) and RTO oxides is
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FIGURE 26

Comparison of interface-trap distributions in furnace oxides
(FO) and RTO oxides. (After Fukuda, Ref. 61.)

shown in Fig. 26.5! It should be pointed out that the results shown in Fig. 26 are not
state-of-the-art, but do illustrate the possible advantages of RTO over furnace anneal-
ing. The growth temperatures and ambient conditions for FO growth are noted in the
figure. All RTO processes were performed in dry O,. The higher RTO temperature
results in lower mid-gap trap levels, but the trap densities for both FO and RTO are
similar at lower temperatures. Thus, the apparent advantage of RTO over FO may
occur only because of the higher oxidation temperatures used in RTO processing,
which cause a reduction in the amount of unoxidized, excess Si at the Si-SiO, inter-
face and, thus, the fixed charge.

RTO oxides seem to exhibit improved dielectric breakdown properties over FO
oxides. Time-zero dielectric breakdown (TZDB) testing involves applying a nega-
tive gate voltage to an MOS capacitor and recording the breakdown voltage when
the measured current is 1 wA. The TZDB distributions of FO and RTO oxides of the
same thickness are compared in Fig. 27. The FO samples were grown at 950°C in dry
0O, and the RTO samples were grown at 1000°C in dry O,.5! The TZDB data for the
RTO samples are better in two respects. First, no low- or medium-field breakdowns
(1 to 8 MV/cm) were seen; second, the maximum breakdown frequency occurs at
higher fields than in the FO samples.’? % Both of these observations are related to
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Time-zero dielectric breakdown (TZDB) histograms of FO and RTO MOS
capacitors with 7.5- and 9.8-nm oxide thickness. (After Fukuda, Ref. 61.)

the lower charge-trapping properties of RTO oxides. It is believed that there is a
reduction in strained Si—~O-Si and Si dangling bonds at the Si-SiO; interface when
the RTO oxide is grown at a higher temperature.

4.3.4 Rapid Thermal Annealing for Junction Formation
and Defect Removal

It has been shown that RTA differs from furnace annealing in the way the wafers are
heated (radiative versus convective and conductive) and in the rates at which wafers
are heated and cooled (10 to 200°C/sec versus 5 to 50°C/min, respectively). Even
though RTA rates are rapid and optical excitation of the semiconductor produces
large numbers of electron-hole pairs, the relaxation of the excess free carriers is much
shorter than the temperature ramp rates. Indeed, it has been shown theoretically that,
under high-intensity light irradiation, nonradiative processes limit electron-hole re-
combination times to the 10~ to 10~!2/sec range. For these values, it has been found
that an excess carrier density will be too small to-change the position of the Fermi
level in Si at 1000°C.52 Thus, carrier levels are considered to be at equilibrium, and
processes such as impurity diffusion and defect annealing in the semiconductor are
believed to be in thermal equilibrium during the RTA temperature cycle.

The application of RTA to producing pn junctions by annealing ion-implanted
layers has been studied since 1983. However, the semiconductor industry has put
RTA into limited production because only a few vendors of equipment have pro-
vided systems that meet the production requirements for reproducibility and unifor-
mity, and these systems were not available until 1992. Noncritical processing steps
with wide processing latitude, such as silicide formation, have found their place
in production. However, there have been more fundamental reasons why RTA has
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not gained widespread acceptance in processes such as junction formation. Some of
these are listed below:

High RTA temperatures produce slip lines in wafers caused by thermal stresses.

RTA-annealed, ion-implanted junctions show excess diffusion for a given ther-
mal budget that is dominated by defect annealing rather than by thermally
assisted diffusion.

The excess diffusion of dopants during RTA has not been modeled adequately
to allow engineers to design devices and processes with confidence.

Localized heating on patterned wafers causes higher wafer temperature than on
bare control wafers, making process control difficult.

Nevertheless, RTA has several important advantages over furnace systems:

Low thermal budget control for shallow junctions
High level of dopant activation and defect annealing

In the following two sections, the application of RTA to the annealing of ion implan-
tation defects and to the diffusion of dopants for junction formation is discussed.

Defect annealing

Nuclear-stopping processes of ions implanted into Si are responsible for pro-
ducing displacement damage. The types and amount of damage produced depend on
implant species, energy, dose, wafer temperature and orientation, dose rate, and ma-
terials covering the substrate. The as-implanted defect morphologies then change
during wafer annealing, depending on temperature, time, furnace ambient, and
ramp-up/ramp-down rates. Many of the point-defects (vacancy and self-interstitial
defects) are generated during the changes from as-implanted damage to stable or
dissolved-damage structures as a result of annealing. The impact of the damage evo-
Iution during annealing increases as the lateral and vertical dimensions of Si devices
decrease, because interactions between point defects and extended defects that form
during annealing dominate dopant diffusion. Thus, it is important to have doping and
annealing technologies that deal with these effects and produce defect-free junctions
of the desired depth and controllability.

Depending on the dose and species, ion implantation can produce different types
of damage, as shown schematically in Fig. 28. For example, when the implant dose
is below a critical level required for the formation of extended defects such as dis-
locations (at a critical dose level of approximately 2 X 10'%ions/cm?), the dominant
damage species are isolated point defects or point-defect clusters. Figure 28a shows
an example in which I-type (interstitial) defects are distributed throughout the depth
of the implanted region and beyond.

Defects also arise whenever an amorphous layer is generated by a high-dose
implant, as shown in Fig. 28b. V-type (vacancy) defects are observed forming near
the Si surface. I-type defects occur outside the amorphous region and are probably
interstitial clusters. Type II dislocation loops are located just beyond the amor-
phous/crystal interface in the heavily damaged, but still crystalline, substrate. They
are also called end-of-range (EOR) damage.®® The EOR defects may be significant
to successful junction formation if they are present in the resulting space-charge
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FIGURE 28

Ion-implantation defect production for three classes of implants, showing dopant
concentrations versus depth. I-type defects are of the self-interstitial type and V-type
defects are of the vacancy type. (a) I-type defects are distributed through a lightly
implanted B layer. (b) An amorphous layer forms after high-dose implantation—V-type
defects form in the Si surface, I-type defects form in the crystalline region beyond the
amorphous layer, and dislocation loops form at the amorphous-crystalline interface.
(c) Projected range dislocations are shown at the peak of a high-dose B implant, and
I-type defects are shown in the Si bulk when the peak B concentration exceeds the B
solubility limit, Cy,. (After Fair, Ref. 66.)

region, and their presence may affect the diffusion process occurring during RTA.
Other types of defects related to the amorphous-layer regrowth may be avoided by
choosing implantation and annealing conditions carefully, but the EOR defect is un-
avoidable once an amorphous layer is formed. Therefore, when the dose exceeds the
amorphization threshold (1 X 10! to 1 X 10%jons/cm?), implantation at room tem-
perature of most Group III and V elements would result in extrinsic dislocation loops
upon annealing.

The third type of implantation defect, shown in Fig. 28c¢, is the projected-range
defect, which is caused by the formation of precipitates of the implanted species
distributed near the projected range when solid solubility at the annealing tempera-
ture is exceeded. These defects are most noticeable in high-dose B implants where
no amorphous layer is formed. The defects are in the form of extrinsic disloca-
tion loops extending to the Si surface. It is difficult to remove these defects by
annealing since they are very stable at temperatures up to 1050°C. During anneal-
ing by RTA or conventional furnace, self-interstitial defects are generated by the
dissolving projected-range dislocations, causing enhanced diffusion for extended
periods.

Annealing characteristics of EOR defects may be the most important process
to understand for ULSI, since the preamorphization of the Si surface is performed
before shallow junctions form, to prevent dopant channeling during low-energy im-
plantation. In addition, high-dose implantations to reduce sheet resistance are likely
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to form surface amorphous layers when the implantation is done in a crystalline
substrate. The location and annealing properties of the EOR defects are important
factors in determining the implanted dopant diffusion and the quality of implanted
junctions. The annealing rate and the inverse of the time required to completely re-
move the loops were found to have approximately 5 eV activation energy, indicating
that the self-diffusion of Si atoms limits the annealing process.53-% This high acti-
vation energy is very significant and is greater than the activation energy for dopant
diffusion, which is 3.5 to 4.2 eV. Thus, effective removal of the defects with min-
imum dopant diffusion would occur at high temperatures for short times, favoring
RTAS6 over furnace annealing.

RTA of ion-implanted junctions

Any modern junction formation process must be capable of creating “good qual-
ity” pn junctions without excessive process complexity. In a “good quality” junction
the final junction depth must be controllable and reproducible. These characteris-
tics are important for manufacturing. Additionally, the pn junctions must have low
reverse-bias leakage current and good (near ideal) forward characteristics. This re-
quirement translates into a need for well-controlled, junction-region defect densities.
Both the number and the location of any process-induced defects (i.e., EOR damage
from implantation) are important. Diffused or implanted regions must have low sheet
resistance. Thus, high carrier mobility and a high level of dopant activation are re-
quired. Finally, there are compatibility issues. An advanced junction process should
be as compatible as possible with existing, well-established processing steps. A suit-
able contact technology must be available, either independent of the junction forma-
tion process or as a part of it. Thus, the designer is faced with numerous tradeoffs in
what is described in Fig. 29 as the “junction processing circus.”% Implant-damage
annealing may increase dopant diffusivity and decrease dopant electrical activation,
whereas increased activation increases diffusivity in additional ways, with solid sol-
ubility levels determining the rates of damage dissolution.

FIGURE 29

The junction processing circus, otherwise
known as the implantation-diffusion
interaction matrix, showing the interactions
between damage, dopant solubility limits,
dopant diffusivity, and electrical activity
of the implanted dopants. (After Jones,
Ref. 65.)
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It has been widely observed that the diffusivity of dopants in Si may be greatly
enhanced during implant-damage annealing because of the generation of point de-
fects. The extent of the observed transient diffusion enhancement is believed to be
related to which point defects are required by a dopant for diffusion (vacancies or
self-interstitials) and which of the two types of point defects is generated. For ex-
ample, B requires Si self-interstitials for diffusion, whereas As diffusion is predom-
inantly vacancy-based.

The nuclear collisions between incoming, energetic ions and the Si lattice atoms
produce atomic displacements and, subsequently, vacant lattice sites (vacancies).
The displaced Si atoms become energetic self-interstitials that displace additional
lattice atoms and produce cascades of Si self-interstitials. The distributions of vacan-
cies and self-interstitials throughout the implanted region follow the general shape of
the ion-implanted impurity distribution. An example of vacancy and interstitial dis-
tributions following an ion implantation is shown in Fig. 30. The distributions were
determined using Boltzmann transport damage calculations and also show the net
defect distribution, which is obtained by subtracting the vacancy concentrations from
the self-interstitial concentrations.%” It can be seen that vacancy-rich and interstitial-
rich regions are predicted, and this result has been verified experimentally. However,
the self-interstitials can move in Si at low temperatures and tend to clump together
to form clusters during the implantation step, causing a distortion in the interstitial
profile shown in Fig. 30. As soon as the Si wafer is heated, these interstitial clusters
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FIGURE 30

Ton implantation damage calculations, calculated with the
Boltzmann transport equation, to determine production
of vacancy and self-interstitial distributions. The total
distribution of collisions, the resulting distributions of
vacancies (V) and self-interstitials (I), and the net defects
are shown. (After Giles, Ref. 67.)
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begin to dissolve, producing an excess interstitial transient that can enhance the dif-
fusion of dopants such as B that are transported in Si via an interstitialcy mechanism.

From Fig. 28a, low-dose implants introduce isolated interstitial-type cluster de-
fects (the origin of which has been described). Low-dose, in this case, refers to im-
plants below 2 X 10'%jons/cm?, which is the threshold dose for creating extended
dislocations in Si. Such low-dose implants might be used in setting the base doping
in a bipolar transistor process or in doping the channel of an MOS transistor. The
number of such isolated defects, N(E), depends on the energy, E, and dose of the
implant through the production of displaced atoms for each incident ion:

Ey
2E,,

where E,, is the energy that goes into nuclear collisions and E,, is the energy required
to displace a Si-lattice atom. Thus, if 25 eV is required to displace a Si-lattice atom,
a single 50 keV ion would produce 1000 displaced atoms along its trajectory in the
Si. Some of these displaced atoms coalesce in stable clusters of various sizes and
remain until the Si is heated, whereupon they dissolve.

The energy effect on the time-averaged pn-junction displacement can be seen
for low-dose phosphorus (P) implants in Fig. 31.% The Ax; data represent the differ-
ence between the initial, as-implanted junction depth at a level of 1 X 10!7atoms/cm?,
and the final depth of the profile after annealing. Data are shown for both RTA and
furnace anneals. The diffusion coefficient of P, D, is directly proportional to the
number of point defects produced, N(E), and the junction displacement is propor-
tional to D, This accounts for the E*? dependence of the curves in Fig. 31. The
magnitude of the displacement is defined at a P concentration of 1 X 107 atoms/cm?.
Similar results are observed for B implants. Both RTA- and furnace-annealed sam-
ples show damage-assisted diffusion with the same EV/2 dependence. The difference
in slopes between the RTA curve and the furnace annealing curve is due to the
differences in temperatures of the anneals and associated damage annealing times,

N(E) = (4.14)

(e]
1050°C {3 Ref. 66 .
1600 - 10 secRTA o
1400 |- 800°C {é Ref. 66
. 30 min
og 1200 -
o - o
g 1000 B Furnace
S 800 F A (800°C, 30 min)
F - o
g eor . FIGURE 31
400 — Transient junction displacement
i > RTA during RTA and furnace annealing
200 3 © (1050°C, 10 sec) for low-dose, phosphorus implants
LV N Y A Y B versus ion-implantation energy.
0 5 10 15 Both annealing methods show

an E'2 dependence on junction

B (eV)!? displacement. (After Fair, Ref. 66.)
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107! Measured boron diffusion
transients during RTA and
102k (Point-defect damage annealing times in ion-
T cluster removal) implanted Si. The annealing
2 R of both extended dislocations
0T and clusters shows a 5-eV
End of range Y activation energy, and the
1074 Y diffusion transient data make
Dislocation \ a transition from domination
105 1 removal \ by point-defect generation from
\ extended dislocations at high
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10°6 ! ! 1 ! 1 . . .
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6.5 7.5 8.5 9.5 10.5 11.5 12.5 .
at low temperatures. (After Fair,
104/T (K)

Ref. 71.)

t,. This implies that the D, - ¢, product is lower for RTA even though the RTA was
performed 250°C higher in temperature.

To understand this anomalous result, note that during normal, thermally assisted
diffusion of low-concentration P, D), is given by the following expression that has
been obtained from experimental data:®8

D, = 3.85exp(—3.66 eV/kT) (cm?/sec) 4.15)

During damage-assisted P diffusion, the activation energy is reduced from 3.66 eV
to approximately 2.2 eV as measured in transient-diffusion experiments:®°

Dp(enhanced) = 0.007 exp(—2.2 eV/kT) (4.16)

It is believed that the 2.2 eV may be the migration energy of a phosphorus self-
interstitial pair. In the presence of excess self-interstitials caused by ion-implantation
damage annealing, the diffusion-activation energy is reduced by approximately the
amount of energy needed for the Si crystal to thermally generate equilibrium levels
of self-interstitials. Estimates of this energy vary from 1.5 to 2.5 eV.

The times for damage annealing, #,, can be measured by studying the dissolution
of damage for various annealing time increments with an electron microscope. It is
also believed that ¢, is related to the time constant for transient dopant diffusion. The
time constants for transient diffusion of low-dose B implants (1 X 10" jons/cm?, 150
keV) were measured and fit to an exponential function associated with the decay of

excess point defects with annealing time:’°

D(t) = D; + D, exp(—t/T,) “4.17)

where D; is the intrinsic B diffusivity, 7, is the decay time of generated point defects,
and D, is an empirical prefactor for the transient diffusion coefficient.
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Decay-time data are plotted in Fig. 32 along with the dissolution rate curves for
end-of-range dislocations and point-defect clusters.”! Other diffusion transient data
are also shown for low-dose B implants annealed at temperatures as low as 750°C
and as high as 1100°C. These results show that short-time anneals below 1050°C
start to be dominated by relatively rapid dissolution of point-defect clusters, with
good agreement between diffusion-coefficient time constants and damage-annealing
times. At higher temperatures, enhanced diffusion is assisted by the annealing of
extended dislocations. The ¢, data show how the transition occurs between the dom-
inance in dopant diffusion of the two different sources of point defects as a function
of temperature.

Other data for the enhanced diffusion time of low-dose B implants versus an-
nealing temperature are shown in Fig. 33.5 If we arbitrarily take the data from Ref.
72 as the most representative, then ¢, is proportional to exp (3.7 eV/kT), and now
the D, - 7, product becomes

D, (enhanced) - #, « exp (1.5 eV/kT) (4.18)

The result-in Eq. (4.18) can be used to explain the differences in the slopes of the
RTA and furnace diffusion junction-displacement curves in Fig. 31. Higher anneal

Temperature (°C)

1100 1000 900 . 800 700
0 e e e e B B e

10* £

10° F

1, (sec)

Ref. 70

102 (1.57 eV)

10'

IR I TR SR S SR IS S S S

o S R U S SR
7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5

10%T (K™

FIGURE 33

Transient-enhanced diffusion time, #., for low-dose boron implants versus the inverse
annealing temperature showing the measured results of different researchers. (After
Miyake, Aoyama, and Kurchi, Ref. 70, and Solmi, Baruffaldi, and Canteri, Ref. 72.)
The data symbols are identified in Ref. 66; their disparity indicates uncertainties in the
annealing temperatures and detection of the transient durations. (After Fair, Ref. 66.)
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temperatures result in higher dopant diffusion (Eq. 4.16), but they also resultin cor-
respondingly smaller transient time constants, with the latter dominating the product
of the terms in Eq. (4.18). The result is less diffusion for the damage annealing times
associated with high-temperature RTA than for the low-temperature furnace anneals.

The formation of shallow emitters in bipolar transistors or source-drains in MOS
transistors requires high-dose implants in the range of 5X 10'# to 1 X 10'®atoms/cm?,
which are sufficient to create extended defects. Annealing conditions for meeting the
requirements of shallow, highly doped junctions must, therefore, include removing
extended defects from junction space-charge regions as well as controlling junction
depths. The implantation damage produced for amorphizing implants and high-dose
B implants is shown in Fig. 28b and 28c¢, respectively. Therefore, as the implant dose
increases, more defects are created that can contribute to additional damage-assisted
diffusion for longer times and, subsequently, diminished control of junction depths.
The onset of the longer diffusion transient time with increasing B dose is illustrated
in Fig. 34.73 At 1 X 10'* ions/cm?, the transient saturates in less than 10 seconds at
1000°C. As the dose reaches 5 X 104 jons/cm?, lattice damage increases and the
transient becomes 20 seconds long. Finally, above a dose of 2 X 101> ions/cm?, the
diffusion transient is over 40 seconds. In Fig. 344, the B concentration in the peak of
the implant has exceeded the solid solubility level of B in Si at 1000°C, and projected
range dislocations (type V) have formed, as illustrated in Fig. 28c. High-temperature
RTA is better suited to remove these defects than low-temperature furnace anneals,
since at 950°C these types of defects can pump out Si self-interstitials for hours,
causing continued enhanced B diffusion.” 74 73

If the implant dose is sufficient to transform the crystalline Si into the amorphous
phase, then different point-defect generation processes occur when the wafer is an-
nealed. During heating, the amorphous region will rapidly regrow to single-crystal
Si at temperatures above 500°C by epitaxially aligning with the underlying crys-
talline substrate. The recrystallized Si is shown schematically in Region A of Fig.
35. However, damage produced near the original amorphous/crystalline Si interface
evolves into end-of-range (EOR) dislocation loops by absorbing self-interstitials that
are produced by the dissolution of interstitial clusters in Region B of Fig. 35. The
clusters are formed during ion implantation. The annealing of the clusters produces
an excess of self-interstitials in Region B, but not in Region A, since the growing
EOR loops absorb the interstitials, thus screening them out of A. Once the clusters’
have dissolved (times of one sec at 1000°C), then the loops begin to dissolve into the
Si bulk, producing a second self-interstitial transient that will remain as long as the
loops are present (times of seconds to hours at 1000°C, depending on the distance
from the Si surface). The resulting distribution of self-interstitials is shown in Fig. 35.

An example of implant-damage-assisted diffusion resulting from BF, implants
that have formed amorphous layers in the first 500 A of the surface is shown in Fig.
36.76 RTA was performed first to show that diffusion saturated within 15 seconds
at 900°C. However, when this same sample was subsequently placed in a furnace
and annealed at 850°C for 1 hr, substantial additional diffusion occurred. This result
highlights the compounding effect of damage-assisted diffusion from the annealing
of point-defect clusters (short transient) and EOR dislocations produced near the
amorphous/crystalline interface (long transient). If the EOR dislocations are more
than a few hundred angstroms from the Si surface, then it becomes difficult to remove
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FIGURE 34

Boron secondary-ion mass spectroscopy (SIMS) profiles before and after RTA at 1000°C
for 10, 20, and 40 sec at 15 keV. (a) 1 X 10" cm™2; (b) 5 X 10" cm™2; (¢) 2 X 10" cm™?;
(d) 5 X 105 cm™2. (After Kim, Konoshita, and Kwong, Ref. 73.)

FIGURE 35

Region A ~————— Region B Schematic drawing of the annealing

of an amorphizing implant with the
1 resulting production of loop defects
and self-interstitials. The amorphous
layer in Region A rapidly regrows
to single-crystal Si upon heating,
and interstitial clusters in Region B
dissolve, producing excess interstitials.
Loops at the amorphous/crystalline
interface grow in response, but screen
the interstitials out of Region A by
absorption. Finally, the loops begin to
dissolve and create excess interstitials
a/c interface in Region B.
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FIGURE 36

SIMS boron profiles for 2 X 10" cm™2 BF, implants in (100) Si at 40 keV, annealed
by RTA and RTA plus furnace annealing. (After Kim, Massoud, and Fair, Ref. 76.)

them within the time period allowed for junction anneal. For illustration, the first and
second diffusion transients are identified in Fig. 3777 for P with deep EOR damage.
Annealing was performed at 900°C in a furnace. The first transient-enhanced diffu-
sion (TED) is completed within 30 sec, whereas the second TED continues for hours
while the EOR damage anneals. At higher temperatures and with shallower implants,
the first and second TEDs can be made very short so that they become a minor part of
the total junction diffusion time. This requires RTA and very low-energy implants.

200

o Experimental 900°C
— Calculated

150

¥~ Second TED

100
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FIGURE 37

Junction depth displacement as
a function of the square root
"~ First TED : of annealing time at 900 Cin
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" in (TED). The continuous line is
AU calculated. (After Solmi, Ref. 77.)
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The conditions for creating defect-free, minimum depth p* junctions using RTA
for 10 seconds are shown in Fig. 38.!° Simulations were performed to determine
the annealing temperatures necessary to remove implant damage at each energy and
for each implant species (B or BF; in crystalline and Ge-preamorphized Si). For all
combinations of implants, energies below 2 keV and RTA are required to form
the 500- to SOO-A-deep junctions for ULSI. These results also show that, although
preamorphization is important for reducing junction depths of B and BF, implants
above 5 keV, little advantage exists at lower energies except that higher dopant
activation is achieved for preamorphized implants.

The advantages of very shallow implants combined with RTA are

Lowered excess point-defect levels because of less implant damage and the
proximity of the Si surface, which sinks point defects

Lowered point-defect transient time because of rapid damage annihildtion
Junction depth control by thermal diffusion, not by damage annealing

Dopant activation

The electrical activation of implanted impurities by RTA or furnace heating is
an important issue, especially for shallow junctions created by low-thermal-budget
processing. Activation is related to the fraction of impurity atoms that are on substi-

i
F B + Ge
<
g
5 __——mm=~BF;+Ge
= woy /-
8 Implant dose: 1 x 10'° cm™
2 RTA: 10 sec
X;=10" cm™
$:1.5x108cm™, 8 keV
BF,+ Ge
500 A CoSi,
100 i 1 I |
0 5 10 15 20
EBF or EB (keV)
FIGURE 38

Minimum depth, damage-free p* junctions versus implant energy. The curves
are simulated with the annealing temperatures necessary to remove damage

from the junction region in 10 sec. (After Fair, Ref. 19. © 1990 IEEE)
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tutional lattice sites acting as donors or acceptors. Thus, free carrier concentrations
as well as carrier mobility are indicators of activation as manifested in the measured
sheet resistance of a junction layer.

A key question is, How can a high activation be achieved without loss of junc-
tion depth control? It is desirable to achieve 100% electrical activation up to the sol-
ubility limit of the dopant. High electrical activity is needed to ensure low contact
resistances to junctions, since contact resistance is sensitive to active surface concen-
trations. In addition, high activation allows for the lowest possible sheet resistances
of the implanted and diffused layers. The attainment of high carrier mobility is also
important and requires that residual defects be minimized in the doped layer, i.e.,
the junction processing circus shown in Fig. 29. '

The activation of B in high-dose implants into Si proceeds slowly at low anneal-
ing temperatures of 800 to 850°C. An example of activation at 800°C is shown in
Fig. 39.77 The total as-implanted B profile and the free-carrier profiles result from
annealing in a furnace for 5 min and 2 hr. The carrier profiles have spread into the Si
by diffusion. Although the hole concentration increases with time, it largely remains
below the solid solubility level of 3.5 X 10 atoms/cm? at 800°C. The inactive B
above this level is either in the form of B precipitates or interstitial B.

By contrast, improved activation of B is possible by performing RTA at or above
900°C. An example is shown in Fig. 40.”7 After 5-sec and 15-sec RTA at 1000°C,
a maximum electrical activity is achieved for a 2 X 10> cm™~2 implant that is 2 to
3 times greater than the equilibrium solubility. Similar results are seen at 900°C.78
These results demonstrate that RTA, with its high-temperature and short-time ca-
pability, is a preferred technology in the trade-off between activation and junction-
depth.

The basic mechanism of activation involves the transition of B atoms from inter-
stitial positions in the Si lattice to substitutional positions. Since this process involves
point defects, the activation energy is approximately 5 eV (diffusion energy for
Si atoms), which makes it highly temperature-dependent. In addition, the damage

1021

800°C
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10% t
O J S
) [ FIGURE 39
,§ 1019 Looo00%00 Carrier concentration profiles
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g i implanted at 20 keV with a
S - dose of 2 X 10%% cm™2 and then
1018 | annealed at 800°C twice. The
t  © Smin as-implanted profile is total
L B obtained by SIMS. Hole
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107 e b A time but remains below the
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Depth (pm) obtained. (After Solmi, Ref. 77.)
produced by the implantation is known to retard B activation,’® and damage removal
also proceeds with a 5-eV energy (see Fig. 32). Consequently, high temperature fa-
vors damage removal and activation. On the other hand, B precipitation is a 2.1-eV
process’’ and will prevail over activation at lower temperatures, whereas the oppo-
site is true at high temperatures.

The competition between activation and precipitation is diagrammed in Fig. 41,
where peak free-carrier concentrations are plotted against annealing time.”’ The
dashed curve shows the decrease in free carriers resulting from precipitation, and
the solid curve shows the increase in carriers resulting from activation. Figure 41a
shows that, at high temperature, activation can occur quickly up to the limit allowed

by precipitation, which exceeds the solubility limit for short times. Figure 415 shows
that, at low temperature, by the time the activated carrier concentration reaches its
highest level, all the B above solid solubility is precipitated.

A special case exists for low-energy B or BF, implanted into preamorphized Si.
The fraction of activated B as a function of annealing temperature depends on the
depth of the amorphous layer relative to the implant depth. Two effects have been
observed if the amorphous layer is shallower than the B implant:”

Reduced B activation occurs if EOR loops exist in the implanted region. A de-
crease in electrically active B occurs as the dislocation loops coalesce from
defect clusters at moderate annealing temperatures (600 to 800°C).

Decreasing the preamorphization depth decreases the fraction of activated
dopant, because fewer B atoms reside within the regrown layer.

Over the annealing range of 500 to 900°C, preamorphization produces higher levels
of activation for B implants than implants into crystalline Si.80 This is caused by the
incorporation of B atoms onto substitutional sites during the process of solid phase

epitaxial regrowth of the amorphous layer, and this process begins at temperatures
as low as 550°C.
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Activation limits of P-doped Si have been defined in terms of a solubility of
electrically active P. Studies have shown that the electrically inactive P is in the form
of phosphide precipitates.3! However, it has also been shown that 100% activation
of P implants is possible using laser annealing.3? Free-carrier concentrations of up to
5% 10%! cm™2 were obtained in laser-annealed layers free of structural imperfections.
All of the P was on substitutional lattice sites, since the high wafer temperature
produced by the laser caused rapid activation. Subsequent thermal anneals reduced
the carrier densities to equilibrium values dependent only on temperature.
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For the annealing time associated with high-temperature RTA, the equilibrium,
active P concentrations are achieved®? rapidly for diffusions from spin-on phospho-
silicate glasses. Activation of P-implanted layers at lower temperatures is compli-
cated by the presence of lattice defects. In general, the following observations have
been made:

Implanted P in very-low-damage regions can be activated by annealing at tem-
peratures as low as 400°C.

For damage densities of about 20%, carrier trapping centers may be formed to
compensate the activation. Temperatures above 500°C are needed to achieve
electrical activity.

For damage densities up to 75%, amorphous clusters are formed by ion-
implantation overlap, producing larger damage regions. Decomposition of
these regions during annealing may produce vacancies that enhance activa-
tion of P atoms onto substitutional sites.

For fully amorphized regions (100% damage density), movement of the amor-
phous/crystalline (a/c) interface during epitaxial regrowth incorporates P
atoms into lattice sites. However, the activation of P atoms deeper than the
a/c interface depends on the annealing temperature.

The activation of As is similar to that of P. However, controversy still remains re-
garding the form of electrically inactive As. It has been proposed that complex point
defects exist in thermal equilibrium that result in electrically inactive As species.
The effect of low-thermal-budget anneals and furnace ramps on the electrical acti-
vation of As was recently studied.®* The equilibrium between active and inactive
As can generally be described by a rate equation such as

J Cactive
Jt

= KpF(Cinactive, Cchemical)

- KCR(Cactive; Cchemical) (419)

where Kp is a declustering or deprecipitation coefficient, K is a clustering or pre-
cipitation coefficient, and F and R are functions of the concentrations indicated and
depend on the model chosen. Computer simulation of activation or deactivation re-
quires that Eq. (4.19) be solved simultaneously with the diffusion equation for As,3*
given as follows:

d Cchemical — i D dJ Cactive A

Jt Ix Ix +Z M® Cactive 3; (4-20)

where D and w are the mobile As diffusivity and mobility, respectively, Z is the
charge state, and 'V is the crystal potential. The second term on the right-hand side
of Eq. (4.20) is the electric field dependence.

Depending on the initial conditions chosen, the solution to Eq. (4.20) will yield
different solutions for active As concentration versus anneal time. The activation
model of Tsai et al.®5 shows that, for high As doping, less than 5 minutes are re-
quired to achieve equilibrium at 1000°C. However, at 900°C, the time approaches
60 minutes. Thus, high-temperature RTA is favored for As as well as for B and
P. During most common RTA cycles, the activated As concentration for high-dose
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As implants is in transition from the initial value after epitaxial regrowth to a final
equilibrium value. This also means that the activation depends on the ramp-up and
ramp-down rates of the RTA cycle.

4.3.5 Metallization

The application of RTCVD as an alternative to LPCVD or PECVD of metal films has
received very limited attention. On the other hand, rapid thermal processing has been
widely applied to forming metal silicides for contacts to junctions and gate structures.
RTA has been found to be superior to conventional furnace techniques for silicides
because of the limited thermal stability of many silicide materials and because of
their extreme sensitivity to trace impurities in the annealing ambient.®® Thus, RTA
is used more for control in heating and ambient than for deposition. Current appli-
cations include Ti, Co, W, Ta, and Pt silicides and TiN formation and annealing for
local interconnections on the chip.

RTA of silicides

The early development of self-aligned silicide technology was performed in
furnace systems that required a significant amount of attention to avoiding oxygen
contamination. The mechanics of oxygen control basically rendered the approach
impractical. Two features of RTP enabled silicide technology to reach production:

Atmosphere control
Short, high-temperature annealing, which allows the nucleation and growth of
the desired high-conductivity silicide phase

In addition, the reaction of thin metal films with Si to form silicides proceeds rapidly
at moderate temperatures and thus provides a self-limiting, uniform, thin-film pro-
cess that is relatively independent of temperature variations inherent in RTP tech-
nology. Indeed, silicide processes are tolerant of thermal gradients and temperature
uncertainties that occur in the wafers. The temperature dependencies of the resulting
sheet resistances of silicide films are independent of the annealing system.%¢

One-and two-step processes used to form self-aligned silicides in RTP systems
are shown in Fig. 42.86 The metal reacts only where it comes in contact with Si, so
after the first annealing step the unreacted metal is etched away selectively. One early
difficulty with using silicides in patterned MOS devices was the lateral migration of
Si from the substrate through the formed silicide to the unreacted metal, where it
then formed additional silicide outside the patterned window. When the selective
metal etch was applied, there would remain a silicide layer that stretched beyond
the contact window in the form of an electrical short to the surrounding features of
the device, i.e., the gate. This lateral overgrowth is minimized by the anneal-etch-
anneal process shown in Fig. 42b. RTP enables the use of the first low-temperature,
short-time step to form only a modest amount of Si/metal interdiffusion. The etch
step then removes the excess metal outside the patterned contact windows, and a
subsequent high-temperature step forms the high-conductivity silicide phase. This
approach is unique to RTA, since it requires short annealing times.
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FIGURE 42 v

Thermal reaction of a metal thin film with Si to form a self-
aligned silicide: (a) single-step anneal and (b) two-step anneal.
(After Osburn, Ref. 86.)

The process windows giving the acceptable range of initial RTA temperatures
and times needed to avoid lateral bridging in MOSFETSs are shown in Fig. 43a for
TiSi,3” and Fig. 43b for CoSi,.? Those processing conditions within the acceptable
window avoid lateral bridging of the junction and the gate in MOSFETs that have
oxide spacers separating the poly-Si gate and the junction. Figure 43b shows the
data on spacer-bridging yield for CoSi, formed from 38 nm of cobalt as a function
of the initial 30-sec RTA temperature. The graphs demonstrate that improved yield
is obtained for lower initial RTA temperatures, with 600°C being an upper limit.

Silicide growth kinetics—RTA versus furnace

The reactions of metals with Si are either diffusion-controlled or limited by nu-
cleation of the phase that is undergoing growth. Diffusion-controlled kinetics are ob-
served in most silicides, and the growth rate increases with the square root of time.%
For example, the silicide growth-rate parameter of TiSi, measured in terms of the
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log of thickness?/time is plotted in Fig. 44 over a wide range of times, from seconds
to hours, and a wide range of temperatures, including the low-temperature furnace
range and the higher-temperature RTA range.?® Since a single activation energy of
1.8 eV characterizes the reaction, the use of RTA at moderate temperatures (500 to
800°C) can fully react the metal film in a few seconds. Extended annealing times are
undesirable after silicide formation, since agglomeration of the silicide may occur,
destroying film uniformity.

Factors that can influence silicide kinetics are the presence of a thin native-oxide
film on the Si surface, dopant impurities, and oxidation of the surface of the deposited
metal film by oxygen or by moisture that competes with the silicide reaction at the
metal/Si interface. The sensitivity of the sheet resistance of titanium silicide to trace
amounts of oxygen is shown in Table 2.°0 Keeping oxygen contamination below
these levels is difficult in large-diameter furnace tubes with air backstreaming from
the outlet end. However, the microenvironment achievable within an RTA system
along with the low impurity levels in high-purity ULSI gases, N; or Ar, are suitable
for silicides.

Finally, the application of RTA to silicide film growth is not without some issues.
Among the most serious are the following:3¢

Nonuniform silicide/Si interface, which limits the depth of the silicide relative
to the pn junction depth

Silicide agglomeration and instability

Forces at the silicide/Si interface that can lead to dislocation generation at the
higher RTA temperatures '

Depletion of dopants on the Si side of the interface via grain-boundary diffusion
‘through the silicide, which leads to irregular junctions

The effects of surface and junction roughening and dopant depletion are illustrated
in Fig. 45.°1 During silicide growth, silicon is consumed in the reaction with metal.
Dopants in the Si can diffuse out through the silicide by grain-boundary transport
toward the surface where they either accumulate or evaporate. Dopants may be in-
troduced by ion implanting through the layer once the silicide is formed. However,
the resulting damage produced by the process can increase the sheet resistance of
the silicide. Last, the annealing step causes top and bottom surface roughening as a
result of silicide agglomeration. The angles that occur between the grain boundaries
present in the layer change in response to surface-tension forces, producing ther-
mal grooving. Continued heating can cause increased roughness and the formation
of silicide islands, and this result drives annealing requirements in the direction of
controlled, low-thermal-budget processing, achievable with RTA.

TABLE 2
Effect of oxygen impurities on TiSi, sheet resistance’®

Impurities Silicide sheet resistance
Gas (ppm of oxygen) Q/0)
Nitrogen 0.1 2.6
Nitrogen 1.0 34
Nitrogen 10.0 100.0
Argon <0.1 1.8
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FIGURE 45
Key phenomena in silicide processes. (After Osburn et al., Ref. 91.)

44
SUMMARY AND FUTURE TRENDS

Rapid thermal processing (RTP) has the advantages over conventional furnace tech-
nology of operating in a controlled microenvironment with low thermal mass and
rapid heating rates. Because high temperatures are attainable in a short time, single-
wafer thermal processing can occur in multiple-use chambers or in clusters of single-
use chambers, thermal budgets can be achieved for defect-free junctions with high
dopant activation, and sharp interfaces can be created in layered structures.

A road map showing the introduction of RTP into manufacturing DRAMs is de-
picted in Table 3. Each of the key processing areas that will be affected by RTP is
listed along with estimated time for the transition from batch to single-wafer tech-
nology. The road map shows that the potential of RTP increases the further the tech-
nology moves into the sub-half-micrometer design rule regime. For example, the
“processing” row shows that batch processing will give way to single-wafer pro-
cessing to meet the requirements of 0.5-pm manufacturing technologies. Once this
choice is made, there are no alternatives left except to implement RTP for wafer
throughput. As more and more processes are converted to single-wafer tools, it even-
tually becomes economically feasible and necessary to begin integrating the tools
into clusters, as is expected by the end of this decade for 0.15-pm complementary
MOS. ,

Within the next few years, all batch processes will have been demonstrated
in RTP. However, the introduction of these RTP processes into manufacturing will
occur only when the process is absolutely needed because of technical and cost
requirements.* For example, existing CVD processes in conventional, batch CVD
furnaces do not always work well in RTP systems. New chemistries are needed, es-
pecially for thick-film deposition, to obtain the deposition rates that are required for
wafer throughput. Otherwise, the processes will be too costly. However, there may -
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be good justification for introducing thin-film CVD processing in the near future,
As single-wafer technology evolves, CVD processes may first become integrated
into single-process, multichamber tools with some level of in-situ etch cleaning. For
fabricating MOSFETs in a single chamber, it is desirable to have a high-quality
CVD process for depositing the gate dielectric rather than using RTO with its atten-
dant problems of temperature control and uniformity. Thus, the use of RTCVD-ONO
(oxide-nitride-oxide) deposition precedes the advent of RTO in Table 3.

Much of the time-to-introduction of the various technologies listed in Table 3 de-
pends on the ability of equipment manufacturers to design RTP tools with suitable
process chambers, temperature measurement and control systems, sensors, and re-
producible processes. Technology advancement will probably focus on RTP, single-
wafer chambers with multizone heating reflectors, and on real-time, independent
control of the zones in the multilamp heating systems. End point detection tech-
niques for process control should be introduced, rather than relying on temperature
measurement. End point detection involves a measurement of some property asso-
ciated with a process, such as a film thickness or the chemical composition of the
chamber ambient. Typical end point detection methods include ellipsometry, reflec-
tometry, interferometry, and possibly emissivity measurements.* Although end point
detection will not solve the problems of temperature control in RTP, it may improve
the repeatability of a process.

Finally, it is evident that RTP technologies are evolving without any major
breakthroughs, but rather with constant and diligent attention to engineering details.
Indeed, radiant heating had a deceptively simple veneer that covered all the underes-
timated problems. And no producer of RTP tools has solved the fundamental issues
of depositing radiant energy into the materials common to semiconductor devices.*?
As a result, progress is made by fixing and patching. The preferred methodology
would be one in which the basic issues and science were well understood so that
problems could be avoided.
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PROBLEMS

1. Define emissivity and give examples of factors that influence intrinsic, extrinsic, and ef-

fective emissivity in an RTP chamber.

(a) Why does the intrinsic emissivity of a Si wafer become relatively independent of the
wavelength of incident radiation at temperatures greater than 600°C ?

(b) Explain why the temperature of a deposited overlayer on a wafer undergoing RTA
might depend on the overlayer’s thickness.

(¢) In (b), what would be the difficulty associated with trying to control wafer temperature
during film growth by using an optical pyrometer in the temperature-control feedback
loop?

(d) In (¢), what factor does the reflectivity of the RTP chamber play in temperature mea-
surement?

. In a 0.25-pm CMOS process, what is the thermal budget for forming ion-implanted p*
source/drain layers with surface doping concentrations of 1 X 10% B/cm? if the RTA tem-
perature is 900°C ?

(a) What kinds of device performance issues might a process engineer encounter with
this thermal treatment?

(b) What must be done to create defect-free junctions for the 0.25-pm ion-implantation
process without increasing the junction depth? (Assume 700 A junction depth.)

(c) Why is it that doping processes such as epitaxy and CVD of solid dopant sources onto
Si have larger thermal budgets than ion-implantation processes?

. Discuss the pros and cons of batch CVD epitaxy versus LRP, single-wafer epitaxy from
the standpoint of throughput, control, Si film uniformity, and cost.

Micron Ex. 1029, p. 230

Micron v. YMTC
IPR2024-00911



204 ULSI Technology

4. RTCVD of dielectric films requires high deposition rates for single-wafer processing to
achieve high wafer throughput.

(a) What are the issues for applying RTCVD to thin-gate dielectric film deposition?

(b) What are the issues for applying RTCVD to interlevel dielectric formation at the back-
end of the process?

(c) If SiH, and N, O react to deposit SiO,, what temperature uniformity across the wafer
is required to deposit films with a 2% uniformity, assuming a 1.8-eV activation energy
and a maximum wafer temperature of 800°C ?

5. Conventional batch-furnace oxidation has been used by manufacturers for over thirty years
to grow high-quality, MOS-grade gate oxides, which are highly uniform across the wafer.
Is there a compelling case to be made for replacing such a successful technology with
single-wafer RTO for ULSI? Describe your analysis.

6. Explain why high-temperature RTA is preferable to low-temperature RTA for defect-free
shallow junction formation.

(a) Why do you obtain shallower junctions with a high-temperature RTA (1000°C, 20
sec) than with a low-temperature RTA (800°C, 20 sec)? Assume a P implant.

(b) What is the basis for the activation of high-dose, ion-implanted B or P by high-
temperature RTA when the resulting free-carrier concentrations exceed the solid
solubility limit at the RTA temperature? :

7. Assuming BF, ion implantation in Si with a dose of 1 X 10'° cm~2, what is the maximum
implant energy allowed to produce a shallow, defect-free p* junction less than 1000 A
deep using a 10-sec RTA?

(a) Does preamorphization using Ge implantation provide any benefits?
(b) What type of ion-implantation defects are produced by the BF, implant?

(c) Describe the two steps involved in the transient diffusion of the BF,-implanted Si
during RTA.

8. Why has silicide formation using RTA been easily incorporated into the manufacturing of
ICs?

(a) Why is it necessary to use a two-step RTA process in silicide formation?
(b) What are the limitations of silicides for ultrashallow junction contacts?

(¢) Using the concept of surface tension, explain top silicide surface roughening. Hinz:
The process of roughening is referred to as thermal grooving.

9. What are the primary design considerations in building an RTA system that yields uniform
wafer temperature distributions (not necessarily uniform radiation)?
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CHAPTER 5§

Dielectric and Polysilicon
Film Deposition

H. C. Cheng

5.1
INTRODUCTION

Dielectric and polysilicon film deposition have been used extensively in integrated
circuits (ICs) since the device planarization technique was developed. Dielectric
films, including silicon dioxide and silicon nitride, are used as the isolation, mask,
and passivation layers. Silicon dioxide deposited by chemical vapor deposition
(CVD) has been shown to fit the requirements of gate dielectrics in ultralarge-scale
integration (ULSI) circuits. On the other hand, polysilicon film can be used as the
conducting layer, semiconductor, or resistor by proper doping with different impu-
rities. Various deposition processes, such as CVD and physical vapor deposition
(PVD), are described in Section 5.2. Different deposition schemes and the film
qualities resulting from these deposition methods are described in Sections 5.3, 5.4,
and 5.5 for silicon dioxide, silicon nitride, and polysilicon films. Other deposition
techniques, e.g., plasma-assisted deposition, photo CVD, laser CVD, rapid-thermal-
processing CVD (RTPCVD), and electron-cyclotron-resonance (ECR) CVD, are
demonstrated. Finally, the applications of these deposited films and their future
trends are presented in Sections 5.8 and 5.9, respectively.

5.2
DEPOSITION PROCESSES

5.2.1 Reaction Theories of Chemical Vapor Deposition (CVD)
and Physical Vapor Deposition (PVD)

There are many deposition techniques for the material formations in ULSI tech-
nology. These methods can be classified into two main reaction mechanisms:
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chemical vapor deposition and physical vapor deposition. These two technologies
are described as follows.

Chemical vapor deposition (CVD)

Chemical vapor deposition is defined as the formation of a nonvolatile solid film
on a substrate by the reaction of vapor-phase chemicals (reactants) that contain the
required constituents. It is most often used for semiconductor processing. It is a mate-
rial synthesis process whereby the constituents of the vapor phases react chemically
near or on a substrate surface to form a solid product.

Several steps must occur in every CVD reaction: !

Transport of reacting gaseous species to the substrate surface
Absorption, or chemisorption, of the species on the substrate surface
Heterogeneous surface reaction catalyzed by the substrate surface
Desorption of gaseous reaction products

Transport of reaction products away from the substrate surface

A e

The sequence of reaction steps in a CVD process is illustrated in Fig. 1. In prac-
tice, the chemical reactions of the reactant gases leading to the formation of a solid
material may take place not only on (or very close to) the wafer surface (heteroge-
neous reaction) but also in the gas phase (homogeneous reaction). Heterogeneous
‘reactions are much more desirable, because such reactions occur selectively only on
the heated surfaces and produce good-quality films. Homogeneous reactions, on the
other hand, are undesirable, because they form gas-phase clusters of the depositing
material, resulting in poorly adhering, low-density films with defects. In addition,
such reactions also consume the reactants and can cause a decrease in deposition
rates. Thus, one important issue of a chemical reaction for CVD application is the
degree to which heterogeneous reactions are favored over gas-phase reactions.

The most common deposition methods are atmospheric-pressure CVD (APCVD),
low-pressure CVD (LPCVD), and plasma-enhanced CVD (PECVD).>*> A compar-
ison of APCVD and LPCVD shows that the benefits of the low-pressure deposition
processes are uniform step coverage, precise control of composition and structure,
low-temperature processing, high enough deposition rates and throughput, and low

Diffusion of Diffusion of
reactants to surface products from surface
) o

o© T °
Absorption Film-forming Subsequent Desorption
l reaction surface reactions
—_— —_—
FIGURE 1

The sequence of reaction steps in a CVD reaction.
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processing costs.® Furthermore, no carrier gases are required in LPCVD, which re-
duces particle contamination. Hence, LPCVD is used widely in the highly cost-
competitive semiconductor industry for film depositions. Epitaxial growth of sili-
con at a reduced pressure minimizes autodoping (contamination of the substrate by
the dopant), a major problem in atmospheric-pressure epitaxy. The most serious dis-
advantage of LPCVD and APCVD is that their operating temperatures are high.
PECVD is an appropriate method to solve this problem, as illustrated later.

Because the deposition process includes force convection, boundary-layer diffu-
sion, surface absorption, decomposition, surface diffusion, and incorporation, there
are several variables to be controlled. Temperature, pressure, flow rate, position, and
reactant ratio all are important factors for high-quality films. The industry has opti-
mized these conditions to improve the film properties.

Since the aforementioned steps for a CVD process are sequential, the one that
occurs at the slowest rate will determine the deposition rate. The rate-determining
steps can be grouped into gas-phase processes and surface processes. For the gas-
phase process, the concern is the rate at which gases impinge on the substrate. This
model considers the rate at which gases cross the boundary layer that separates the
bulk regions of flowing gas and substrate surface. Such transport processes occur
by gas-phase diffusion, which is proportional to the diffusivity of the gas and the
concentration gradient across the boundary layer. The rate of mass transport is only
relatively weakly influenced by the deposition temperature.

On the other hand, at low temperatures the surface reaction rate is reduced, and
eventually the arrival rate of reactants exceeds the rate at which they are consumed
by the surface reaction process. Under such conditions, the deposition rate is surface-
reaction-rate-limited. Thus, at high temperatures, the deposition is usually mass-
transport-limited, while at low temperatures it is surface-reaction-rate-limited, as
shown in Fig. 2. In actual processes the temperature at which the deposition condi-
tion moves from one of these growth regimes to the other depends on the activation
energy of the reaction and the gas flow conditions in the reactor. In processes that
are under surface-reaction-rate-limited conditions, the deposition temperature is an
important parameter. That is, uniform deposition rates throughout a reactor require
conditions that maintain a constant reaction rate. This, in turn, implies that a con-
stant temperature must also exist everywhere at all wafer surfaces. On the other
hand, under such conditions the rate at which reactant species arrive at the surface
is not so important, because their concentrations do not limit the growth rate. Thus,

| Surface-reaction-

I' rate-limited FIGURE 2’ .
Mass- The deposition rate R, is
transport- Slope ~ E, a rapid varying function of

limited (E,= 1.6V for Si)  temperature T in the surface-
reaction-limited regime of
operation (low temperatures),
whereas it changes only
slowly with temperature in
the mass-transport-limited

regime (higher temperatures).

Log Rg
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it is not so critical that a reactor be designed to supply an equal flux of reactants to
all locations of a wafer surface. It will be seen that in low-pressure CVD (LPCVD)
reactors wafers can be stacked vertically and at very close spacing, because such
systems operate in a surface-reaction-rate-limited mode. Under the low pressure of
an LPCVD reactor (~1 torr), the diffusivity of the gas species is increased by a
factor of 1000 over that at atmospheric pressure, and this is only partially offset
by the fact that the boundary layer (the distance across which the reactants must
diffuse) increases by less than the square root of the pressure. The net effect is that
there is more than an order-of-magnitude increase in the transport of reactants to
(and by-products away from) the substrate surface, and the rate-limiting step is thus
the surface reaction. Since the surface reaction rate also generally increases with
increasing surface concentration, nonuniform gas-phase concentrations produced by
local depletion of reactants within the reactor can result in depletion nonuniformities.
An example of such an effect is the depletion of reactants by their deposition on
wafers located at the inlet of an end-feed reactor tube. Wafers near the outlet end are
consequently exposed to lower concentrations of reactants than those at the inlet end
of the tube. For film uniformity, the deposition temperatures at these two ends will
thus have to be properly adjusted.

In deposition processes that are mass-transport-limited, the temperature control
is not so critical. The mass transport process, which limits the growth rate, is only
weakly dependent on the temperature. On the other hand, it is very important that
" the same concentration of reactants be present in the bulk gas regions adjacent to all
locations of a wafer, because the arrival rates of reactants are directly proportional
to the concentration gradient in the bulk gas. Thus, to ensure that films are uniform
across a wafer, reactors operated in the mass-transport-limited regime must be de-
signed so that all locations of the wafer surface and all wafers in a run are supplied
with an equal flux of reactant species. Atmospheric-pressure reactors that deposit
Si0, at ~400°C are operated in the mass-transport-limited regime. The most widely
used APCVD reactor designs provide a uniform supply of reactants by horizontally
positioning the wafers and moving them under a gas stream.

Physical vapor deposition (PVD)

Physical vapor depositions are different from CVD in the deposition mechanism.
The deposition rate for CVD will be proportional to the deposition temperature. How-
ever, the deposition rate for PVD will generally decrease with increasing deposition
temperature. The PVD technologies usually used are described as follows.

Evaporation technology. This is one of the oldest techniques used for deposit-
ing thin films. A vapor is first generated, by evaporating a source material in a vac-
uum chamber, then transported from the source to the substrate and condensed to a
solid film on the substrate surface.

Molecular beam epitaxy (MBE). This is a sophisticated, finely controlled
method for growing epitaxial films in an ultrahigh vacuum at 1073 to 10710 torr.
The most widely studied materials are epitaxial layers of III-V semiconductor com-
pounds and SiGe compounds. Figure 3 shows the schematic diagram of a molecular
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FIGURE 3
Schematic of a molecular beam epitaxy growth chamber.

beam epitaxy growth chamber. The evaporated species are transported at a very high
velocity to the substrate. The relatively low vapor pressures of dopants and silicon
ensures the condensation of deposited films on a low-temperature substrate.

Sputtering. This process involves the ejection of surface atoms from an elec-
trode surface by momentum transfer from the bombarding ions to the electrode
surface atoms. The generated vapor of electrode material is then deposited on the
substrate. Sputtering processes, unlike evaporation, are very well controlled and are
generally applicable to all materials, such as metals, insulators, semiconductors, and
alloys. The schematic diagram of a sputtering system is shown in Fig. 4.

5.2.2 Equipment

The design and operation of CVD reactors depend on a variety of factors; hence,
these reactors can be categorized in several ways. One way of grouping CVD reactors
depends on the method used to heat the wafers. Another criterion used to distinguish
reactor types is the pressure regime of operation (atmospheric-pressure reactors or
reduced-pressure reactors). The reduced-pressure group can be further split into
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FIGURE 4

Schematic drawing showing some of the components of a sputtering system.

1. Low-pressure reactors, called low pressure-CVD (LPCVD) reactors, in which the
energy input is entirely thermal
2. Those in which energy is partially supplied by a plasma as well, known as plasma-
enhanced CVD or PECVD reactors

Each of the reactor types in these two pressure regimes is further divided into sub-
groups defined by reactor configuration and method of heating.
Four methods of heating the wafers have been adopted:

1. Resistance heating

2. RF induction heating
3. Heating by energy from a glow discharge (plasma)
4. Heating by photon energy

Energy may be transferred either to the reactant gases themselves or to the substrate.
When radiant heating, from resistance-heated coils surrounding the reaction tube,
is utilized, not only the wafer but also the reaction chamber walls become hot, and
hence such designs are known as hot-wall reactors. In these systems, film-forming
reactions occur on reaction chamber walls as well as on the substrate. This implies
that such systems will require frequent cleaning to avoid particle contamination. On
the other hand, energy input via RF induction or infrared lamps mounted within the
reactor will heat the wafers as well as susceptors and does not cause appreciable
heating of the reaction chamber walls. Consequently, systems heated by these meth-
ods are called cold-wall reactors. In some cold-wall systems, however, significant
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chamber wall heating can still take place, so means for cooling the walls must be
implemented (e.g., water cooling) to prevent reactions or depositions on the wall.

Reactor geometry is constrained by the pressure regime and energy source and
is an important factor in throughput. Since atmospheric-pressure reactors operate
in the mass-transport-limited regime, they must be designed so that an equal flux
of reactants is delivered to each wafer. As a result, wafers are never stacked verti-
cally at close spacing but rather are laid flat on a horizontal surface. An undesirable
consequence of this design is the high susceptibility of the wafers to incorporated
falling particles. LPCVD reactors are not constrained by the mass-transfer-rate lim-
itation, allowing designs that accommodate a large number of wafers per run. Wafers
can be stacked side by side, only a few mm apart in a quartz reaction tube. Quartz
wafer holders (boats) can hold up to 200 wafers. However, LPCVD reactors must be
capable of precise temperature control, because they operate in the surface-reaction-
limited mode. Table 1 summarizes the characteristics and applications of various
CVD reactor designs.

For high-volume production of integrated circuits, the number of wafers pro-
cessed simultaneously should be as large as possible. The requirement for high
wafer capacity led to the development of the commercially important hot-wall, low-
pressure CVD reactor, shown in Fig. 5. For maximum wafer capacity, the wafers
are held vertically and separated from each other by a narrow space. As in a diffu-
sion or oxidation furnace, the wafers are placed perpendicular to the gas flow in a
quartz tube with a circular cross section. The gas flows by forced convection through
the annular space between the wafers and the walls of the deposition chamber and
then must travel along the narrow space between the walls. The pressures in the
reaction chamber are typically 0.1 to 5.0 torr; the temperatures are between 300
and 900°C; and the gas flow rates range between 100 and 1000 standard cm?/min
(sccm). Special inserts that alter the gas flow dynamics are sometimes used. Large
load space, good uniformity, and the ability to feed large-diameter wafers are the
major advantages of this reactor. However, low deposition rates and the frequently
used special gases are still problems.

TABLE 1

Characteristics and applications of CVD processes™

Process

APCVD

Disadvantages

Advantages Applications

(low-temperature)

LPCVD

PECVD

Simple reactor, fast
deposition, low
temperature

Excellent purity and
uniformity, conformal
step coverage, large
wafer capacity, high
throughput

Low temperature, fast
deposition, good step
coverage

Poor step coverage,
particle contamination,
low throughput

High temperature, low
deposition rate

Chemical (e.g.,
H;) and particle
contamination

Low-temperature oxides
(both doped and undoped)

High-temperature oxides
(both doped and undoped),
silicon nitride, poly-Si, W,
WSi,

Low-temperature insulators
over metals, passivation
(nitride)
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The hot-wall, low-pressure reactor is used for routine deposition of polysilicon
because of its high wafer capacity and simplicity.

Atmospheric-pressure CVD (APCVD) reactors were the first to be used in the
microelectronics industry.”-8 Operation at atmospheric pressures keeps reactor de-
sign simple and allows high film deposition rates. APCVD, however, is suscepti-
ble to gas-phase reactions, and the films typically exhibit poor step coverage. Since
APCVD is generally conducted in the mass-transport-limited regime, the reactant
flux to all parts of every substrate in the reactor must be precisely controlled. Fig-
ure 6a shows the horizontal tube type. Such systems consist of a horizontal quartz
tube, with the wafers lying flat on a fixed horizontal plate, while gas flows par-
allel to the wafer surface. Figures 6b and ¢ show continuous-processing APCVD
reactors. These configurations are the most widely used designs for depositing low-
temperature CVD oxide films in production applications.? The samples are carried
through the reactor on a conveyor belt. Reactant gases flowing through the center of
the reactor are contained by gas curtains formed by a fast flow of nitrogen. These
continuous reactors possess the benefits of high throughput, good uniformity, and
the capability to process large-diameter wafers. However, they have the problems of
high gas consumption and frequent need of reactor cleaning.

Figure 7 shows the diagram of a typical commercial PECVD system. Rather
than relying solely on thermal energy to sustain chemical reactions, PECVD systems
use an rf-induced glow discharge to transfer energy into the reactant gases, allowing
the substrate to remain at a lower temperature than those in APCVD or LPCVD
processes.” %! Low deposition temperature is the major advantage of PECVD, and
in fact, PECVD provides a method of depositing films on substrates that do not
have the thermal stability to accept coatings by other methods. In addition, PECVD
can enhance the deposition rate, as compared with thermal reactions alone, and can
produce films of unique compositions and properties. However, the limited capacity
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(a) Horizontal tube APCVD reactor. (b) Gas injection—type
continuous-processing APCVD reactors. (¢) Plenum-type
continuous-processing APCVD reactor.

(especially for large-diameter wafers) and the possibility of particle contamination
by loosely adhering deposits are still major concerns.

5.2.3 Safety Issues

Most of the gases used for film deposition are toxic. Those used for LPCVD are more
unsafe than those used for atmospheric-pressure CVD, because pure silane is used
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FIGURE 7

Diagram of a typical commercial PECVD system. (Courtesy of Pacific Western Systems.)

in LPCVD systems. In addition, hazardous gases can also cause a reaction with the
vacuum pump oil.

These hazardous gases can be divided into four general classes: pyrophoric
(flammable or explosive); poisonous; corrosive; and dangerous combinations of
gases. Gases commonly used in CVD are listed in Table 2. Gas combinations such

TABLE 2
Gases commonly used in CVD

Flammable Exposure

limits in air limit
Gas Formula Hazard (vol %) (ppm)
Ammonia NH; Toxic, corrosive 16-25 25
Argon Ar Inert — —
Arsine ’ AsHj; Toxic — 0.05
Diborane B,Hg Toxic, flammable  1-98 0.1
Dichlorosilane SiH,Cl, Flammable, toxic 4-99 5
Hydrogen H, Flammable 4-74 —
Hydorgen chloride  HCI Corrosive, toxic — 5
Nitrogen N, Inert — —
Nitrogen oxide N,O Oxidizer — —
Oxygen 0, Oxidizer — —
Phosphine PH; Toxic, flammable ~ Pyrophoric 03
Silane SiHy Flammable, toxic  Pyrophoric 0.5

Micron Ex. 1029, p. 241
Micron v. YMTC
IPR2024-00911



cHAPTER &: Dielectric and Polysilicon Film Deposition 215

as silane with halogens, silane with hydrogen, and oxygen with hydrogen will cause
safety problems.!?

In addition, silane will react with air to form solid products, causing particle
contaminations within the gas lines. These particles can plug the pipes and perhaps
create combustion. Hence, the piping of the gas supply system must be carefully
installed and maintained. The gas piping should be monitored and inspected before
each operation to prevent the leakage of residual gases. To avoid the plugging of
the gas products, burn-box systems for the hydride gases have been widely used in
ULSI operations.

5.3

ATMOSPHERIC-PRESSURE CHEMICAL-VAPOR-DEPOSITED
(APCVD) AND LOW-PRESSURE CHEMICAL-VAPOR-DEPOSITED
(LPCVD) SILICON OXIDES

Dielectric layers have been inevitably used as the gate materials in transistors and
capacitors. Dielectric layers can also be used to electrically isolate one level of con-
ductor from another in multilevel-interconnect systems. The requirements of dielec-
tric layers in multilevel interconnects are stringent, including

No residual constituents that will outgas during later processing
Good step coverage

Ease of etching

Stability up to temperatures of S00°C

Good adhesion

Low dielectric constant for frequencies up to ~20 MHz (to keep capacitance low
between metal lines)

7. High breakdown field strength (>5 MV/cm)

8. No moisture absorption or permeability to moisture

T N

Furthermore, there is a significant difference between the dielectric films used as
poly—metal interlevel dielectrics (e.g., between poly, or other local interconnect—
level materials, and metal 1) and the dielectric films employed between the metal
layers (intermetal dielectrics). Poly—metal interlevel dielectric (PMD) films can be
deposited (and densified if necessary) at a higher temperature than is possible for the
intermetal dielectric layers. Furthermore, PMD films can be flowed and reflowed at
temperatures in excess of 800°C. On the other hand, the maximum temperature of
the intermetal dielectric layers is limited to 450°C or below, because Al is present
on the wafer surface.

In general, silicon dioxides can be formed by a thermal annealing in oxygen am-
bient or by a chemical reaction (SiHy with O,, SiCl,H, with N,O, or decomposition
of Si(OC,Hs)4). The former can attain excellent electrical properties and is com-
monly used to fabricate the gate dielectrics in ULSI devices. The latter, called chem-
ical vapor deposition (CVD), is often used for PMD, intermetal isolation, dopant
masks, capping or passivation layers, diffusion sources, and even gate dielectrics
in ULSI processes. This is because CVD can achieve more flexible characteristics,
including large thickness and low-temperature processing.'>!# Doped or undoped
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silicon dioxide films are widely used in various applications. Undoped silicon diox-
ide is used as an ion-implantation or diffusion mask, an insulating layer between
multilevel metallization, a capping layer over doped regions to prevent outdiffusion,
and an oxide layer to increase the thickness of thermally grown oxides. Undoped
CVD oxides used as gate dielectrics and insulators between conducting layers are
deposited and then densified by annealing. A solution containing fluoride or a CHF;
plasma can etch the oxides to open the contact windows and via holes. Phosphorus-
doped silicon dioxide is used as an insulator between metal layers, a final passivation
over devices, and a gettering source.!> Oxides doped with phosphorus, arsenic, or
boron are used occasionally as diffusion sources.

Silicon nitride films have generally not been used as stand-alone PMD layers
because they possess a much higher dielectric constant than SiO, films and cannot
be flowed or reflowed. Hence, doped CVD SiO, films have found the widest ap-
plication as PMD layers in MOS ICs. Although high-temperature CVD oxide films
(deposited at 900°C by the reaction of dichlorosilane and nitrous oxide) possess prop-
erties almost identical to those of thermally grown SiO; films, these films cannot,
unfortunately, be doped under the high temperatures at which they are deposited.!6
As a result, they cannot be flowed or reflowed at temperatures lower than 1100°C.
Generally, phosphorus-doped CVD oxides are heated to a temperature between 950
and 1100°C so that the oxides soften and flow and form a smooth surface to obtain
a good step coverage for the next metallization.!>!7 Boron-doped phosphosilicate
oxides will further lower the reflow temperatures.

5.3.1 Deposition Methods

The methods used to deposit the silicon dioxide are classified by heating source,
chemical reactants, reactor, and deposition temperature.

We first consider a method in which oxide films are deposited at temperatures
below 500°C by reacting silane with oxygen. If phosphorus doping is included, the
chemical reactions are expressed as

SiHy(g) + 05(g) — SiOa(s) + 2Hy(g) (5.1)
4PH3(g) + 50,(g) — 2P,05(s) + 6Ha(g) (5.2)

This process can be conducted in an atmospheric-pressure chamber (atmospheric-
pressure chemical vapor deposition, APCVD) or in a reduced-pressure chamber
(low-pressure chemical vapor deposition, LPCVD). Owing to the advantages of low
deposition temperatures this method can be used to deposit silicon dioxides on the
metal interconnect. However, the poor step coverage and high particle concentration
characteristic of this technique require careful control.

Another method uses tetraethyl orthosilicate, Si(OC,Hs)4, abbreviated TEOS. 8
By decomposing the vaporized liquid TEOS, silicon dioxide can also be deposited in
an LPCVD reactor at temperatures between 650 and 750°C. The reaction is written
as

Si(OC,Hs)4(1) — SiO,(s) + by-products(g) 5.3)
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where the by-products are organic and organosilicon compounds. LPCVD TEOS is
often used to deposit the spacers beside the polysilicon gates. TEOS depositions have
very good uniformity and step coverage, but the high-temperature process limits the
application of LPCVD TEOS on aluminum interconnects.

Silicon dioxide can also be deposited by LPCVD at about 900°C. The reaction
is expressed as

SiClpH;(g) + 2N, 0(g) — Si04(s) + 2N,(g) + 2HCl(g) S4

The advantage of this process is film uniformity. Like LPCVD TEOS, this process
can deposit silicon dioxide over polysilicon, but its disadvantage is the chlorine-
containing damage on the polysilicon.

Silicon dioxides can be doped by feeding dopant hydrides such as phosphine,
arsine, and diborane into the CVD reactors. Such dopant compounds as halides or
organic compounds can also be utilized.?0-23

Recently, atmospheric-pressure and low-temperature CVD processes using
TEOS and ozone (O3) have been proposed,?* as shown in Fig. 8. This CVD technol-
ogy enables the formation of oxide films with high conformality and low viscosity
under low deposition temperatures. The step angle depends on the ozone concentra-
tion, as shown in Fig. 9. In addition, the shrinkage of the oxide film during annealing
is also a function of the ozone concentration, as shown in Fig. 10. Furthermore, the
deposition temperature will determine the selectivity ratio of the O3—TEOS films
deposited on the SiO, to the Si substrate. This selectivity ratio will decrease with
increasing deposition temperature, as shown in Fig. 11. Because of their porosity,
03-TEOS CVD oxides are often accompanied by plasma-assisted oxides to execute
the planarization technology in ULSI processing.

High-pressure techniques have been studied by many groups. The major advan-
tages of high-pressure techniques stem mainly from their ability to use lower pro-
cessing temperatures, which lead to reduced impurity diffusion and fewer substrate

Si substrate, vacuum-chucked
~—

| -

Exhaust 02

Ozonizer Phosphorus Boron TEOS
source source

FIGURE 8
Experimental apparatus for the O3—TEOS CVD system.
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(a) Definition of step angle. (b) The step angle of the

O3-TEOS film as a function of the ozone concentration.

(Courtesy of SAMCO Company, Japan.)

defects. However, the cost of facilities and the risk of danger discourage interest in
high-pressure techniques.

5.3.2 Deposition Variables

Pressure, deposition temperature, reactant concentration, and dopants will affect
the quality of silicon dioxide. For CVD the deposition rate of the silicon dioxide
increases with deposition temperature. The silane—oxygen reaction needs less de-
composition energy and, therefore, lower activation energy than TEOS decomposi-
tion. As the phosphorus dopants are added, the activation energies for these two cases

Micron Ex. 1029, p. 245
Micron v. YMTC
IPR2024-00911



cHAPTER 5: Dielectric and Polysilicon Film Deposition 219

10
. e Anneal 0450°C €950°C
o T~o - Deposition temperature 400°C
8 N
Sy g
5[ e
-
-
75]
0 _ I 1 i | 1 I
0 2 4 6
Ozone concentration (%)
FIGURE 10

Dependence of the shrinkage of the O3—TEOS film on
ozone concentration during annealing. (Courtesy of SAMCO

Company, Japan.)

will decrease. By introducing trimethylphosphite (TMOP) into the silane—oxygen
or TEOS, phosphorus-doped oxides can also be formed. Figure 12 shows the depen-
dence of deposition rate and the phosphorus content (mole % P,0s) on TMOP flow
rate with a total TEOS/N; flow rate of 3.5 standard liters per minute (slm). Ozone
concentration is another parameter that influences film characteristics, as shown in
Fig. 13. The surface-reaction-rate-limited mode and the surface catalysis by phos-
phorus and ozone can be used to explain the differences of the activation energies.

ot
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FIGURE 11

The selectivity ratio of the O3-TEOS
films deposited on the SiO; to the Si
substrate as a function of the deposition
temperature. (Courtesy of SAMCO
Company, Japan.)
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As for the case of silicon dioxide deposited with dichlorosilane and nitrous oxide, a
high deposition temperature (900°C) results in a mass-transport-limited reaction, ex-
hibiting a strong pressure dependence. For the dichlorosilane—nitrous oxide reaction
this doping is impossible, because the phosphorus oxides are volatile at the depo-
sition temperature of 900°C.% Inert gases often make the gas flow over the wafer
surfaces uniform and improve film uniformity. On the other hand, by introducing
diborane, boron tricholoride, or trimethylborate into the silane~oxygen or TEOS re-
actions, boron-doped oxides can be obtained.

5.3.3 Step Coverage and Reflow
Figure 14 shows three types of step coverage often found for the deposited dioxides

in a trench. A completely uniform or conformal step coverage means that the film
thickness along the walls and at the bottom of the step is constant, as shown in Fig.

e

Film

FIGURE 14

Step coverage of deposited films. () Uniform
coverage resulting from rapid surface migration.

(b) Nonconformal step coverage for long mean free
path and no surface migration. (¢) Nonconformal step
coverage for short mean free path and no surface

(0 migration.
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14a. As the reactants or reactive intermediates adsorb on the surface and then rapidly
migrate along the surface before reaction, the resulting films will have a uniform
surface concentration on the substrate and a constant thickness.

On the other hand, the deposition rate is proportional to the arrival angle of the
gas molecules if the absorbed reactants predominantly do not migrate. The arrival
angle ¢ is expressed as

¢ = arctan(y) (5.5)

h

where w is the width of the via hole and % is the height from the top surface. Thus, the
film thickness will gradually decrease along the step wall and even form an opening
at the bottom, as shown in Fig. 14b. Furthermore, if the gas atoms have only a short
mean free path, the arrival angle at the top of the step is 270°. Consequently, a thick
cusp at the top and a thin tail at the bottom of the step will be formed, as shown in
Fig. 14c; it will be unfavorable for subsequent metal deposition.

In general, doped oxides used for the reflow process contain 6 to 9 wt %
phosphorus.?® Silicon dioxide (glass) with higher phosphorus concentration will
facilitate the reflow smoothing but is detrimental to the metallization, because of
aluminum corrosion. After the doped silicon dioxide is deposited, a subsequent
heating is necessary until the oxide softens and flows, as shown in Fig. 15. There-
fore, the procedure is named reflow. In addition to the phosphorus concentration,
the reflowing morphology of the doped silicon dioxide will also be determined by
the heating temperature, heating time, heating rate, and heating ambient. In gen-

Doped CVD silicon dioxide

N

Poly-Si or metal
(@)

Doped CVD silicon dioxide

N

Poly-Si or metal
(&)

FIGURE 15

Schematic diagram of the reflow process. Polysilicon or metal
step covered with doped CVD silicon dioxide (a) before and
(b) after reflow process.
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eral, P-glass reflow processes need a heating temperature as high as 950 to 1100°C
with a 15 to 30-min cycle. The temperatures will be determined by the phosphorus
concentration.

Sometimes, boron dopants are added to the phosphorus-doped silicon dioxide to
further reduce the softening temperature by decreasing the glass viscosity.?! Silane-
based BPSG films are deposited at low temperatures (400 to 450°C) and are then
immediately densified at ~800°C for one hour.?>?* The purpose of this step is to
completely stabilize the BPSG films, which would otherwise be prone to blistering
during subsequent processing. The higher the boron concentration in such films, the
lower the reflow temperature; however, BPSG films with high boron concentrations
(i.e., greater than 5%) are not stable. Typical dopant concentrations of boron are 1 to
4 wt % for the oxide films with 4 to 6 wt % phosphorus. On a weight percent basis,
boron is 1.5 times more effective in the reflow process than phosphorus.

Furnace annealing times coupled with high temperatures often result in sig-
nificant dopant diffusion, leading to remarkable junction movement, autodoping,
and outdiffusion. In addition, high-temperature reflow for a long time also possi-
bly causes further oxidation of the contact hole or substrate. These phenomena must
be avoided in the fine-geometry ULSI devices. In order to prevent these problems,
and also to prevent leach-out of phosphorus caused by steam reflow, a two-layer film
is sometimes used for the PMD; that is, a thin (120-nm-thick) silicon nitride layer
is deposited before the BPSG film. The nitride prevents dopants in the BPSG from
diffusing into the polysilicon or substrate device regions during the flow and reflow
thermal cycles. In advanced ULSI technology, an alternative method, utilizing rapid
thermal annealing (RTA) at 1000 to 1150°C for 10 to 60 seconds, has been performed
to reflow the BPSG without attacking the underlying devices, as shown in Fig. 16.
Obviously, the step angle, reflecting the smoothing topography, will increase with
rapid thermal annealing temperature and time. :

82 -
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FIGURE 16

Step angles of LPCVD BPSG with concentrations of 3.6 wt % B and 3.9
wt % P, reflowed in the RTA system at different temperatures for various
times. (Courtesy of Peak Systems, Inc., California.)
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The step coverage of deposited oxides can be further improved by planariza-
tion or etch-back techniques. An abrupt step in phosphorus-doped silicon dioxide
(P-glass) is often covered with a sacrificial organic coating, called SOG (spin-on-
glass) because the organic material usually has a smooth surface. Then the sample
is plasma-etched to remove the organic material and the P-glass at equal rates. Since
plasma etching preserves the original smooth surface of the coating, the P-glass is
left with the same smooth contour. The planarization process reduces step heights in-
dependent of the phosphorus concentration in P-glass and requires temperatures less
than 200°C. The disadvantages are the increased thickness of the original doped ox-
ide film and the need for additional processing steps. Another planarization process
uses PSG films accompanied by chemical/mechanical polishing. In this planarization
technique, stacked O3—TEOS/plasma oxide films are used to cover the polysilicon
or metal layers?* and are subsequently polished by chemical/mechanical methods to
obtain a smooth surface. These planarizations will be further discussed in Section 5.8.

5.3.4 Properties of Silicon Oxide, Phosphosilicate Glass (PSG),
Borophosphosilicate Glass (BPSG), and Tetraethyl Orthosilicate (TEOS)
Films

In order to improve the device characteristics and to use the deposited dielectric and
polysilicon films in various applications, the properties of these films are important.
As an example, low-dielectric-constant films will be used for intermetal dielectric,
whereas high-dielectric-constant films will be used for MOS capacitors. Hence,
dielectric constant is one important property of the deposited films. Deposited oxide
films commonly have an amorphous structure. By varying deposition temperatures
or conditions, it is possible to achieve oxide films with different composition and
density. In general, the thermal CVD schemes produce films with a thermodynamic-
equilibrium composition. A subsequent densification heating of the CVD oxides at
600 to 900°C is necessary, because higher density of the deposited films is desirable.
On the other hand, higher deposition temperatures improve the step coverage. Silicon
dioxides deposited from TEOS and dichlorosilane will attain better conformal char-
acteristics. To avoid deterioration during subsequent processing, the deposited films
used in integrated circuits generally need high thermal stability. Low deposition
temperature and impurities will be harmful to thermal stability. Other parameters,
such as refractive index, film thickness, film stress, dielectric strength, and leakage
current, all significantly determine the film properties and even the applications of
these deposited oxide films. Refractive index and film thickness are often measured
by the ellipsometer and the surface profiler. Silicon dioxide has a refractive index
of about 1.46, depending on the process. Dielectric strength and leakage current
are tested with the semiconductor parameter analyzer. A silicon-rich oxide film will
have higher leakage current and is often used as the tunneling gate oxide in flash
memory and EEPROM (electrically erasable programmable read-only memory)
devices. Stoichiometric SiO, is used as the gate oxide because of its lower leakage
current. For use in ULSI devices the reliability of the silicon dioxide is also very im-
portant. Hence, the time to failure and charge to breakdown under constant-voltage
or constant-current stress are analyzed to determine the oxide quality. The stress
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in silicon dioxide can change the film quality. Tensile stress in silicon dioxide may
induce cracks in the films. Stress in silicon dioxide depends on the deposition rate,
deposition temperature, post-annealing cycle, dopant concentration, film porosity,
and water content. It can be measured with a Michelson interferometer or optical
reflectance meter. Hence, the processing of silicon dioxide should be carefully con-

trolled.

54
LPCVD SILICON NITRIDES

Silicon nitride (SizNy) is commonly used in passivation layers on integrated devices
because of its ability to protect against the diffusion of impurities and water, which
would make the devices unstable. The local oxidation of silicon (LOCOS) process
also uses the silicon nitride as the mask. The patterned silicon nitride will prevent
the underlying silicon from oxidation and leave the exposed silicon to be oxidized.
Silicon nitride is also used as the dielectric for DRAM MOS capacitors when it
combines with silicon dioxide. Silicon nitride can be chemical-vapor-deposited by
reacting silane and ammonia at atmospheric pressure and temperatures ranging from
700 to 800°C:

3SiH4(g) + 4NH3(g) — Si3N4(s) + 12Hy(g) (APCVD) (5.6)

or by reacting dichlorosilane and ammonia at reduced pressure and temperature be-
tween 700 and 800°C:

3SiCLH,(g) + 4NHs(g) — SisNa(s) + 6Ha(g)  (LPCVD)  (5.7)

Better uniformity and higher wafer throughput can be achieved by the low-pressure
process.

5.4.1 Deposition Variables

Total pressure, reactant concentrations, deposition temperature, and temperature gra-
dients in the furnace will affect the properties of silicon nitride. For example, in-
creasing the total pressure and the partial pressure of dichlorosilane will increase
the deposition rate, but increasing the ammonia will reduce the deposition rate. The
deposition rates will increase with deposition temperature.

5.4.2 Properties of Silicon Nitride Films

As deposited, silicon nitride is in an amorphous phase and often contains a large
amount of hydrogen, depending on the deposition temperature and the ratio of am-
monia to dichlorosilane.?%?° High ammonia ratio and low deposition temperature
will increase the hydrogen content. These hydrogen atoms can passivate the dangling
bonds of silicon and can sometimes be used for passivation of polysilicon devices.
The refractive index of the deposited silicon nitride is about 2.01, but it changes with
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FIGURE 17

AFM surface profiles of SisNy films deposited at various deposition temperatures.
(After Tanaka et al., Ref. 28.)

nitride composition. Silicon nitride films that contain oxygen are silicon oxynitride
and have lower refractive indices. The composition of silicon oxynitride can vary
from silicon dioxide, with a refractive index of 1.46, to silicon nitride, with an index
of 2.01. On the other hand, silicon nitride has a refractive index that increases with
increasing amounts of excess silicon. Because of high tensile stress, silicon nitride
thicker than 200 nm may crack. The resistivity of silicon nitride at room temperature
depends on film stoichiometry, deposition temperature, and the amount of impurities
in the film.

In recent ULSI devices, thin CVD nitrides are extensively used in the dielectrics
of the storage capacitors for dynamic random-access memories (DRAMs) and as in-
terpoly dielectrics for nonvolatile memory devices. Because of their high dielectric
constant and bulk-limited current, thin nitrides, oxidized in a pyrogenic ambient,
have been used for high-density DRAMs. In hopes of shrinking the dimension of
the dielectric, thin nitrides grown at different temperatures (680 to 780°C) were an-
alyzed by atomic force microscopy (AFM) as shown in Fig. 17. Obviously, higher
deposition temperatures result in rougher nitride surfaces. Hence, the ability of re-
sisting oxidation increases with decreasing deposition temperature.??

5.5
LPCVD POLYSILICON FILMS

The low-pressure chemical-vapor deposition (LPCVD) method is also widely used
in integrated-circuit manufacturing for the deposition of polycrystalline silicon films.
Polysilicon films are still used as the gate electrodes in modern ULSI MOS devices.
Furthermore, a metal or metal silicide, such as tungsten or tantalum silicide, is often
deposited over the polysilicon gate to form a polycide or salicide structure and reduce
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the electrical resistivity.?>30 Polysilicon can also be used for resistors, conductors,
and diffusion sources. Other applications of poly-Si films, such as thin-film tran-
sistors in ULSI SRAM, stacked MOS capacitors in ULSI DRAM,>!:3? photovoltaic
conversion, thermal and mechanical sensors, and large-area LCDs,?*** have been
demonstrated. The polysilicon is deposited by dissociating silane at a temperature
between 575 and 650°C. Either pure silane or 20 to 30% silane, diluted in nitrogen,
can be fed into the LPCVD system at a pressure of 0.2 to 1.0 torr to fabricate the
polysilicon films. The chemical reaction is expressed as

SiHa(g) — Si(s) + 2Ha(g) (5.8)

For practical use a deposition rate of about 10 to 20 nm/min is required.

5.5.1 Deposition Variables

The properties of LPCVD polysilicon films are determined by deposition pressure,
silane concentration, deposition temperature, and dopant content. In a low-pressure
CVD reactor, deposition pressure can be changed by varying the pumping speed
at a constant inlet gas flow or by varying the gas flow but keeping the pumping
speed constant. To obtain better deposition reproducibility, the former 1s used. Fig-
ure 18 shows the results of the polysilicon depositions for different silane partial
pressures.>> At first, silane is adsorbed on the surface. The adsorbed silane then
decomposes to form SiH; and adsorbed hydrogen. The SiH, further decomposes
to form polysilicon and more adsorbed hydrogen. Finally, the adsorbed hydrogen
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FIGURE 18

Deposition rate as a function of silane partial pressure for the polysilicon
films deposited at different deposition temperatures. (After Claassen et
al., Ref. 35.)
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leaves, and additional silane is adsorbed to continue this reaction. The reaction se-
quence is written as

SiH4(g) <> SiHy(ad) (5.9)
SiHy(ad) «— SiH,(ad) + Hy(ad) (5.10)
SiHy(ad) «— Si + Hy(ad) (5.11)

2Hz(ad) «<— 2H(g) (5.12)

If the last step, desorption of the hydrogen, is slow as compared to the other steps,
the overall reaction rate is given by

Rate = K{PY2(1 + K,Pg'?) (5.13)

where Py is the partial pressure of silane and K; and K, are derived from the equi-
librium constants for the individual reaction steps of Egs. (5.10) and (5.11). Hence,
the deposition rate is correlated to the square root of the silane partial pressure.

At high temperatures, the surface reaction rate becomes higher than the arrival
rate of the unreacted silane to the surface. When this occurs, the deposition rate no
longer increases with deposition temperature, and the reaction is mass-transport-
limited. Deposition occurring in the mass-transport-limited regime depends on the
reactant concentration, reactor geometry, and gas flow. When the surface reaction
rate is smaller than the arrival rate of the reactant, as with low deposition tem-
perature, the deposition is surface-reaction-limited and the critical variables are
reactant concentration and deposition temperature. Depositions that are surface-
reaction-limited have excellent thickness uniformity and step coverage. The depo-
sition rate increases with deposition temperature. The temperature dependence is
usually exponential and follows the Arrhenius equation

R = Aexp(—Eq/kT) (5.14)

where R is the deposition rate, A is the frequency factor, E, is the activation energy in
eV, T is the absolute temperature in K, and k is the Boltzmann constant. The activa-
tion energies for polysilicon deposition are found to be about 1.7 eV. The Arrhenius
equation is useful for finding the deposition rate at different deposition temperatures.
For example, the deposition rates of 10 nm/min and 2.5 nm/min can be obtained di-
rectly from Eq. (5.14) for the deposition temperatures of 600°C and 550°C, respec-
tively, if the deposition rate is 18.75 nm/min at 625°C and the activation energy is
1.7 eV. For ULSI technology, polysilicon films are generally deposited at the tem-
peratures ranging from 500 to 650°C. Higher temperatures result in a rough, loosely
adhering deposit and poor uniformity. For temperatures much lower than 550°C, the
deposition rate is too low. However, an amorphous structure will be achieved for
deposition temperatures below 575°C. A subsequent annealing can be used to trans-
form the amorphous silicon films into polycrystalline silicon with even larger grain
sizes. These large-grain polysilicon films have been used for many applications.
Polysilicon can be doped in situ by adding phosphine, arsine, or diborane to
the reaction gases. Here an inert gas is often accompanied to improve the film
uniformity. The addition of diborane will significantly enhance the deposition rates
of polysilicon films. However, the addition of phosphine or arsine seriously decreases
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the deposition rates, because the phosphine or arsine is strongly adsorbed on the
silicon substrate surface, inhibiting the dissociative chemisorption of SiH4. However,
diborane forms borane radicals, BH3, that catalyze gas-phase reactions and increase
the deposition rate.

5.5.2 Structures

The structure of deposited polysilicon will be determined by the deposition temper-
ature, deposition pressure, postdeposition annealing, dopant, and impurity contents.
For deposition temperatures below 600°C the deposited silicon films will exhibit a
microcrystalline or amorphous structure. For the microcrystalline phase, only grains
with a size of tens to hundreds of angstroms (A) will be detected using transmission
electron microscopy (TEM). For the amorphous silicon, only the diffraction pattern
of diffuse rings will be found in the TEM. Silicon films deposited above 600°C will
possess the polycrystalline structure. The typical polysilicon deposited at 625°C gen-
erally has a grain size of about 0.1 wm with columnar grain structure. Note that the
transition temperature, here 600°C, from the amorphous or microcrystalline to poly-
crystalline silicon films is not a constant but depends on the deposition pressure,
deposition rate, and impurity or dopant incorporation. For example, the transition
temperature will be lowered from 625°C to 575°C as the total pressure decreases
from 50 Pa to 15 Pa. In general, the transition temperatures range between 550°C
and 625°C. Polysilicon deposited at 600 to 650°C will have a {110} preferred ori-
entation. For higher deposition temperatures, {100} orientation will increase. The
texture will be affected by the deposition temperature, dopant, substrate material,
and impurities.

After the silicon films are deposited, a subsequent annealing is required. The
subsequent heating cycle can be used to crystallize the amorphous film and to
increase the polysilicon grain size. The annealing processes can also be used for
oxidation or dopant activation of the deposited silicon films. The polysilicon film
as deposited has columnar grains, with grain size between 0.03 and 0.1 pm ex-
hibiting a larger size on the top surface and a smaller size on the bottom interface.
The deposited polysilicon grains do not significantly grow after a subsequent high-
temperature annealing, as shown in Fig. 19a. On the other hand, the deposited
amorphous silicon films or microcrystalline films will grow into the polycrystalline
structure with a grain size even larger than those grown from a polycrystalline
phase.3® With a longer annealing time, the amorphous silicon can achieve a grain
size larger than 0.2 wm, as shown in Fig. 19b. The technique has been popularly
used in the thin-film transistors (TFTs) of SRAMs or LCDs addressed by TFTs to
improve the electrical characteristics of the poly-Si TFTs. Other annealing schemes
such as laser heating®”3® can increase the polygrains from the amorphous type to a
grain size as large as 10 pm, as shown in Fig. 19c¢. The electrical properties of TFTs
fabricated with these polysilicon films are shown in Fig. 20. Higher Ion/I ¢ current
ratio and field effect mobility have been achieved for the TFTs with larger grain
sizes obtained by laser annealing (LA) as compared with those by furnace annealing
(FA).3738 Recrystallization temperatures of the amorphous silicon films will also
be affected by the dopants, impurities, and the heating methods. Oxygen, nitrogen,
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FIGURE 19

(a) Brightfield (BF) TEM
showing the as-deposited poly-
Si films furnace-annealed

at 600°C for 48 h. (b) BF
showing the amorphous-Si films
furnace-annealed at 600°C

for 48 h. (c) BF showing the
amorphous-Si specimens CO,-
laser-annealed at 22.5 W. (After
Tsai and Cheng, Ref. 36.)
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FIGURE 20
Transfer characteristics of TFT with the various recrystallized films shown in
Fig. 19. W/L = 25 pm/10 pm and V; = 5 V. (After Tsai and Cheng, Ref. 36.)

and carbon will stabilize the amorphous films and raise the crystallization tempera-
tures. Furthermore, the dopants, impurities, and heating methods will influence the
preferred orientations. Table 3 lists the preferred orientations of the amorphous and
polysilicon films after furnace annealing and laser annealing.

5.5.3 Doping Polysilicon

In general, implantation, diffusion, and in-situ doping are used to dope polysilicon
films in ULSI technology.3*#!

For dopant-implanted polysilicon films the resistivities are influenced by im-
plant energy, implant species, implant dose, annealing temperature, and annealing
time. Polysilicon films implanted with a low dose will lead to n-type grains alternat-
ing with intrinsic ones, because of the dopant traps in the grain boundaries. Polysil-
icon resistors can therefore be fabricated by this technique. Once these traps are
saturated with dopants, the resistivity rapidly decreases. Diffusion of dopants re-
sults in low resistivities of polysilicon films. Because the dopants become segregated
in the grain boundaries, the dopant concentrations in polysilicon films often exceed
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TABLE 3
Orientation of amorphous and polysilicon films

X-ray texture (%)

Samples i) ((110) (113) (100) (133)
As-deposited poly-Si 1.9 926 55 0 0
As-deposited amorphous-Si — — — — —
Furnace-annealed poly-Si 34 855 6.8 2.6 1.7
Furnace-annealed amorphous-Si 302 258 2713 9.1 7.6
Laser-annealed poly-Si 21 732 8.1 154 1.2
(in solid-phase regime)

Laser-annealed amorphous-Si 11.5 142 263 38.2 9.8
(in solid-phase regime)

Laser-annealed poly-Si 14.7 13.6 82 588 4.7
(in liquid-phase regime)

Laser-annealed amorphous-Si 4 24 4 79.4 10.2

(in liquid-phase regime)

the solid solubility limit. Polysilicon films doped in situ with phosphine, arsine, or
diborane have resistivities that depend on the deposition temperature, dopant con-
centration, and annealing temperature. Increasing the deposition temperature will
facilitate the decrease in the resistivities of polysilicon films; however, the resistivity
still remains high. For in-situ boron doping, polysilicon can obtain a lower resistivity
at a much lower deposition temperature than can be obtained for in-situ phosphorus
doping.

For applications in the active region of TFTs, polysilicon films need to be grown
to have larger grain size. Hence, an amorphous initial phase should be deposited and
subsequently annealed for a long time or with a laser source. The device charac-
teristics of the TFTs with polysilicon active layers can be improved by passivating
the dangling bonds at the grain boundaries with dopants or hydrogen impurities, as
mentioned in Section 5.5.4. For polysilicon films to be used as resistors, phosphorus
implantation with appropriate low dose or double implantations of boron and phos-
phorus ions with an almost equal dose are utilized to increase the barriers at the grain
boundaries. For polysilicon films to be used as conductors, such as gate electrodes or
interconnections, high-dose doping will be necessary. In the future, low-temperature
processes such as implantation and in-situ doping look promising. Implantation will
offer precise control, and in-situ doping will have the benefit of a low-temperature
process.

5.5.4 Properties of Polysilicon

Because polysilicon films have various electrical characteristics that depend on the
doping processes, deposition conditions, post-annealing conditions, and passivation
effects, they have been widely used in ULSI devices and other thin-film microelec-
tronics. As mentioned above, the resistivity of polysilicon used in conductors is a
main consideration. For such applications the doping concentration must be raised as

Micron Ex. 1029, p. 259
Micron v. YMTC
IPR2024-00911



cHAPTER 5: Dielectric and Polysilicon Film Deposition 233

102
Effects of total flow rate:
oooo Untreated
e H, =20 sccm, N, = 20 sccm
-—=~- H,=40sccm, N, =40 sccm
—— H,=280sccm, Ny =80 sccm
104

106

Drain current (A)

1078

N
10710 R AL Ya=5V
e °° WIL = 40/20
10-12 1 . ! ! I : 1 . 1
-5 0 5 10 15 20
Gate voltage (V)
FIGURE 21

Characteristics of a TFT passivated with Ny—H, plasma for different flow
rates. (After Tsai and Cheng, Ref. 36.)

high as possible. If polysilicon films are used as resistors, the doping concentration
and the grain structure and silicon phase must be carefully controlled to increase the
sheet resistance significantly. As for the use of polysilicon as a semiconductor, the
deposition film phase, grain size, and passivation effects by hydrogen or nitrogen,
etc., become very important. The previous section has described the electrical char-
acteristics of TFTs fabricated with various polysilicon films. The electrical properties
of TFTs are mainly determined by the grain sizes of these polysilicon films.

The passivation effects of polysilicon films on the electrical characteristics of
TFTs are shown in Fig. 21. The on currents exhibit an increase for all samples
passivated with hydrogen, nitrogen-diluted hydrogen, and nitrogen. Hydrogen has
been reported to be capable of passivating the dangling bonds of polysilicon and im-
proving the electrical properties of polysilicon.*? The role of nitrogen in passivation
is attributed to three effects. First, the added nitrogen would cause the formation of
hydrogen radicals, which contain more hydrogen atoms to passivate the dangling
bonds. Secondly, the added nitrogen suppresses the accumulation of hydrogen on the
field oxide, which could induce surface leakage current. Thirdly, the nitrogen plasma
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FIGURE 22

Characteristics of a TFT passivated with O, plasma for different flow rates.
(After Tsai and Cheng, Ref. 36.)

could effectively passivate the poly-Si TFT by means of the three valence electrons
of nitrogen. Hence, the TFT using nitrogen passivation also exhibits the lowest leak-
age current. Oxygen passivation effects on the polysilicon have also been found, as
shown in Fig. 22. The passivation effects of various grain structures on polysilicon
films are listed in Table 4. After hydrogen passivation, the laser-annealed samples
still possessed better performance than the furnace-annealed specimens, because of
the lower density of grain-boundary traps.

Polysilicon films are also utilized as dopant sources. As ULSI devices are scaled
down, junction depths also shrink. With conventional implantation and activation, as
well as the silicidation process, the control of shallow junction depth is difficult. A
novel scheme, implantation through polysilicon (ITP), has been proposed to improve
this phenomenon by using polysilicon as the diffusion source. By implanting dopant
into thin poly-Si films, good junctions can be formed without these problems.*344
Figure 23 shows the leakage current J, as a function of annealing temperature for the
1500A-thick polysilicon films on silicon substrate with BF; implanted at various
energies to a dose of 5 X 101> cm ™2, Poly-Si serves as the implantation buffer layer
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106
—e—25keV
& —m#—50 keV
g€ 107
=2 —A—75keV
B
5
zl0s
2 3 FIGURE 23
5 Dependence of leakage
gﬁ current density on annealing
S 109 E temperature for diodes
: F fabricated with polysilicon
[ films on silicon substrate
- . samples BF} -implanted at
10-10 e various energies to a dose of
650 700 750 800 850 900 950 5% 10'5 cm~2. (After Juang et
Anneal temperature (°C) al., Ref. 43.)

as well as the doping source here. Excellent shallow p*n junctions, which show a
leakage of 1 nA/cm? and a junction depth of about 0.05 wm, have been formed by
implanting BFJ ions into thin poly-Si films and subsequent annealing.*?

5.5.5 Oxygen-Doped Polysilicon

Oxygen-doped polysilicon, which has very high resistivity, is known as semi-
insulating polysilicon (SIPOS).*> SIPOS is deposited at temperatures ranging from
600 to 700°C. Silane mixed with a small quantity of nitrous oxide is fed into the
reactor; the reactions are expressed as

SiH4(g) — Si(s) + 2Ha(g) - (5.15)
SiHa(g) + xN20(g) — SiOx(s) + 2H,(g) + xNa(g) (5.16)

SIPOS will have multiple phases consisting of crystalline silicon, amorphous
silicon, silicon dioxide, and silicon monoxide. The resulting properties of SIPOS
will be influenced by the amount of nitrous oxide, the deposition temperature, and
the post-annealing condition. For practical use, SIPOS films generally have oxygen
concentration of about 30 at%.

5.5.6 Oxidation of Polysilicon

Recently, polycrystalline silicon has become an important material in silicon tech-
nology. In most integrated circuits, polyoxides grown on polysilicon films have
been widely applied in SRAMs, EPROMs,*6 EEPROMS, flash memories, and thin-
film transistors. Polyoxides are often used to isolate the devices and are generally
fabricated by annealing the polysilicon films in dry or wet oxygen ambient at 800
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to 1000°C. The polyoxide thickness depends on the ambient, annealing temperature,
and annealing time. Furthermore, polysilicon oxidation must be achieved in a short
duration if the polyoxides are to be used as gate dielectrics.

For polysilicon films by LPCVD at around 625°C, the oxidation mechanism
is predominantly surface-reaction-limited. The oxidation rates depend on the ori-
entations of silicon grains, which cause the roughness of the interface between
the polyoxide and the polysilicon layer. At higher oxidation temperatures the ox-
idation mechanism is predominantly diffusion-controlled, resulting in a smoother
polyoxide/polysilicon interface.*”*® The high electrical conductivity found for the
polyoxides is ascribed to the enhanced local electric field. On the other hand,
the polyoxides of amorphous silicon films deposited at 560°C and subsequently
annealed at 600°C to form the polycrystalline structures are reported to have break-
down fields higher than those of the polysilicon films as deposited at 620°C. Both
polysilicon films deposited at 625°C and amorphous films deposited at 550°C with
subsequent annealing at 600°C for 24 hours to form polysilicon films are used to grow
polyoxides at 850°C in wet or dry oxygen. For the recrystallized amorphous silicon
specimens, the polyoxide/polysilicon interface is very flat, as shown in Fig. 24. On
the other hand, the polyoxide/polysilicon interface is rough for the recrystallized as-
deposited polysilicon samples, as shown in Fig. 25. Cross-sectional HRTEM (high-
resolution transmission electron microscope) observation shows that intergranular
oxidation occurs for the polysilicon specimens after wet oxidation at 850°C for 60

FIGURE 24 /

Cross-sectional high resolution TEM (HRTEM) for wet
polyoxide grown on the amorphous specimen at §50°C
for 150 s in wet oxygen ambient, showing the smooth
polyoxide/polysilicon interface on the low-angle grain

boundary. (After Wang et al., Ref. 48.)
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FIGURE 26

Cross-sectional HRTEM image showing the intergranular oxidation
phenomenon, marked by arrows, for the polysilicon recrystallized

as-deposited specimens wet-oxidized at 850°C for 60 min. (After

Wang et al., Ref. 48.)

min, as shown in Fig. 26. The oxidation phenomenon of recrystallized amorphous
samples is illustrated in the schematic diagram in Fig. 27a. Due to the poor crys-
tallinity and low-angle grain boundaries of the recrystallized amorphous films, de-
fect density is not much higher at grain boundaries than in the other parts of polysili-
con films. Hence, the oxidation rates are similar for regions of highly damaged large
grains, grain boundaries, and small or microcrystalline grains. On the other hand, the
recrystallized as-deposited polycrystalline specimens possess good crystallinity and
high-angle boundaries. The oxidation rates at the highly damaged region and grain
boundaries are very different from those at the grains with good crystallinity. This re-
sults in the polyoxide/polysilicon interface roughness. The oxidation phenomenon of
the as-deposited polysilicon specimens is illustrated in Fig. 27b. Figure 28 shows the
Weibull plots of the time-zero-dielectric-breakdown (TZDB) characteristics for the
polyoxides grown on the annealed as-deposited polysilicon films and the annealed
amorphous silicon films. A wide range of breakdown events, which distribute from
1 to 7 V for the as-deposited polysilicon specimens and a narrow distribution for the
recrystallized amorphous samples, is observed. Much better electrical characteris-
tics ha\8/'e been achieved by using polyoxides on the recrystallized amorphous silicon
films.*
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FIGURE 27

(a) Schematic diagram illustrating the oxidation phenomenon of
the recrystallized amorphous samples. (b) Schematic diagram
depicting the oxidation phenomenon of the as-deposited
polysilicon samples.

5.6
PLASMA-ASSISTED DEPOSITIONS

A CVD method is categorized not only by the pressure regime but also by its en-
ergy input. As mentioned in Section 5.2.2, PECVD uses aradio frequency (rf) power
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to generate glow discharge to transfer the energy into the reactant gases, allowing
the deposition on the substrate at a lower temperature than in the APCVD or the
LPCVD process.”*?-33 Hence, low deposition temperatures are a major advantage
of PECVD. Desirable properties such as good adhesion, low pinhole density, good
step coverage, adequate electrical properties, and compatibility with fine-line pattern
transfer processes have made these PECVD films useful in ULSI circuits. Owing
to good protection properties of scratch resistance, sodium diffusion, and moisture
protection, plasma-deposited silicon nitride is commonly used as the final passiva-
tion layers of devices. Plasma-deposited nitride and oxide can be used as insulators
between the metal layers, especially since the underlying metals have low melting
points.*® PECVD also provides deposition of amorphous silicon films, although these
films have not yet been used in the ULSI circuits. The PECVD amorphous silicon
has been widely applied in TFT LCDs.

5.6.1 Deposition Methods

The plasma is generated by the application of an 1f field to a low-pressure gas,
thereby creating free electrons within the discharge region. The electrons gain energy
from the electric field. When they collide with gas molecules, the reactant gases (e.g.,
silane and nitrogen- or oxygen-containing species) dissociate and ionize. The ener-
getic species are then adsorbed on the film surface. These radicals tend to have high
sticking coefficients and also appear to migrate easily along the surface after adsorp-
tion. These two factors can lead to excellent film conformality. Upon being adsorbed
on the substrate, the radicals are subjected to ion and electron bombardment and rear-
rangements and react with other adsorbed species to form new bonds and the result-
ing film. Atom rearrangement includes diffusion of the adsorbed atoms onto stable
sites and concurrent desorption of reaction product. The desorption rates depend on
the substrate temperatures; higher temperatures produce films with fewer entrapped
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‘~by—pr0ducts. Note that homogeneous gas-phase nucleation should be avoided to re-
duce particulate contamination.
Three types of PECVD reactors are available:

1. The parallel plate type
2. The horizontal tube type
3. The single wafer type

As compared with rf sputtering systems, the key difference in designing the reac-
tor and electrode configuration in PECVD systems is that the potentials of both the
powered and the grounded electrodes, relative to the plasma, must be approximately
equal in PECVD systems. The walls of parallel plate reactors are made of either
quartz-, ceramic-, or aluminum oxide—coated steel in order to place them at a floating
potential with respect to the plasma. This can minimize bombardment and sputtering
of the wall and reduce contamination on the growing films.

Parallel-plate PECVD reactors

The radial parallel plate reactor was developed by Reinberg in the early 1970s,
and the first commercial model was offered in 1976. A schematic diagram of this
reactor type is shown in Fig. 29a. The reaction chamber is a short, vertically oriented
cylinder, typically constructed of aluminum-coated stainless steel. The rf power (at
frequencies of 380 kHz to 13.56 MHz), which establishes the plasma, is applied to
the upper electrode, and the wafers reside on the bottom, grounded electrode, which
can be rotated, for improved uniformity, at substrate temperatures up to 400°C. The
electrode spacing is typically 5 to 10 cm, and such systems operate in the pressure
range of 0.1 to 5 torr. The parallel plate system, however, suffers from low throughput
for large-diameter wafers. In addition, particulates flaking off from the walls or the
upper electrode can fall onto the horizontally positioned wafers.

Horizontal-tube PECVD reacfors

A new PECVD reactor design, the horizontal tube reactor, is shown in Fig. 29a.
This design allows the throughput of PECVD reactors to be greatly increased. The
reactor resembles a “hot-wall” LPCVD system. It consists of a long horizontal quartz
tube that is radiantly heated. Gas is fed into one end and flows linearly to the other.
Special long rectangular graphite plates serve both as the electrodes needed to es-
tablish a plasma and as the holders of the wafers. The electrode configuration is also
designed to provide a uniform plasma environment for each wafer to ensure film
uniformity. These vertically oriented graphite electrodes are stacked parallel to one
another, side by side, with alternating plates serving as power and ground for the rf
voltage. A plasma is formed in the space between each pair of plates.

The use of several long slabs allows an increased number of wafers (up to 120
pieces of 100 mm in diameter) to be loaded into the reactor at one time. Since the
wafers are held vertically, most particles do not fall on the wafer surfaces. The entire
graphite assembly is withdrawn from the reactor and then reinserted for processing.
Care must be taken, however, to prevent particulate contamination when the wafers
are loaded and unloaded. '
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FIGURE 29

Schematic diagrams of plasma deposition reactors: (a) parallel plate type,
and (b) single-wafer type.

Single-wafer PECVD reactors

The most recently introduced PECVD reactor is the single-wafer design shown
in Fig.29b. The reactor, which is load-locked, offers cassette-to-cassette operation
and provides rapid radiant heating of each wafer as well as allowing in-situ monitor-
ing of the film deposition. Wafers larger than 200 mm in diameter can be adopted.
Such reactors are being designed to allow the fabrication of large wafers with low
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particulate contamination. Multichamber PECVD, with or without a reactive ion
etching (RIE) system, has also been developed and used to deposit the oxide, nitride,
and silicon film free of air-exposure contamination.>’

5.6.2 Deposition Variables

Plasma-assisted CVD requires the control and optimization of rf power density, fre-
quency, and duty cycle in addition to the conditions similar to those of an LPCVD
process, which possesses the parameters of gas composition, flow rate, deposition
temperature, and total pressure. Like the LPCVD process at low temperatures, the
PECVD process is surface-reaction-limited, and adequate substrate temperature
control is thus necessary to ensure film thickness uniformity.

By reacting silane and oxygen or nitrous oxide in plasma, silicon dioxide films
can be deposited. The reactions are expressed as

SiHy(g) + O2(g) — SiOa(s) + 2Ha(g) (5.17)
SiH4(g) + 4N,0(g) — SiO,(s) + 4Ny (g) + 2H,0(g) (5.18)

Furthermore, silicon nitride films are deposited by reacting silane and ammonia or
nitrogen in plasma, with the reactions

SiHs(g) + NHs(g) — SiN : H(s) + 3H,(g) (5.19)
SiH4(g) + Na(g) — 2SiN : H(s) + 3H,(g) (5.20)

Amorphous silicon is prepared mainly by the glow discharge decomposition of
silane, with the reaction expressed as

SiH4(g) — Si(s) + 2H,(g) (5.21)

Processing parameters such as deposition rate will be affected by such deposi-
tion variables as total pressure, reactant partial pressure, discharge frequency and
power, electrode materials, gas species, reactor geometry, pumping speed, electrode
spacing, and deposition temperature. The higher the deposition temperature and the
rf power, the higher the deposition rate is. Furthermore, the properties of all these
PECVD films will be influenced by these deposition conditions. These properties
will be discussed in the following section.

5.6.3 Properties of Plasma-Deposited Films

The fact that the radicals formed in the plasma discharge are highly reactive causes
some stoichiometric problems, because the reactions are so varied and complicated.
Moreover, the by-products and incidental species are incorporated into the reactant
films, especially hydrogen, nitrogen, and oxygen. Excessive incorporation of these
contaminants may lead to threshold voltage shifts in MOS circuits that use these
PECVD films.

The refractive indices of plasma-deposited silicon nitride are distributed in a
large range (1.8 to 2.6). The resistivity and breakdown field of the PECVD silicon
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FIGURE 30
Refractive index and deposition rate as functions of if power
for plasma nitride films.

nitride also vary with different deposition conditions (10° to 10?! ohm-cm and 3 to
9 MV/cm, respectively). Figure 30 shows the refractive index and deposition rate as
functions of rf power for plasma nitride films. For silicon-rich nitride films, which
lower rf power tends to form, refractive indices will be high and resistivities will
be low. Low rf powers also exhibit lower deposition rates. In addition, the dielectric
breakdown field, dielectric constant, and band gap of plasma nitrides also vary with
the compositions.

Plasma silicon nitrides often contain high hydrogen concentrations of between
10 and 35 at% hydrogen. The relative concentrations of Si—-H and N-H vary widely
and cause a large variation in film properties. Because high stress will cause crack-
ing of the nitride film, minimizing stress in PECVD silicon nitride is most important.
Crack-free films with low tensile stress can be deposited by precisely controlling the
process parameters. Stress depends on the Jocal bonding around individual atoms
and is affected by deposition variables such as rf frequency and deposition temper-
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TABLE 5
Properties of silicon nitride films
e

Deposition

Plasma LPCVD
Temperature(°C) 250-350 700-800
Composition SiN,H,  SizNi(H)
Stress (10° dyne/cm) 2C-5T 10T
Dielectric constant 6-9 6-7
Dielectric strength (106 V/cm) 5 10
Resistivity ({2-cm) 105-10" 106
Refractive index 1.8-2.5 201
Density (g/cm?) 2428 29-3.1
Energy gap (eV) 4-5 5
Si/N ratio 0.8-1.2 0.75
Atom % H 20-25 4-8

ature. Low 1f frequency facilitates the plasma nitride films with compressive stress.
The general properties of plasma-deposited silicon nitride are listed in Table 5. Since
the film composition is a variable, the properties of plasma nitride vary over large
ranges.

In contrast, the properties of plasma oxide are nearly constant, because the ox-
ide composition is nearly stoichiometric. The refractive index and deposition rate of
plasma silicon oxide as functions of deposition temperature are shown in Fig. 31.
High deposition temperatures attain higher deposition rates. However, the refrac-
~ tive indices of these plasma oxide films are almost a constant, of about 1.45. Table
6 lists the properties of PECVD silicon oxide films. Note that the plasma oxides
become conformal if the reaction of SiHy with O, or N>O is replaced by that of
TEOS with O, or N,O. This feature makes PECVD TEOS very useful in ULSI
technology. Combining the isotropic flow characteristics of the APCVD or slightly-
reduced-pressure CVD O3;-TEOS films with the PECVD TEOS provides the
planarization scheme for ULSI technology, especially for refilling the aluminum
interconnects, which require low-temperature processing. Here, PECVD TEOS
films can provide moisture protection for the APCVD O3—TEOS in addition to the
conformality feature. The processing conditions of the PECVD TEOS are a TEOS
flow rate of 7 sccm, an O3 to TEOS ratio of 13 : 1, a total pressure of 0.6 torr, an rf
power of 0.5 W/cm, and substrate temperature of 350°C. The resulting deposition
rate of PECVD TEOS is 250 A/min.58

Some new dielectric films prepared by PECVD have been applied in ULSI
memory devices (e.g., MOS capacitors of DRAMs), including Ta;0s,%° TiO,,
LiNbO;3, and PLZT (lead lanthanum zirconate titanate, (Pb, La)(Zr, Ti)O3).5” Note
that the use of Ta;Os films has been announced by some microelectronics compa-
nies to increase the storage capacitance in 256-Mbit DRAM - devices by a factor
of about 4.5 Conventional MOS capacitors are fabricated with the stacked ox-
ide/nitride/oxide (ONO) structure prepared by LPCVD. In the ONO structure the
tensile stress in nitride film is offset by the compressive stress of the oxide. However,
all of the oxynitrides, or stacked oxide/nitride/oxide films, will not provide enough
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FIGURE 31

Refractive index and deposition rate of plasma silicon oxide as
functions of deposition temperature.

capacitances for future ULSI memory devices. Hence, Ta,Os films are fabricated in
CVD from solid sources such as TaCls, or related halogens and liquid materials, such
as Ta(OCHj3)s, Ta(OC,Hs)s, and related alkoxides. In addition to PECVD, Ta;Os
can be prepared by LPCVD, metal-organic CVD (MOCVD), and photon-induced
CVD. Photon-induced CVD and MOCVD will be described in Section 5.7.

5.7
OTHER DEPOSITION METHODS
5.7.1 Photon-Induced Chemical Vapor Deposition

Photon-induced chemical vapor deposition (PHCVD, photo CVD) is a technique that
may fulfill the need for an extremely-low-temperature deposition process without the
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CHAPTER 5: Dielectric and Polysilicon Film Deposition 249

problems of PECVD.®! PHCVD uses high-energy, high-intensity photons to heat
the substrate surface or to dissociate and excite reactant species in the gas phase. In
the case of substrate surface heating the reactant gases are transparent to the photons,
and the energy for gas-phase reactions is completely eliminated. On the other hand,
in the case of reactant gas excitation the energy of photons can be chosen for energy-
efficient transfer either to the reactant molecules themselves or to a catalytic inter-
mediary such as mercury vapor. This technique enables deposition at extremely low
substrate temperatures (e.g., room temperature). Unlike PECVD, PHCVD possesses
the advantage of deposited films with a low defect density. Photo CVD has been used
to deposit SiN, film with the underlying substrate free of ion-bombardment damage
that can be induced by PECVD. In addition, PHCVD films also show good step cov-
erage. However, they may suffer from low density and molecular contamination as
a result of the low deposition temperature.

There are three classes of PHCVD reactors, depending on the energy source:
(1) UV lamp, (2) laser,®? and (3) IR lamp. UV lamp reactors generally use mercury
vapor for the energy transfer between photons and the reactant gases. UV radiation
at the wavelength of 253.7 nm is efficiently absorbed by mercury atoms, which then
transfer energy to the reactant species. Deposition rate for UV PHCVD reactors are
typically much slower than those for other low-temperature techniques. The process
data and film quality of SizN4, amorphous silicon, and SiO;, are listed in Table 7.
The reactor chamber and the PHCVD system are schematically shown in Figs. 32a
and b. The chemical reactions of PHCVD of a silicon film are expressed as

He(g) + hv (253.7 nm) — Hg*(g) (5.22)
Hg"(g) + SiH4(g) — Hg(g) + SiH,(g) (5.23)
SiHZ(g) — Si(s) + 2Hy(g), (5.24)

where Hg" is the excitation state of Hg and Av (253.7 nm) indicates the UV light.
As for the deposition of the oxide film, its chemical reactions are written as

TABLE 7
Properties of films deposited by PHCVD

Film type
Si3N4 a-Si SIOZ
Thickness uniformity (%) *5 *5 *5
Deposition rate (nm/min) 7-10 6 12

Deposition temperature (°C) 50250  50-250  50-200
Deposition pressure (torr) 0.3-1.5 02-1.0 0.3-1.0

Dielectric constant 5.5 — 4.0
Refractive index 1.8-20 33-34 1.45-150
Density (g/cm?) 1825 2223 21
Hydrogen content (at %) 10-15 8-20 —

Etch rate (nm/min) 5-10 — 10-15
20:1H,0: HF
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FIGURE 32

Schematic configuration of (a) the photo CVD reactor chamber, (b) the photo CVD system.

Hg(g) + hv (253.7 nm) — Hg*(g) (5.25)
Hg"(g) + N2O(g) — Hg(g) + Na(g) + O(g) (5.26)
SiH4(g) + 20(g) — SiO,(s) + 2H,(g) (5.27)

Similarly, SizNjy films can be deposited by reacting SiHy with NH3. Figure 33 shows
the deposition rate of silicon dioxide deposited by PHCVD as a function of substrate
temperature. Higher substrate temperatures will facilitate higher deposition rates,
and the activation energy of films deposited by PHCVD is lower than that in the
thermal CVD process. .
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FIGURE 33
The deposition rates of silicon dioxide
by thermal CVD (dashed line) and
0 L i ' L photo CVD (solid line) as a function of
L5 20 25 substrate temperature. (After Peters et
1000/ 7' (K™) al., Ref. 61.)

Laser PHCVD reactors offer the advantages of frequency tunability and a high-
intensity light source. Tunability is useful to target the specific photon energies
for particular dissociation reactions, enabling more flexible control of the depo-
sitions. The energy from the high-intensity laser also increases the reaction rate.
Laser PHCVD opens the possibility of CVD writing, i.e., selective deposition by
spatial control of the laser. Nevertheless, the deposition rates of the current PHCVD
processes are still too low to allow them to be adopted for production applications.

On the other hand, an IR lamp has often been used in deposition of silicon diox-
ide, silicon film, and silicon nitride. Due to the rapid heating rate of the IR lamp,
the reactors with an IR lamp heating source are also called rapid thermal process-
ing (RTP) systems. If the reactions for formation of SiO,, SizNy, and polysilicon by
chemical vapor deposition (CVD) are performed using the IR lamp, this technology
is named as RTPCVD. The resulting film properties are all similar to those for the
LPCVD or APCVD processes. However, the short processing duration can reduce
autodoping of CVD epitaxial silicon or polysilicon films.

5.7.2 Electron Cyclotron Resonance Chemical Vapor Deposition

The microwave electron cyclotron resonance (ECR) CVD method is expected to
realize low-temperature, low-ion-damage, and high-deposition-rate processes.®3-63
Silicon nitride films formed by ECR CVD without intentional heating of substrates
can show good electrical insulating and protective properties as passivation films.
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FIGURE 34
Schematic diagram of the microwave ECR CVD system.

Figure 34 illustrates a schematic configuration of the microwave ECR plasma
CVD system. Microwave power is supplied to a plasma chamber through a rect-
angular waveguide. The magnetic field for the ECR plasma excitation is applied
perpendicularly to the substrate surface. The plasma stream is introduced into the
deposition chamber in the direction of the substrate by the magnetic field. The dis-
tance from the substrate to the plasma chamber is 250 mm. The gases are introduced
into the deposition chamber. For ECR CVD the deposition variables include the mi-
crowave power, total pressure, gas species, and flow rate. These conditions are very
similar to those for PECVD, except that the rf power is replaced by the microwave
power. However, the ECR source generally creates a large number of electrons to
generate a high density of plasma. Hence, the total pressure for the ECR CVD is
much less than that for PECVD. The required power is also much lower than that
for PECVD. Consequently, the induced plasma possess a lower ion energy, and
the resulting film will achieve a higher quality due to low defect density. Typical
deposition conditions are listed in Table 8. Figure 35 shows the effect of silane gas
flow and the total pressure on the deposition rate of silicon oxide. Higher total pres-
sures and flow rates result in higher deposition rates. The chemical reactions of SiO»,

TABLE 8
ECR deposition conditions

Back pressure (torr) 2% 1076

Gas flow rate (sccm) 4-30

Pressure (torr) 1x107%-2x1073
Microwave frequency (GHz) 2.45

Microwave power (W) 200

Magnetic field (gauss) 875

Substratte temperature Without intentional heating
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FIGURE 35

The effect of silane gas flow and the total system pressure on the
deposition rate of ECR CVD silicon oxide film. (After Popov and
Waldron, Ref. 65.)

Si3Ny, and amorphous silicon (@-Si) films in ECR CVD are all the same as those in
PECVD.

5.7.3 Ultrahigh-Vacuum Chemical Vapor Deposition

The ultrahigh-vacuum chemical vapor deposition (UHVCVD) apparatus is shown
schematically in Fig. 36.% Prior to its initial use, the entire UHV section of the ap-
paratus was subjected to a thorough bakeout as well as hydrogen plasma scouring
until an ultimate vacuum in the 107 torr range was achieved. The UHVCVD sys-
tem features a load-lock and growth chamber with a base pressure maintained at
about 1078 torr. Such an ultraclean environment ensures an undoped film of mini-
mum impurity incorporation. In-situ mass spectrometry shows hydrogen to be in the
greatest abundance, with water vapor and oxygen present at less than 1071 torr par-
tial pressure. For as-grown films, the oxygen and carbon concentrations were below
the detection limit of secondary ion mass spectroscopy, which are about 10!7 and
10'® cm =3 for O and C, respectively.%’ The low pressure also prevents the formation
of a porous Si structure,%® which will dramatically degrade the device performance.

Recently, many researchers have reported the growth of poly-Si and poly-
Sij—,Ge;, at reduced pressure (e.g., below 10 mtorr) in UHVCVD systems. It was
found that lower pressures led to larger grain size, lower transition temperature, or
both. Moreover, the use of poly-Si;_,Gey instead of poly-Si would lower the process
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temperature as well as the process thermal budget. At a reduced-pressure condition,
the gas flow is in a molecular mode, and the surface reaction plays a dominant role
during growth. Liehr et al.% have shown by the desorption rate of surface-bonded
hydrogen that the growth of poly-Si films was dominant. This is very similar to the
growth mechanism observed for low-temperature (below 600°C) Si epitaxy from a
hydride source (e.g., SiHy).”® Figure 37 shows the deposition rates of poly-Si films
at four different growth temperatures, namely 600, 575, 550, and 525°C, respec-
tively. The SiH4 flow rate was kept at 20 sccm. It seems that the deposition rates
are essentially the same for epitaxial and poly growth at temperatures below 600°C.
These results indicate an identical deposition mode between these two cases. Fig-
ure 38 shows that the effect of GeH, flow rate on the deposition rate for poly films
was smaller than epi-layer growth at a higher GeHy flow. This indicates that the ad-
dition of GeHy would change the deposition mode remarkably.”! Poly-Si; _,Ge, is
potentially more advantageous than poly-Si as a gate electrode for the metal-oxide-
semiconductor field-effect transistor (MOSFET).”? With the former, the threshold
voltage can be adjusted simply by varying the Ge content inside the film, which is
much easier than the conventional channel implantation method.

The UHVCVD system could deposit in-situ-doped poly-Si films by using SiHy
and 1% B,Hg in Hy. Figure 39 shows the resistivity as a function of the B,Hg flow
rate for poly-Si films; a very low resistivity (about 4 m{}-cm) was obtained.

Hence, the use of poly films deposited by a UHVCVD system can significantly
lower the deposition temperature and the process thermal budget, which is required
for deep submicron Si technology and some other applications demanding a low

10° £
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. F
E C O
]
8 - o
=
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107! ] ! L I | I L
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1/ Temperature (1/K)
FIGURE 37

An Arrhenius plot of deposition rate for the poly-Si and epitaxial Si
films. (After Lin, Chang, and Lin, Ref. 71.)
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Deposition rate for poly and epitaxial films as a function of GeHy
flow. (After Lin, Chang, and Lin, Ref. 71.)

processing temperature, such as thin-film transistor (TFT) fabrication for active-
matrix liquid crystal displays (AMLCDs)”7# and photoconductors.”

5.7.4 Other CVD Techniques

Other CVD techniques, such as metal-organic CVD (MOCVD), laser ablation, and
hybrid-excitation CVD, are used to deposit dielectric and silicon films.”® Like the
ferroelectric dielectrics, LiNbO3; and PLZT, they can be prepared by MOCVD or
laser ablation. MOCVD uses a metal-organic compound vapor that is decomposed or
reacts with other reactants to form the desired film. The excitation is generally ther-
mal but can also be plasma-assisted. Like the PECVD of Ta; Os mentioned in Section
5.6.3, MOCVD of Ta,Os adopts the liquid metal-organic compounds Ta(OCH3)s
and Ta(OC,Hs)s. However, MOCVD uses thermal energy to dissociate these or-
ganic compounds, rather than the rf power used in PECVD. The chemical reactions
can be expressed as '

Ta(OC,Hs)s(1) — Ta(s) + OC,Hs(g) (5.28)
20,(g) — 20(g) + Ox(g) (5.29)
Ta(s) + O(g) — TayOs(s) (5.30)

OC;Hs(g) + O2(g) — COx(g), CO(g), HoO(g), CoHa(g), CHu(g)  (5.31)
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FIGURE 39

Effect of BoHg (1% B,Hg in hydrogen) flow rate on the
resistivity of poly-Si films grown on either SiO, or undoped
poly-Si substrate. (After Lin et al., Ref. 73.)

Laser ablation deposits the dielectric films by directly scanning the laser beam on the
dielectric target. The advantage is the low-temperature process, but the disadvantage
is the uniformity control and lack of large-wafer capability.

The hybrid-excitation idea has been used in depositing some dielectric films.
The hybrid-excitation techniques consist of plasma-assisted direct photolysis and
photo-enhanced CVD methods. The environment contamination caused by the sen-
sitizer encountered in photo CVD will be prevented. A schematic diagram of the
hybrid-excitation CVD apparatus is shown in Fig. 40. The plasma of reactive gas is
generated in a glow discharge tube and then diffuses into a process chamber. There-
fore, the samples will also be free from plasma damages.

5.8
APPLICATIONS OF DEPOSITED POLYSILICON, SILICON OXIDE,
AND SILICON NITRIDE FILMS

Polycrystalline silicon, also called polysilicon or poly-Si, thin films have many
important applications in integrated circuit (IC) technology. The most widespread
~application of poly-Si is in metal-oxide-semiconductor (MOS) ICs. Heavily doped
poly-Si films have been widely used as the gate electrodes and interconnections in
MOS circuits. Poly-Si is utilized because of its compatibility with subsequent high-
temperature processing, its excellent interface with thermal oxide (low interface
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Schematic configuration of the hybrid-excitation CVD system.

state density), its higher stability than Al gate material, its ability to be deposited
conformally over steep topography, and its capability of reacting with the overlay-
ing metal to form silicide structures. Silicide films formed onto the poly-Si, known as
polycides, on the gate dielectrics have been fabricated to lower the sheet resistance of
poly-Si gates. This is especially important for ULSI devices. Moreover, self-aligned
silicides (salicides) have also been used in ULSI circuits.”” Through the reaction of
metal with the underlying polysilicon and silicon substrate, the self-aligned silicide
contacts on the source, drain, and gate will be simultaneously formed, avoiding any
misalignment due to photolithography. Emitter structures with heavily doped poly-
Si films are also utilized in advanced bipolar devices. Selective growth of poly-Si
is studied as a planarization technique for filling the contact hole. Lightly doped
poly-Si films are used as high-resistance resistors in static random access memo-
ries (SRAMs), and oxygen-doped poly-Si (semi-insulating poly-Si or SIPOS) can
be used to form a barrier to the carrier injection. In addition, poly-Si films have been
extensively used in ULSI DRAMSs, SRAMs, and flash memory devices.”8 For 1-Mbit
(and even higher packing density) DRAMs, high capacitances of the MOS capaci-
tors are still needed. However, the decreasing area of the ULSI devices will require a
three-dimensional capacitor structure. A layer of rugged polysilicon (hemispherical
grains of polysilicon) is developed to increase the surface area. The hemispherical
grains of polysilicon have been grown by selection of the deposition temperature and
the subsequent annealing of the LPCVD system.”

Silicon dioxide has several uses: to serve as a mask against implant or diffusion
of dopants into silicon, as a gate oxide and capacitor dielectric in MOS devices,
and as a tunneling oxide in (EEPROMs). It can also be used to provide surface
passivation, to isolate one device from another, to act as a component in MOS struc-
ture, and to provide electrical isolation of multilevel metallization systems. Several
techniques for forming the oxide layers have been developed, such as wet or dry
thermal oxidation (including rapid thermal techniques), wet anodization, chemical
vapor deposition (CVD), PECVD, PHCVD, ECR CVD, and plasma anodization or
oxidation. When the interface between the oxide and the silicon requires a low-trap
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The time-dependent dielectric-breakdown charge Qpg in coulomb/cm?
by step current stress: thermal oxide (~); CVD oxide (*); stacked
CVD/thermal oxide (+); stacked thermal/CVD oxide (0). (After Tseng et

al., Ref. 80.)

density, thermal oxidation has been the preferred technique. In the past, CVD ox-
ides have seldom been used in ULSI technology as the gate dielectrics, because an
extrusion phenomenon of the CVD oxides forms at the n* polysilicon/CVD oxide in-
terface. The resulting electrical properties of CVD and thermal oxides are compared
in Fig. 41.8° However, CVD oxides are particularly useful as the gate dielectrics on
the polysilicon active channel. For example, CVD oxides can offer better charac-
teristics than thermal polyoxides for the poly-Si TFTs in 4-Mbit and higher-density
SRAMs because polyoxides generally have the problem of interface roughness. Ow-
ing to the improvement of the characteristics by the deposition schemes, CVD oxides
will become more important in future ULSI technology, which requires multilayered
structures. CVD oxides with low and high dielectric constants will be used in inter-

layer isolations and MOS capacitors, respectively.’!
Silicon nitride films are amorphous insulating materials and have three main

applications in ULSI technology:

1. As final passivation and mechanical protective layers for integrated circuits, es-

pecially for parts encapsulated in plastic packages
2. As a mask for selective oxidation of silicon
3. As a gate dielectric material in MOS devices
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Silicon nitride also has a high dielectric constant, about 6-9 versus about 4.2 for CVD
oxide, making it less attractive for the interlevel insulation because of the resultant
higher parasitic capacitances between conductive layers. However, silicon nitrides
are especially valuable in applications of ULSI circuits as the oxide/nitride/oxide
(ONO) dielectrics. In ULSI technology, nitride films deposited by LPCVD are often
accompanied by bottom thermal oxides and oxide overlayers in the MOS capacitors
of 1-Mbit DRAMs, because the higher dielectric constant—7.6 for silicon nitride
relative to 3.9 for silicon dioxide—can offer a higher capacitance for nitride under
the constant film thickness. Especially for the DRAMSs above 4 Mbit, the required
oxide film thickness has approached the fabrication limit of thermal oxide. The use
of silicon nitride resolves the problem, although numerous other techniques, such as
rugged polysilicon, hemispherical-grained polysilicon, Ta;Os film, and other ferro-
electric films, have been developed and reported. Silicon nitride is highly suitable
as a passivation layer because of its following properties:

1. It can be deposited by PECVD under low temperatures, which will not degrade
the underlying aluminum interconnects.

2. It behaves as a nearly impervious barrier to the diffusion of moisture and sodium.

3. It can be prepared by PECVD to have a low compressive stress, which allows it

to be subjected to severe environmental stress with less likelihood of delimitation

or cracking.

Its coverage on underlying metals is conformal.

. It can be deposited with acceptably low pinhole densities.

U

A notable application of deposited dielectric films is in planarization for ULSI
technology. Multilevel metallization becomes an essential technology for ULSI
devices because it determines the packing density as well as device performance
and affects yield and reliability. For deep submicron applications the metalliza-
tion schemes are becoming more complex and dense. Therefore, the intermetal
planarization technology faces serious challenge.

The intermetal dielectric application has the following requirements:

1. Good step coverage properties and void-free filling of high-aspect-ratio gaps on
the underlying metal lines

2. Good planarization capability at low temperature (= 400°C), so as not to damage
the underlying interconnect

The sandwich scheme of the silane-based or TEOS-based PECVD combined
with SOG (spin-on-glass) is widely utilized for the intermetal dielectric. Figure 42
indicates the simple structure. Prior to SOG coating, PE-oxide or PE-TEOS is de-
posited as the underlayer to prevent SOG from attaching directly to the metal. After
SOG annealing, one subsequent PECVD capping layer is also performed. The main
concerns are high hydrogen concentration and moisture absorption of SOG films.
Furthermore, because of concern about poisoned vias®? (i.e., significant increase of
via contact resistance caused by SOG outgassing) and related reliability issues, the
SOG etchback process was well developed to remove SOG on the metal.

However, for subsequent gap filling of sub-half-micron geometry and for higher-
temperature metallization processes such as tungsten plug (W-plug), the gap-filling
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PECVD cap layer

SOG for planarization

PECVD underlayer

FIGURE 42
Schematic diagram of sandwiched intermetal dielectric scheme
with SOG (spin-on-glass).

capability and thermal stability of SOG film suffers severe challenge. O3—TEOS
deposition process becomes another alternative. The chemistry is thermal reaction
of 0,/03/TEOS. Basically, higher O3/TEOS gas ratios achieve better film quality
and gap-filling capability. However, there are still some problems in the O;—TEOS
process. The most important concerns are the serious moisture absorption of Oz~
TEOS film and the associated impacts on reliability and device performance. So
far, much effort has been expended on ways to eliminate the moisture absorption or
strengthen the film characteristics by various treatments®? and to integrate O3~TEOS
related modules.

Recently, electron cyclotron resonance (ECR) CVD technique has become more
mature and has been shown to fill high-aspect-ratio gaps without voids and seams.
Moreover, ECR CVD oxide possesses excellent film characteristics, including low
dielectric constant (~4.07), high breakdown voltage (> 7 MV/cm), and low mois-
ture absorption. Therefore, it meets the requirements of devices in which capacitive
coupling between metal lines causes propagation delays and crosstalk. The deposi-
tion chemistry includes the reaction of SiH4 with O, as well as in-situ Ar sputtering,
which can achieve good gap filling and oxide quality.?*

For planarization, the etchback process for SOG or photo resist is already widely
used for production. The structure is shown in Fig. 43. One new approach, CMP
(chemical-mechanical polishing) technology, expresses very good planarization per-
formance and has become a very hot research field. The factors that affect chemical-
mechanical polishing are classified into two groups. Chemistry-related parameters
include slurry type, pH value of slurry, solid content in slurry, slurry flow, as well as
process temperature. Mechanical-related factors include polish pressure, back pres-
sure, platen speed, and pad type. Currently, this process is widely studied for metal
and dielectric polishing. The material and pattern sensitivities are also reported. With
this planarization process, the step height of wafer topography can be reduced to
within 1000 A. The schematic diagram is shown in Fig. 44.

In summary, there are two major topics for deep submicron planarization. One
is the filling of gaps with high aspect ratios. The other is to achieve actual global
planarization, at distances exceeding one micron. Various approaches are being de-
veloped in parallel, and extensive room remains for investigation.
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O,/ TEOS deposition for gap filling

SOG for planarization
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After SOG etchback

FIGURE 43

Planarization scheme with SOG etchback.

5.9

SUMMARY AND FUTURE TRENDS

To fabricate ULSI circuits, various dielectric and polysilicon film depositions are
necessary. The major issues include small-geometry fabrication, low-temperature
processing, particles or contamination, step coverage, planarization, selective de-
position, throughput, uniformity, film properties, and large-wafer capability. ULSI
devices with small dimensions require small channel length, shallow junctions,
and small contacts. All of them will need precise lithography, fine pattern transfer
with etching, and minimal diffusion under low-temperature processing. For precise
lithography and anisotropic etching, conformal step coverage becomes more and

ECR CVD oxide
? A A A N
M1 Mi M1 M1
ECR CVD topography
M1 M1 M1 M1
After CMP
FIGURE 44

Planarization scheme with CMP.
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more important. Low-pressure deposition of dielectric and polysilicon films will of-
fer this advantage. In contrast, physical vapor deposition and atmospheric pressure
deposition will have nonconformal step coverage. In addition, throughput and uni-
formity will also be challenged with physical vapor deposition, especially for future
large wafers in ULSI technology (200-mm wafers have been introduced in newly
established ULSI factories).

Moreover, reducing particles and contaminations also requires a low tempera-
ture and cold-wall deposition. Defects formed during the processing will seriously
lower the ULSI device yield, because these devices are scaled down and more sen-
sitive to particles and impurity contamination. Plasma-assisted and photo-assisted
depositions have supplied the benefits of lowering the deposition temperatures. How-
ever, further study on these deposition schemes will be needed to improve the proper-
ties of the deposited films. Liquid-phase deposition of silicon dioxide via the decom-
position of HySiFs supersaturated with silica at reaction temperatures below 100°C
has been reported. Because the conventional holder will produce particles through
the motion of the holder’s rollers, the cantilever-type holder and vertical-type CVD
furnace have been used to decrease particle contamination, as shown in Fig. 45.

High throughput is needed to reduce cost. High deposition rates are therefore
required, since the single-wafer process will likely be adopted in future ULSI tech-
nology. Deposition through generation of high-density reacting radicals is therefore
emphasized. Magnetic fields have been utilized to create the helicon source or to form
the electron cyclotron resonance (ECR) for the radiofrequency (rf) or microwave sys-
tems, correspondingly. Cassette-to-cassette and multichamber concepts are also fa-
vorable for increasing throughput and decreasing contamination, as shown in Fig. 46.

Various deposited films with specific properties are required for ULSI devices.
As an example, dielectric films with high dielectric constants have been investi-
gated for the MOS capacitors in ULSI DRAMs above 1 Mbit. Oxide/nitride/oxide,
ferroelectric films, and stacked or trench MOS capacitors need new deposition tech-
niques for the dielectric and polysilicon films to satisfy various requirements for the
film properties. In order to increase the capacitor area, polysilicon layers can also be
deposited as semispherical-grained structures by tuning the deposition temperatures.
Furthermore, flash memories or SRAMSs above 1 Mbit need better characteristics of
polysilicon films and dielectrics on the polysilicon layers. Polysilicon with large and
small grain sizes and CVD dielectrics are utilized in these ULSI devices.

Wafers Quartz tube
i

Gas outlet

FIGURE 45
A cantilever-type LPCVD system.
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Cassette output Cassette input

Multi chamber
single-wafer
system
Etching <
chamber Q
Deposition
chamber
FIGURE 46

A cassette-to-cassette multichamber deposition system.

The research and development of these dielectric and polysilicon films in ULSI
applications can have important impacts in other fields, such as optoelectronics, dis-
plays, microsensors, and bioelectronics. In the future these applications will need
new and novel deposition techniques for these films with better properties.
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PROBLEMS

1. In order to increase the capacitance of MOS capacitors in ULSI DRAMs, Ta;Os has been
plasma-deposited to replace the oxide/nitride/oxide dielectric. The dielectric constants of
SiO,, nitride, and TayOs are about 3.9, 7.6, and 25, respectively. What is the capacitance
ratio for the capacitors with the Ta,Os and oxide/nitride/oxide dielectrics for the same
dielectric thickness, provided that the oxide/nitride/oxide has thickness ratio 1 : 1 for the
oxide to the nitride?

2. For the CVD of phosphosilicate glass, 20% silane is mixed in 80% nitrogen at a reaction
temperature of 500°C. The flow rate is 600 sccm (standard cubic centimeter per minute).
The reactor is loaded with 10 wafers, 10 cm in diameter. The growth rate and film density
are 600 A/min and 2 X 10%%/cm?, respectively. With what efficiency is the silane trans-
formed into silicon dioxide film? (Hint: A flow of one sccm is defined as a flux of one cm?
of gas, as measured at 273 K and 760 torr, per minute.)

3. Phosphosilicate glass consists of SiO, and P,Os. Derive the relationships of weight percent
(wt %), atom percent (at%), and mole percent (mole %), for the dopant concentration.
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. (a) What factors will affect the step coverage of the deposited oxide films?

(b) What techniques have been used to improve the step coverage of the deposited oxide
films?

. The LOCOS process often causes a “bird’s beak” phenomenon, i.e., field-oxide encroach-
ment under the silicon nitride mask. A decrease of the stress between CVD nitride and Si
substrate can reduce this effect. What methods can you suggest to attain this purpose?

. If LPCVD polysilicon deposition has an activation energy of 1.65 eV and a deposition rate
of 8 nm/min at 600°C, what is the deposition rate at 620°C?

. In a PECVD system, the chamber pressure is 1 torr, the total gas flow rate is 100 sccm,
the temperature is 27°C, and the volume of the chamber is 1000 cm®. What is the average
residence time for a gas molecule in the PECVD reactor?

. For an ECR CVD system the magnetic field is 875 gauss. What is the frequency of the
microwave power to generate electron cyclotron resonance?
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CHAPTER 6

Lithography -

K. Nakamura

6.1
INTRODUCTION

Lithography is akind of art made by impressing, in turn, several flat embossed slabs,
each covered with greasy ink of a particular color, onto a piece of paper. The various
colors or levels must be accurately aligned with respect to one another within some
registration tolerance. Many “originals” can be made from the same slabs as long as
the quality remains adequately high.

Several methods can be used to make ULSI circuit patterns on wafers, as shown
in Fig. 1a. The most common process is to make the master photomask using an elec-
tron beam exposure system and replicating its image by optical printers, as shown in
Fig. 1. The exposing radiation is transmitted through the “clear” part of a mask. The
opaque part of the circuit pattern blocks some of the radiation. The resist, which is
sensitive to the radiation and has resistance to the etching, is coated on the wafer sur-
face. The mask is aligned within the required tolerance on the wafer; then radiation
is applied through the mask, the resist image is developed, and the layer underneath
the resist is etched.

Therefore, lithography for integrated circuit manufacturing is analogous to the
lithography of the art world. The slabs correspond to masks for the various circuit
levels. The press corresponds to the exposure system, which not only exposes each
level but also aligns it to a completed level. The ink may be compared to either the
exposing radiation or the radiation-sensitive resist; the paper can represent the wafer
into which the pattern will be etched, using the resist as a stencil.

Lithography is the key technology in semiconductor manufacturing, because
it is used repeatedly in a process sequence that depends on the device design. It -
determines the device dimensions, which affect not only the device’s quality but
also its product amount and manufacturing cost.

270

Micron Ex. 1029, p. 297
Micron v. YMTC
IPR2024-00911



'ssa001d uonestdar 1eondQ (q) 1SN 107 sseooxd omderSoyyy (v) ‘uonezijerousd AyderSoyln| 9o1A9(g
T HA0O1A

Js1sa1 dofeas(g

— I T

oensqns

@)

271

Q01ASp JO IoARIINAl >
151S9Y > \_. |_/_ | W N

W)

L

W3ry

Ke1-x

uof

uonoory | | uomosig

uoy

3y

ASBIN

uonerpel Sursodxy —>

QM JOII(]

J0)eIoUoS wIaned

usisop 1SIN

Micron Ex. 1029, p. 298
Micron v. YMTC
IPR2024-00911



272 ULSI Technology

6.2
OPTICAL LITHOGRAPHY

Optical lithography comprises the formation of images with visible or ultraviolet
radiation in a photoresist using proximity or projection printing. Two methods are
available to make masks for optical lithography: electron beam exposure and laser
beam scanning. These are described in the next section. In the 1970s, the major tech-
nology was the combination of a negative resist and proximity printing. At present
the most common method is the combination of a positive resist and a stepper. How-
ever, proximity printing is still used because of its convenience and low cost.

Table 1 lists examples of commercially available optical printers! designed to
manufacture ULSI circuits. These machines are classified into three groups: prox-
imity, reflective projection, and refractive projection. The key parameters such as
numerical aperture (NA), depth of focus (DOF), resolution (usable linewidth), over-
lay accuracy, and throughput are also listed.

The most advanced ULSI has a minimum feature size of 0.3 pm to 0.4 wm,
which has been reported by several organizations in 64-Mbit dynamic random access
memories (DRAMs). It is believed that the linewidth limit of optical lithography lies
near 0.2 pm using phase-shifting masks combined with a high numerical aperture
projector and a short-wavelength light source. The performances of the machines
listed in Table 1 are very close to the resolution limit of optical lithography.

6.2.1 Contact and Proximity Printing

Contact and proximity printings are relatively simple because they do not have any
means of image formation between masks and wafers. A typical contact or proxim-
ity mask aligner consists of a light source, a condenser, a filter, a mirror, a shutter,
the wafer stage, and the alignment microscope. In contact printing, a photomask is
pressed against the resist-covered wafer, with pressures typically in the range of 0.05
atm to 0.3 atm, and is exposed by light with a wavelength near 400 nm. Very high
resolution of less than 0.5 wm linewidth is possible, but because of spatial nonuni-
formity of the contact, resolution may vary considerably across the wafer. To provide
better contact over the whole wafer, a thin (0.2 mm) flexible mask has been used;
0.2-p.m space patterns have been formed by using 3-pm-thick PMMA (poly-methyl
methacrylate) resist and 200 to 260 nm radiation.” Quartz or Al,O3 mask substrates
must be used to pass these shorter wavelengths, since the usual borosilicate glass
strongly absorbs wavelengths less than 300 nm.

Contact printing produces defects in both the mask and the wafer while the two
are in contact and as they are separated from each other, so that the mask, whether
thick or thin, may have to be replaced after a short period of use. Nevertheless, con-
tact printing is still widely used. It is the most convenient way to get high resolution.
Strictly speaking, contact printing is never actually practiced, because of the dif-
ficulty of uniform contact.> When a typical mask and wafer are brought into hard
contact, the nonuniform gap can be as large as 15 pm because of unevenness of the
surfaces. Besides that, the thickness of the resist between the mask and the wafer
cannot be neglected for features of less than 1 pm.
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274 ULSI Technology

Masks used for proximity printing have the advantage of longer life because
there is no contact between the mask and the wafer. Typical separations between
mask and wafer are in the range of 20 to 50 pm. Resolution is not so good as in
contact printing or projection printing. Commercial machines can select the mode
automatically and switch to either contact or proximity printing.

Figure 2a shows proximity printing schematically with a slit of width W, illu-
minated by a monochromatic source, separated from a parallel image plane (wafer)
by a gap g. We assume that g and W are larger than the wavelength A of the imag-
ing light and that A << g < W?/A—the region of Fresnel diffraction. In this case,
the diffraction that forms the image of the slit is a function only of the particular
combination of A, W, and g, which we call the parameter Q, where*

0 =W.2/gh 6.1)

This parameter can be considered as a normalized slit width. The lower limit of the
nearfield diffraction region is at Q = ﬁ from Eq. (6.1), or g = (W?/A)(2/Q?) <
W?2/A. Thus, the resolution, W in Eq. (6.1), becomes better at smaller gaps and shorter
wavelengths. The resist image heights, which for practical purposes are converted to
resist thickness and mask-wafer gap, have been measured as a function of linewidth,
wavelength, and intensity tolerance.> The optimum image heights of 0.25-p.m and
0.5-pm patterns are 0.9 pm and 3.2 pm, respectively, in the case of a deep UV
(wavelength less than about 200 nm) light source with 5% intensity tolerance.
Another parameter is the divergence of the illuminating beam as a result of the
size of the light source. One effect is to smooth out the undulations in the image
intensity profile, and the other is to produce a greater linewidth variation as the mask-
to-wafer distance varies. The apparent source size of the illumination system must

(@ )

FIGURE 2
Schematic illustration of a proximity printer and illumination system. (a) Proximity
printing schematic. (») lllumination system of the Canon PLA600.
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be large enough to give a value of « (Fig. 2) that allows the smallest features to be
printed, typically, a few degrees. The mercury arc lamp used as the source’ is t0o
small to yield the required «. The illumination is telecentric or normally incident at
the mask to prevent runout (magnification) error similar to that in x-ray lithography.
The optical system must also minimize nonuniformity of the intensity across the
field. The illumination system illustrated in Fig. 2b attains 3% uniformity across
a 6-inch wafer, as well as a large enough « and normal incidence. With a Hg arc
source, the strong lines at 436 nm, 405 nm, and 365 nm provide the exposure flux
shown in Fig. 3. The same printer is available with a Xe-Hg source for enhanced
output in the 200-300 nm spectral region.
Commercially available machines are listed in the first group in Table 1.

6.2.2 Projection Printing

Projection printing offers higher resolution than proximity printing. It has a larger
separation between the mask and the wafer because of its image formation system.
According to Rayleigh’s criterion, the resolution W of the optical systems and the
depth of focus (DOF) are given in the following equations, where the numerical
aperture NA = nsina, n is the refractive index = unity for air, 2« is the solid
angle of the ray reaching the imaging point from the objective lens, and A is the
wavelength:®

W = 0.6A/NA (6.2)
DOF = +A2(NA)? _ (6.3)
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276 ULSI Technology

Modern projection printers employ diffraction-limited optics, which means that
the design and fabrication of the optical elements are not a source of optical prob-
lems. Accordingly, the image characteristics are dominated by diffraction effects as-
sociated with the finite apertures in the condenser and with projection optics rather
than by aberrations. When monochromatic light from a very small point is imaged
by a diffraction-limited lens, the image consists of diffraction rings of light sur-
rounding a central bright spot called the Airy disc.® The diameter of the pattern is
1.2A/NA.

It is very useful to apply a modulation transfer function (MTF) to character-
ize the resolution capability of projection printers and proximity printers as well.”
We consider the mask pattern as consisting of a periodic grid (line and space) with
equal linewidths b. Light intensities in the center of dark lines and of bright lines are
assigned as Iy, and Inax, respectively. Modulation is defined as

Imax - Imin

M Imax + ]min (64)
The MTF is the ratio of the modulation in the image plane (wafer) to that in the
object plane (mask). It is a function of the spatial frequency (v = 1/2b) of the
mask and the NA. The shape of the MTF, related to the spatial frequency curve,
depends on the coherence of the illumination system.” The degree of coherence is
defined by o = (NA)./(NA),, where (NA). is the numerical aperture of the con-
denser and (NA), is the numerical aperture of the objective as shown in Fig. 4. In
the coherent system, Fig. 4a, an object at point A is illuminated by only a narrow
angle. Hence, all the light diffracted by A is coherent in amplitude at the image
plane. In Fig. 4b, A is illuminated by rays from all portions of the extended incoher-
ent source. Each ray is diffracted by the object A and forms an image in the image
plane.

In Fig. 5, the solid lines show a plane wave front [c = (NA)./(NA), — 0] in-
cident normal to the mask, which contains a grating pattern with b width lines and
spaces (spatial frequency v = 1/2b).% The undiffracted component of light emerg-
ing from the mask contains no information about ». This information is contained
only in the diffracted light. The direction of the first diffraction peak is given by the
grating formula 2bsinf = A, so that v = sin 6/A. If the light diffracted to direction
0 is to reach the image plane, 8 ~ a where NA = sin «. Therefore, the highest grat-
ing frequency that can be imaged by an optical system with coherent illumination
becomes the result of Eq. (6.5).

For incoherent illumination (shown by dotted lines in Fig. 5), incident at a gen-
eral angle i, the direction of the first maximum is given by 2b(sini + sinf) = A.
For both the undiffracted beam and the first diffraction peak to reach the image
plane, i and 6 both < «. Therefore, 2b = A/2sina and vpax = 2b = 2NA/A. Con-
sequently, vmax (incoherent) = 2w, (coherent). In modern printers the illumina-
tion is intermediate between the coherent and the incoherent limit.

The curve for MTF (H(v)) vs. spatial frequency® is shown in Fig. 6 and is de-
scribed as’

Vmax = NA/A (coherent) (6.5)
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Point source

Condenser  Object  Objective Image

)

Extended source

-

FIGURE 4

Coherent and incoherent illumination of projection printers. (After
King and Goldrick, Ref. 7.) (a) Coherent system. (b) Incoherent
system.

H(v) = %[cos_l(v/vmax) — Y/ Vmax V1 — (¥ Vinax)?] (incoherent) (6.6)

where vpax = 2NA/A

Figure 6 shows the modulation of the image intensity versus the spatial frequency
for different values of coherence o with a 0.3 NA lens. Note that the MTF of a fully
coherent optical system has a spatial frequency cutoff that is half that of an incoherent
system as explained in Eq. (6.5) and Eq. (6.6). Partially coherent illumination has
a higher MTF in the region of v larger than %vo. The useful range, MTF > 0.6, is
extended to higher spatial frequencies; edge gradients in the image become steeper,
and the image is somewhat less sensitive to focusing.

The focus error is a simple but important aberration. The error is a displacement
of best focus away from its intended position. In Fig. 6, the dashed curve shows the
effect of a displacement of the image plane or wafer from the focal plane by one
Rayleigh unit w = M2(NA)?, corresponding to a phase error of 7/2 at the edge of
the pupil.

It was once believed that a high NA is always better. However, in the submi-
crometer region there is an optimum NA if a resolution requirement and the imaging
wavelength are given.1? If the NA is too low, the resolution cannot be achieved, but
if the NA is too high, the DOF, which is inversely proportional to (NA)?, becomes
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Mask with grating
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projection optics
FIGURE 5

Diffraction of coherent and incoherent light by a grating pattern. (After
Cuthbert, Ref. 8.)

unacceptable. There is an optimum NA at which the DOF is maximum. The normal-
ization of the resolution W is given by

ki = WN)\é 6.7)

where k; is usually known as Rayleigh’s coefficient for resolution but is now rede-
fined as the normalized resolution. The normalized DOF is given by

(NA)?

ky = AZ (6.8)
where AZ is the physical axial displacement from the focal plane, and k,, which is
usually known as Rayleigh’s coefficient for DOF, is now redefined as the normalized
DOF.

With normalized resolution and defocus, the lithographic imaging behavior of
a given feature and illumination can be universally plotted in the exposure-defocus
(E-D) space in the form of constant linewidth contours. The exposure dosage re-
quired to keep the image linewidth constant at each defocal plane is evaluated to
form contours. This set of contours, which is the E-D tree of the particular feature
and illumination condition, is universally applicable for all W-A-NA combinations
leading to an identical k;. The DOF is defined as the total amount of defocus al-
- lowed without violating a given linewidth tolerance. Typically, a =10% tolerance is
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FIGURE 6
Comparison of MTFs for different optical conditions. (After Lacombat et al., Ref. 9.)

adopted. The DOF is the height of the largest window whose width is the exposure
budget (process margin) that accommodates the tolerances that can affect the actual
exposure dosage. Figure 7a shows the DOF determined by 10% and 30% exposure
budgets, respectively. Figure 7b shows two E-D windows. One is bound by the com-
mon zone of three kinds of feature (line and spaces, isolated line openings, isolated
spaces), and the other by five kinds of feature (including holes and islands).

The DOF equation is produced from Eq. (6.7) and Eq. (6.8) as

kp, W2

DOF = 2
OF =2

(6.9)

where MW = NA coefficient
W2/A = DOF coefficient
ky/k? = DOF, normalized to W and A

Figure 8a and 8b shows ky and kp/k?, respectively, as a function of k;, and Fig.
8c shows W2/A and MW as a function of W. The normalized DOF and k; can be
converted to physical DOF and NA by multiplying by the DOF coefficient and the
NA coefficient, respectively, which are plotted in Fig. 8c.

The optimum NA for individual feature shapes is much lower than expected, as
aresult of Fig. 8c. The results lead to the problems that occur in reducing the usable
k; factor for manufacturing. The optimum k; for the single-layer resist process (10%
linewidth budget estimated) ranges from 0.57 to 0.87 depending on the feature shape.
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282 ULSI Technology

For a multilayer resist process (30% budget), k; ranges from 0.42 to 0.7, although it
is generally defined as 0.6 as shown in Eq. (6.2).

Reflection and catadioptric projection

A significant advantage of the reflective or the catadioptric system'! (combin-
ing reflecting and refracting components) is the larger spectral bandwidth. Reflection
projection systems generally have higher throughput with less standing-wave inter-
ference than refraction systems because of their polychromatic characteristics. Cata-
dioptric systems usually require more than just one optical axis and thus can lead to
great difficulty in aligning the optical elements. Several systems of this type!? have
been developed as shown in the second category of Table 1 and in Fig. 9.

The Micralign®, made by Perkin Elmer, consists of only three optical compo-
nents, as shown in Fig. 9a. It has a bandwidth of 400 nm. The aberrations vary as a
function of the distance from the center and can be zero for a narrow zone about the
center. Only a small zone of the spherical mirror is used, limited by the slit, provid-
ing nearly diffraction-limited imaging. The mask and the wafer are swept in unison
through an arc to form an image of the whole mask. Figure 95 is the catadioptric
system, also by Perkin Elmer, which is still widely used as a 1X full-scan system.
The throughput is very high, as shown in Table 1, but the disadvantages of these sys-
tems are the low resolution and the difficulty of alignment during scanning; hence,
the overlay accuracy is rather poor, as listed in Table 1.

Figure 9c is a catadioptric 1X stepper made by Ultratech (Table 1). Only the
wafer has a step-and-repeat movement, and a die-by-die alignment is done. This
system also has a very simple optical configuration, featuring a variable NA that de-
pends on object field size—a low NA corresponds to a large field size. The practical
resolution is 0.7 pm.

Figure 94 shows a 4X catadioptric reduction projector (Table 1) developed by
Perkin Elmer that has 0.5-pm resolution. This machine also has a ring field similar
to Fig. 9a and 9b with field-by-field alignment and a focus adjustment. The image
field is larger than in I-line steppers.

Refraction projection

In refraction projection, the image of the mask is projected on the wafer through
a high-resolution lens. A refraction projection system consists of a light source, a
condenser, a heat-removing filter, beam-orienting mirrors, a shutter, and the mask
and wafer stages. The refraction projection system is very similar to the proximity
printers except for the imaging lens between the mask and the wafer. The optical
stepper has become the most common lithography tool for ULSI production. The
resolution is 0.4 pm using the I-line of the Hg lamp with the Kohler method, which
images the exposure source through a condenser lens in an entrance pupil of the
projection lens. However, the DOF is reduced to 1 jum because of the stepper’s large
NA and short wavelength. The features of the stepper are high resolution, and overlay
accuracy as shown in Table 1.

The last group in Table 1 is an excimer laser stepper!® whose wavelength is
248 nm. It can obtain the highest resolution of the equipment listed in Table 1 based
on the excimer’s shortest wavelength. The system configuration is almost the same
as an I-line stepper, but the light source and the lens system are different. In the deep
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284 ULSI Technology

UV region, the materials of the optical components are limited to fused silica and sev-
eral crystalline fluorides because of UV transmittance characteristics. The lenses are
made entirely of fused silica and therefore are chromatic. The source bandwidth must
be narrow to achieve sufficient resolution. The focus and the magnification differ-
ences due to wavelength difference are 0.15 pm/pm and 0.3 ppm/pm, respectively.
The current performance of the KrF laser source, such as a 2.2-pm bandwidth and a
+0.25-pm wavelength stability, is considered adequate to meet the requirement for
practical use. A 0.35-pm resolution within the 0.03-pm critical dimension spread is
reported.!® The use of the excimer laser is another possible way to fabricate ULSI
patterns without resists by using the damaging effect of a short-wavelength light.

6.2.3 Enhancement

Many efforts have been made to solve optical lithography problems arising from
wavelength or DOF. Among these, the phase-shifting mask and the off-axis illumi-
nation technique seem to be useful. The basic concept of the phase-shifting mask!*
is shown in Fig. 10. At the transmission mask, the electric field € has the same phase
at every aperture (clear area) in Fig. 10a. Diffraction and the limited resolution of
the optical system spread the electric field € at the wafer, as shown by the dotted

Conventional mask Phase-shifting mask

<+—— Glass —

T . Chrome — T —
/

Phase shifter

0 & atmask 0

A & at wafer 0 L

‘/\/\/\/\’\ o R /\/\ R

@ ®

FIGURE 10
The principle of phase-shift technology. (After Levenson et al., Ref. 14. © 1992 IEEE.)
(a) Conventional technology. (b) Phase-shifting technology.
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CHAPTER 6: Lithography 285

line. Interference between waves diffracted by the adjacent apertures enhances the
field between them. The intensity / is proportional to the square of the electric field.

The phase-shifting layer that covers adjacent apertures reverses the sign of the
electric field as shown in Fig. 10b. The intensity at the mask is unchanged. The
electric field of these images at the wafer, shown by the dotted line, can be can-
celed. Consequently, images that are projected close to one another can be sepa-
rated completely. A 180° phase change occurs when a transparent layer of thickness
d = M2(n — 1), where n is the refraction index and A is the wavelength, covers one
aperture as shown in Fig. 10b.

The Fourier analysis'* of phase-shifting and conventional transmission masks
is explained in Fig. 11. The conventional resolution power of a projection system
for transmission objects is the critical frequency v. = NA/A, which is related to
the wavelength A and numerical aperture NA and assumes coherent illumination.
With incoherent illumination some spatial modulation is transmitted through such
a system up to a frequency of 2v.; but for coherent illumination the modulation
transmission function is unity up to v, and zero for » > v., as shown in Fig. 6.
For the purpose of calculation it is convenient to define for the mask a transmission
function that has sinusoidal intensity, as illustrated at the top of Fig. 11. In each case,

vy

T(x)

Conventional transmission mask Icos vl oS TV x Phase-shifting mask

AVATATAVER

I [ | ] I
Vo 0 Vo Ve =V Y 0 Yo

2 2
FIGURE 11
Fourier analysis of the optics of transmission and phase-shifting masks. (After
Levenson et al., Ref. 14. © 1992 IEEE.)
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the intensity transmitted by the mask is assumed to be
T(x) = 1(1 + cos2mvpx) (6.10)

The electric field at the mask plane can have two possible forms when the illumi-
nation is normally incident and coherent. A transmission mask would produce an
electric field profile ¢ that is proportional to | cos mvyx|, as in the left side of Fig.
11, whereas a phase-shifting mask would produce the electric field on the right, or
€ « cos mrpx. Both profiles can be Fourier-analyzed as shown at the bottom of Fig,
11. The transmission mask yields a Fourier spectrum of the form

Sr(v) = & { L5y + L6 = vo) + 6(v + vo)]
™12 6 6.11)

- %[S(V —2vp) + 6(v + 2v9)] + - }

where 6(v) is the Dirac delta function and higher harmonics have been ignored. The
phase-shifting mask projects only two Fourier components:

Bo(v) = L[8(w — v9/2) + 8(v + vol2)] (6.12)

The same information, in the sense of an optical intensity, is transmitted in each case,
but the phase-shifting mask requires less spatial bandwidth than the transmission
mask.

The optical system through which these Fourier components must propagate can
be modeled as having a response function equal to unity for v = v, and zero for v >
v., where v, is the cutoff frequency. Thus, the Fourier components of the electric
field at the image plane are (except for a scale factor that can be set to unity) identical
to those at the mask plane for v < v, and zero otherwise. From this treatment, the
critical frequency for the transmission of modulation produced by a phase-shifting
mask is vgp = 2v,., twice that of a transmission mask.

It is expected that an I-line stepper can resolve features down to 0.2 pm using a
phase-shifting mask without reducing the DOF. The problem with this technology is
the restriction on the pattern layout. It is very difficult to apply this technology to ran-
dom patterns, although it is very useful in a periodic layout. Several ideas have been
proposed! to solve the problem, as shown in Fig. 12. The halftone method, shown
in Fig. 12a, has advantages such as not requiring extra data and ease of processing,
but the resolution is not so good as the alternative method of Fig. 12c.

Phase-shifting masks are made by using an electron-beam (e-beam) direct-
writing method. After the first layer is etched, the second layer is exposed on a
newly coated resist, referenced to the alignment marks made in the first layer. In
Fig. 12b or 12¢, two kinds of patterns are necessary for each wafer layer. The
problems of phase-shift technology are the design of the shifter pattern and the com-
plexity of the mask process. Other key technologies required to make phase-shifting
masks are improved inspection and repair technologies for the shifter patterns and
the opaque patterns.

Off-axis illumination!® is another useful method to enhance the resolution and
DOF. The basic principle is to tilt the illumination to an angle that passes through
both the undiffracted light and the first-order diffracted light symmetrically as shown
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FIGURE 12
Examples of phase-shifting masks. (After Ronse et al., Ref. 15.) (a) Halftone. (b) Rim. (¢)
Alternating shifter.
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FIGURE 13
The off-axis illumination principle. (After Shiraishi et al., Ref. 16.) (a) Conventional
illumination. (b) Off-axis illumination.
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in Fig. 13b, compared with the conventional method in Fig. 13a. The light beams
transmitted through the off-axis aperture illuminate the reticle pattern with a spe-
cific incident angle ¢, defined as f sin¢ = x, where x is the distance between the
optical axis and the transmissive portion of the aperture and f is the focal length of the
condenser. The light beams ate diffracted by the reticle pattern. The —first-order or
higher-order diffracted light will not enter the projection lens because the pitch of
the pattern is so fine and the diffraction angle (sin 6) is larger than the numerical
aperture of the projection lens, as explained in Fig. 5. As a result, only zero- and
first-order diffracted light will interfere on the wafer surface and contribute to the
image formation. It is reported!® that this technique has a line-and-space resolution
of 0.27 pwm and a 2.8-pm DOF for a 0.35-pwm line-and-space pattern with a 1.18-
pim resist thickness. It is necessary to adjust the incident angle depending on pattern
spatial frequencies and to increase the exposure time to compensate for the loss of
illumination due to tilting.

6.2.4 Overlay Accuracy

To this point we have emphasized resolution, but overlay accuracy is another funda-
mental technology component.!? Overlay error is generated mainly in two process
steps—the dlignment and the exposure. Many types of errors are included in the ex-
posure process, such as the relative placement error between the mask and the wafer,
distortion or magnification error of the lens, and mechanical instability of the expo-
sure system caused by vibration, temperature drift, or atmospheric pressure drift.

Alignment methods are classified into two types: off-axis and TTL (through the
lens). Off-axis offers the possibility of using nonactinic rays and of broad-band and
high-NA viewing, with the flexibility of brightfield, darkfield, or even phase-contrast
viewing. It is also easy to upgrade the off-axis alignment system because of its to-
tal separation from the imaging optics. However, off-axis requires high mechanical
stability and precision as well as accurate means to refer the positions of the mask,
the wafer, and the alignment microscopes to each other.

TTL offers the inherent advantage of a direct mask-to-wafer reference and thus
relaxes the requirement for high mechanical stability and precision. However, some
accuracy of the direct reference is lost if nonactinic alignment is used or if the wafer
has to be moved into the exposure position after alignment. Both of these process
steps require compensation.

Brightfield alignment suffers from multiple interferences of the wafer film
stacks in case of TTL narrow-bandwidth illumination. The alignment signal is sen-
sitive to variation in film thickness, on the order of 10 nm. This problem is reduced
by using broad-band illumination. Alternatively, darkfield alignment removes the
dependence on film thickness but does not completely nullify the effect of uneven
resist coverage. Also, darkfield alignment has the potential problem of signal degra-
dation on a grainy substrate. The solution to this problem is using the slit beam and
the periodic alignment marks. One way to solve the aforementioned problems is to
remove the resist over the alignment marks in the positive resist process, but this is
impossible in the case of multilayer resist and negative resist processes.

An alignment system!” is illustrated in Fig. 14. Off-axis global alignment mea-
sures the relative position of the wafer with a He-Ne laser. Die-by-die alignment is
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FIGURE 14
Wafer alignment system of an optical stepper. (After Shiotake and
Yoshida, Ref. 17.)

more accurate because it uses an extra laser source (LSA-X, LSA-Y) through the
projection optical path, i.e., the TTL method. Step-and-repeat exposure offers level-
to-level registration, which is independent of wafer size, by separate alignment of
each exposure field. In the reduction projection system, the mask pattern dimensions
are larger than in systems imaged with unity magnification, and therefore it is more
convenient to adjust the overlay position.

The basic sources of overlay error are listed in Table 2. The problem of overlay is
common to both optical and x-ray lithography. X-ray lithography and e-beam direct
write are considered distortionless. The registration error, defined as the ability to
locate the alignment marks, is assumed to be identical for all optical alignment sys-
tems. Resist-induced alignment error is considered to be systematically removable.
Wafer inplane distortion is caused by various hot processes. The major part of the
magnification error of reduction systems is eliminated by fine tuning, but not easily,
owing to the inherent symmetry of 1X optical systems. Coupled with the linear part
of wafer inplane distortion, the magnification error of 1X optical systems can be
as large as 0.15 pm. Similarly, x-ray systems have an error of 0.1 wm as a result

Micron Ex. 1029, p. 316

Micron v. YMTC
IPR2024-00911



290 ULSI Technology

TABLE 2
Sources of overlay errors!?

5X optics 1X optics 1X x-ray  E-beam direct

Items (p.m) (m) (pm) write (m)
1. Lens distortion 0.07 0.06 0 0

2. Registration error 0.05 0.05 0.05 0.05

3. Wafer inplane distortion 0.05 0.05 0.05 0.05

4. Magnification error 0.01 0.1 0.1 0.01

5. Mask-to-mask placement error 0.05 0.05 0.05 0.05

6. Total contributions (RSS) 0.1 0.15 0.13 0.09

7. Total without lens distortion 0.07 0.13 0.13 0.09

8. Total without magnification error 0.1 0.11 0.09 0.09

9. Total without distortion or 0.07 0.09 0.09 0.09

magnification error

of wafer inplane distortion and mask heating during exposure. The mask-to-mask
placement error reflects the accuracy of e-beam mask making. For x-ray systems,
the placement error of the membrane mask can be worse than for the optical mask,
but it is not included here. In the case of e-beam direct write, the mask error is simply
the composite placement error of the e-beam between two masking levels. In the case
of 5X lithography, the mask-to-mask placement error is divided by 5 before being
included in the RSS (square root of the sum of the squares) total of the contributions.

6.2.5 Optical Resists

Photoresist is the general term for polymers that can create patterns by the use of
solvents after irradiation. The development of the resist is based on a chemical re-
action and depends on the solubility difference between irradiated and unirradiated
areas. Photoresists are of two types: negative, which on exposure to light become
less soluble in a developer solution, and positive, which become more soluble.

Negative resists generally consist of a chemically inert polyisoprene rubber,
which is the film-forming component, and a photoactive agent. The photoactive
agent releases nitrogen gas on exposure to light, and the radicals generated react with
the double bonds to form cross-links between rubber molecules, making the rubber
less soluble in an organic developer solvent. The reactive species formed during the
exposure can react with oxygen and be rendered ineffective for cross-linking, so an
inert atmosphere is used. The developer solvent dissolves the unexposed resist. The
exposed resist has low molecular weight, so it swells as the uncrosslinked molecules
are dissolved. The swelling distorts the pattern features and limits resolution to 2 to
3 times the initial film thickness. For VLSI/ULSI applications, the use of negative
resists has been supplanted by positive resists because negative resists have a reso-
lution limit of about 2 wm, although they have many advantages such as resistance
to etching and good adhesion to the substrate.

Positive resists have two components: a resin and a photoactive compound dis-
solved in a solvent. The photoactive compound is a dissolution inhibitor. When the
photoactive compound is destroyed by exposure to light, the resin becomes more
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soluble in an aqueous developer solution. The unexposed regions have high molecu-
]ar weight and so do not swell much in the developer solution; therefore higher reso-
lution, suitable for ULSI, is possible with positive resists. The development process
of projection-printed images in positive resists has been modeled theoretically;!® it
is an isotropic etching or removal process.

One of the fundamental properties of a resist, which determines resolution, is the
contrast.!? Contrast, in the case of negative resist, is related to the rate of formation
of a cross-linked network and may be measured by exposing pads of known area to
varying radiation doses. Dg is the minimum dosage required to form the first insol-
uble film. Thereafter, the film thickness, and consequently the thickness remaining
after development, increases with increasing dose until, ultimately, the thickness of
the developed pad is not detectably different from the original film thickness (in
practice it is slightly less owing to volume contraction during cross-linking). This
process is shown schematically in Fig. 15a. The resist contrast vy, is then defined as

yn = 1/(log DY — log D) (6.13)

For a positive resist, the film thickness of the irradiated region that remains after
development decreases with increasing dose until eventually a dose D, is reached,
which results in complete removal of the film on development, as shown in Fig. 155.
The contrast of positive resist vy, is defined as

vp = U(logD. — log Dy) 6.14)

When photoresist films are exposed using monochromatic radiation, standing
waves are formed in the resist.?? These are caused by coherent interference effects
due to a reflecting substrate. Coherent interference results in periodic intensity dis-
tributions in the direction perpendicular to the plane of the resist with a period A,/2,
where A, is the wavelength in the resist. The refractive index of most resists is
about 1.6, leading to an optical mismatch at the air/resist interface. Figure 16 shows

Extrapolated
0 p log,, D,
ol 108100~ full thickness 1 81070
8 8
: :
£ £
=] =]
8 kS
E £
z Z
0 - 0
logloD; long;’ log;y D,
Dosage, log,,D Dosage, log,, D
(@ ®

FIGURE 15

Sensitivity curves of negative and positive resists. (After Thompson, Ref. 19.) (a) Negative
resist. (b) Positive resist.
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FIGURE 16

Simulated standing wave edge profile for a nominal 1-wm line in AZ1350
photoresist developed for 85 sec in 1 : 1 AZ developer : water. (After Dill et al.,
Ref. 20. © 1975 IEEE.)  Substrate: Si + SiO,, 60 nm; resist thickness: 583.6
nm; exposure wavelength:  435.8 nm (G-line); exposure energy: 57 mJ/cm?

the standing wave. This variation in peak intensity with resist thickness becomes less
with decreasing substrate reflectivity and increasing absorption by the resist. Since
resist thickness varies at a step in the substrate topography, the resulting difference
in effective exposure leads to size variations in the resist image.

Commercially available resists are listed in Table 3. The negative RD2000N-
type resists, which have a diazide compound as a reactor with polyvinylphenol resin,
have a resolution similar to a positive resist and do not swell on development. Pho-
toresists are being developed for exposure at shorter wavelengths where higher res-
olution is possible. A few such deep-UV resists are PMMA, sensitive for A < 250
nm; polybutene sulfone, sensitive for A < 200 nm; and Microposit MP-2400, sensi-
tive for A = 250 nm. At these shorter wavelengths, the radiation quantum is large
enough to produce scission of the molecular chain.

The other very important resists for deep UV are the chemically amplified re-
sists, which exhibit high photo-speed, excellent resolution, and process tolerance.?!
The chemically amplified resist consists of a polymer host and a generator of acid
in the presence of light. In the postexposure bake the photogenerated acid catalyzes
thermal reactions that alter the solubility of the exposed region. Generally, resolu-
tion and sensitivity are affected by postexposure bake conditions. Some chemically
amplified resists are applicable to electron lithography.

Other important properties of resists are adhesion to the substrate and resistance
to wet and dry etch processing. In general, the commercially available optical resists
are compatible with such processes.

Some inorganic materials are also effective as resists. Fundamental functions
are based on the Ag-doping effect, which is induced by photoirradiation or electron-
beam irradiation on a stacked-layer system of Ag and Se-Ge chalcogenide-glass film.
When doped with Ag, the chalcogenide-glass films become almost insoluble in an
alkaline solution. The light source, such as a Hg lamp, should have a wavelength
that is shorter than the absorption edge of Se-Ge. This method is expected to have
high resolution, with applications in dry processing.>223
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TABLE 3
Commercial optical resists
: Chemical
Name Maker Type structure Remarks
OMRS3 Tokyo-oka Negative Isoprene rubber, 1X aligner
azide compound
CIR Nippon Synthetic ” ? ?
Rubber :
RD-2000N Hitachi Chemical ” Phenol resin, azide Deep UV
compound
MES-U Nippon Synthetic ? Chloropolystyrene ?
Rubber '
THMR-iN200 Tokyo-oka ” Novolac resin, azide I-line
TDUR-N7 ? ? Phenol resin Deep UV
Microposit 1350J Shipley Positive Novolac resin, G-line
O-kyniadiazide
AZ1350] Hoechst ” ? ?
OFPR800 Tokyo-oka ? ? ”
Microposit2400 Shipley ? ? Deep UV
ODUR-120 Tokyo-oka ” PMMA ”
ODUR1000 ? o PMIPK I-line
THMR-IP3000 ” to Novolac resin, azide »
TSCR-80I ” ” ” ”
PFI28 Sumitomo ” ? ”
Chemical
PFRIX060 Nippon Synthetic ? ? ”
Rubber
PFRIX061 ? ? ? ”?
FHI-3950 Fuji Hunt ? ” ?
AZ7500 Hoechst ? ” ”
NPR-A18SH7 Nagase ” ” ”

6.2.6 Process Technologies

Increasing the NA and decreasing the wavelength are logical approaches to im-
proving resolution. However, if these techhiques are used, DOF decreases, based
on Eq. (6.3). In the actual production process, many possible causes of interference
to focusing arise. Some occur during the wafer process, such as surface topography
and warping. Others are due to the exposure process, such as vibration, illumination
nonuniformity, and aberrations. One solution to these problems is the combination of
planarization and surface imaging. The thick bottom planarization layer reduces op-
tical reflection and pattern-width degradation due to the surface topography beneath.
The thin top layer enhances resolution, pattern-width control, and process latitude.
Surface-imaging resist processes are summarized in Fig. 17. The first item is
treatment through a development cycle to enhance the contrast of the resist.2* In
this cycle the wafer is dipped in the developer, rinsed, and dried. This sequence
is repeated until the resist film of the exposed area is completely dissolved. This
interrupted development process promotes the formation of a passivation layer on the
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Advanced resist processes.

unexposed surface. As a result, the side walls become vertical and sensitivity is im-
proved 30 to 50% in AZ resist. This technology is also used in electron lithography.

The second process in Fig. 17 is silylation.?> A single layer of PLASMASK®
(UCB from Belgium) resist is spincoated onto the substrate, with a thickness from
1.5 to 2.5 wm, and prebaked to a self-planarizing layer. After exposure, the wafers
are treated with a gas-phase silylating agent (hexamethyldisilazane) at elevated tem-
perature to reduce the silylation time. The resist material of the exposed areas selec-
tively bonds chemically with silicon to a depth of 100-200 nm, and remains stable
for a long time. The wafers are developed in oxygen plasma. During this treatment,
the silicon is converted into silicon dioxide, which forms a thin protective mask that
stops the etching of these exposed areas. It is reported that 0.35-um features can be
achieved using a 248-nm source.26

In the bilayer method, the image of the top layer formed by exposure and de-
velopment is transferred to the bottom planarization layer by reactive ion etching
(RIE). Resolution better than 0.5 wm is achieved by using a resist containing tung-
sten, which has a high resistance to etching, as the top layer.?® There are some dis-
advantages in the bilayer method, such as intermixing between the resist layers and
the formation of cracks while different materials are coated and baked.

The trilayer resist structure typically consists of an inorganic interlayer that is
0.1 to 0.2 wm thick, sandwiched between a top organic imaging layer that is 0.3 to
0.4 pm thick and a bottom organic planarization layer that is 1 to 2 pm thick. The
trilayer method is more complex than the bilayer but is more flexible because of the
intermediate layer.2’-?® Because of the intermediate barrier, the processes for the top
layer and for the bottom layer are independently selectable, so many combinations
of processes can be achieved by the proper choice of the intermediate layer materials
and the top layer resists. The thickness of the top layer can be minimized to get high
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resolution with enough etching duration for the intermediate layer (usually oxide).
This method is also used in electron lithography.

6.3
ELECTRON LITHOGRAPHY

Electron lithography has the possibility of higher resolution than optical lithography
because of the small wavelength (less than 1 angstrom) of the 10-50 keV electrons.
Resolution in electron lithography systems is not limited by diffraction but by elec-
tron scattering in the target materials including the resist and by the various aber-
rations of the electron optics. Scanning electron beam pattern generators have been
under development for more than 20 years and were derived from the scanning elec-
tron microscope.?>30 Because of the serial nature of the pattern writing, throughput
is much lower than for optical systems. However, a wide variety of applications is
available in the pattern-generating function for electron lithography, such as mask
fabrication for optical or x-ray lithography, direct writing on the wafers, and direct
reaction with some materials on the substrate. Electron lithography is classified into
two types—scanning and projection—and the scanning type can be either raster or
vector scanning. '

The exposure scheme is illustrated in Fig. 18. The ULSI pattern is composed by
a computer-aided design (CAD) system. The output format from the CAD system
is converted into the internal format of the individual exposure systems. The electron

CAD S ) e 7
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—— /'\\\__
S || 2%
CAD data

Z

7
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Converted EB data
Z
EB system
Computer | |Buffer | | Data e
and data file memory control
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| FIGURE 18
Flow of data in electron beam
EB shot
exposure systems.
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exposure machine decomposes the data into simple elements (trapezoids or rectan-
gles, depending on the machines) to control the electron beam irradiation. Electron
beam exposure machines are bigger and more coniplicated than the optical printers
because of their data-handling function.

Although electron projection and proximity-printing methods have been devel-
oped for full image exposure and are expected to be one of the alternatives to optical
technology after an optical resolution limit is reached, these techniques have not be-
come practical yet. Among many kinds of electron beam exposure machines, the
MEBES® from Perkin Elmer has proven to be the best photomask pattern genera-
tor. Some special products, such as microwave transistors, have for many years been
manufactured by direct writing. In some low-volume production devices, direct writ-
ing has also been applied in the development stages of ULSIs and in personalization
of application-specific integrated circuits (ASICs) to minimize the mask-related cost
and development time. Commercially available electron-beam machines are listed in
Table 4. Generally, Gaussian spot vector machines are used for research and devel-
opment of small-geometry devices, and the variable-shaped or raster spot machines
for production. About 450 machines have been installed and used in the world. The
last entry of Table 4 is included because it functions much like an electron-beam
exposure machine but uses an optical system.

6.3.1 Electron Optics

Figure 19 shows the basic electron optical system. Magnetic lenses form a demag-
nified image of the source d, on the image plane d;. The position of an electron
beam, irradiated on the substrate, is controlled by deflectors. The on-off control of
an electron beam is carried out by a blanking plate with an aperture underneath.

The characteristics of some cathode materials are shown in Table 5. The one
used most commonly is the LaBg single crystal, which has a long life, high stability,
and high current capability compared to the conventional tungsten hairpin cathode.
The thermal field emission (TFE) source consists of a tungsten tip with a radius
of 0.5 to 1 wm heated sufficiently (about 1900 K) to emit high current with high
stability.

Emission current density from the cathode J, is given by

J. = AT? exp(—E,,/kT) (6.15)

where A is the Richardson constant, k the Boltzmann constant, and E,, the work
function of the cathode material. The electrons are accelerated by the voltage V (10
to 50 kV) and focused by the gun at a point near the anode called the crossover,
which has a diameter d, of 10 to 100 wm. The configuration of the electron gun is
illustrated schematically in Fig. 20a. The maximum value of the brightness is

B = J.eVITkT (6.16)

The lenses in the electron optical column (Fig. 19) are magnetic, and their
structure is illustrated in Fig. 20b. If a parallel beam of radius r, enters the field B
of the lens, the electrons experience a force that causes those not on the axis to revolve
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FIGURE 19
Basic electron optical column.

about the axis and turn toward it. For a thin lens, the electron path beyond the lens
is given by

d -

Bldz L= (6.17)
d, f
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TABLE 5
Characteristics of cathodes used in electron scanning systems

Operating Energy Current  Source
temperature dispersion  density sige Brightness  Drift Life
Materials (X) V) (wA/sr) (A) Alem?sr (%/hr) (hr)
W hairpin 2700 4.5 10 50 x 10* 10° <1 100
LaBg¢ 1800 2.7 103 10 x 10* 106 <1 ~5000
W(310)-FE Room 0.3 50 30 108 30 ~5000
temp.
ZrW-TFE 1900 3.1 10° 100 10° <1 ~5000
where r, = beam radius
e = electronic charge
m = mass of electron
B, = axial component of B

f = focal length
V = acceleration voltage

Many rules of light optics apply here also, such as
Ui, + 1l = 1/f M =1/, (6.18)

where [, = object distance
l; = image distance
M = magnification

The current density J and current / on the image plane are
J = mBa? and I = J(md?14) (6.19)

where 8 = gun brightness
d; = diameter of the electron beam on the image plane

o ~|,
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FIGURE 20
Configuration of the electron gun and magnetic lens. (@) Configuration of electron gun
and its power supply. (b) Magnetic lens structure.
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Spot sizes of d; that are of interest range from 0.01 to 0.1 wm. From Section 6.2.2
the diameter d of the central spot of the Airy pattern is 1.2A/a. NA(= sin «, where
2« is the solid angle of the ray reaching the imaging point from the objective lens)
is the numerical aperture. For 15-keV electrons, the wavelength A = 0.1A. Taking
a = 1072 radians, we have a diffraction spot width

dage = 1.2Ma = 107 pm < d (6.20)

Thus, diffraction can be ignored. However, aberrations in the final lens and in the
deflection system will increase the spot size and can change its shape as well. The ac-
tual spot size in the presence of aberrations is the square root of the sum of the squares
of the contributions of the independent aberrations. The aberrations are of two types:
undeflected beam aberrations and aberrations that are functions of the distance r, in
the image plane from the axis, to the position of the deflected beam. The aberrations
of the first type are

Spherical aberration: dy = §C,a’

Chromatic aberration: d. = C.(AV/V)«

Spherical aberration is a result of focusing rays passing through the lens at different
distances from the axis. The spread of electron energies, eAV, is usually a few eV. Cj
and C, are constants determined by the lens parameters. Astigmatism, a third type
of aberration, results from the breaking of cylindrical symmetry in the column and
can be removed by introducing compensating fields with stigmator coils as shown
in Fig. 19. Deflection aberrations, such as coma and field curvature, are proportional
to 2 or ra?. Another source of spot broadening is the mutual Coulomb repulsion of
the electrons as they traverse the column. For total column length L (cm) and beam
current I (A) this contribution is given approximately by

~ [LIaV*?)] X 108um (6.22)

This spreading becomes important only at large currents when small spot sizes or
sharp edges of large spots are required. For example, if / = 500 nA, L = 70 cm,
V = 20kV, and @ = 1072 rad, then Eq. (6.22) gives dee = 0.12 pm.

Note that the distortion, which causes the positioning error of the electron beam
landing on the substrate, depends on the deflection distance from the center. The
actual amount of error depends on the condition of the electron optics, such as the
manufacturing accuracy of the electron optical parts or deflection range, but an ap-
proximate value is on the order of 1073 on the deflection edge. An electron lithogra-
phy machine has many correction functions that differ from those in optical systems
because of its sequential exposure method and the real-time response characteristic
of the electron beam. These functions include corrections for distortion, beam drift,
stage position, beam size related to deflection distance or substrate height, and beam
unblanking time due to beam current drift.

(6.21)

6.3.2 Raster Scan and Vector Scan

The EBES® machine, developed by AT&T Bell Laboratories, and the commercially
available MEBES® system from ETEC (Hayward, CA) use beam deflection in one
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FIGURE 21
The principles of raster and vector scan. (a) Raster scan. () Vector scan.

®

dimension (mainly).>! The writing scheme is shown in Fig. 21a. The stage moves
continuously in a direction perpendicular to the beam scanning direction. The elec-
tron beam is moved repetitively in one direction while it is slowly deflected in the
perpendicular direction, corresponding to the stage movement. The pattern data are
decomposed into a number of stripes parallel to the stage movement, and one stripe
is written on all chips of the same type before the next stripe is begun. The stripe is
decomposed into many scan lines whose widths are basically similar to the feature
addressing unit. The electron beam is irradiated on the substrate by controlling the
blanker that turns the beam on at the exposure starting points and turns it off at the
end point during rastering. The performance of MEBES4 is given in Table 4.

In vector scan the beam is directed sequentially to the parts of the chip pattern
to be exposed.3? The pattern is decomposed into a number of elements (rectangles,
triangles, etc.) and each is exposed by the writing beam. Many vector scan machines
expose in a step-and-repeat fashion. Figure 215 shows an exposure field of dimen-
sions F X F, which is the electron beam deflection area. The dotted lines indicate
where the beam is turned off (deflected by the blanking plates), similar to blanking
in araster scan. After all elements in one field are exposed, the stage is stepped to the
next field and the exposure process is repeated. The stage need not provide highly
precise positioning. Stage position is monitored by a laser interferometer, and small
differences from the desired stage location are compensated by small offsets of the
beam. If a chip is larger than an exposure field, as in Fig. 215, several fields can be
used to expose the chip. The scan field must be as large as allowed by deflection
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FIGURE 22
System configuration of a laser reticle generator. (After Burns and Schoeffel, Ref. 34.)

positioning accuracy because stage-stepping time affects throughput. There are
many vector-type machines commercially available, as shown in Table 4.

The EBES4 machine developed by AT&T Bell Laboratories has a continuously
moving stage, three hierarchical deflection systems, and a high-brightness gun that
uses a thermal field emission cathode in order to manufacture deep-submicron-
geometry (less than about 0.5 wm) masks or wafers within an acceptable exposure
time.33

The CORE® laser reticle writer, the last entry in Table 4, is an optical pattern
generator.>* The writing concept is very similar to the MEBES® electron beam ma-
chine. A narrow laser beam is scanned very accurately by the combination of a poly-
gon mirror, a piezo-controlled steering mirror, and a high-frequency beam modulator
(on-off controller) on the continuous-movement mask stage. The system configura-
tion is illustrated in Fig. 22. This machine can use the same process as with wafer
fabrication for mask making because it is an optical method. It also has the capability
of direct writing and phase-shifting mask making.
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Variable-shaped-beam column of JEOL model JBX-6A3.
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6.3.3 Variable Shaping

For vector scan machines the exposure time of a specified area is proportional to the
number of electron beam irradiations if the current density and the resist sensitivity
are fixed. The shaped-beam method offers a way to project many image points in par-
allel and to achieve faster exposure by reducing the irradiation numbers.>36 In the
JEOL JBX-6A3 machine shown schematically in Fig. 23, the shape of the electron
beam is rectangular, and the size is variable. The image of the first square aperture
is shifted in two dimensions to cover various portions of the second aperture, which
is the actual object of the image projected on the mask or wafer. The minimum and
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maximum rectangle widths are 0.2 wm and 6 pm, respectively. Maximum current
density is 2A/cm? with the LaBg cathode. Electrostatic beam deflection is employed.
Another interesting approach is the combination of a variable shaped beam with
continuous stage movement technology to minimize stage movement overhead. The
first commercially available machine is AEBLE-150 from ETEC.? It has static
and magnetic two-stage deflectors. The magnetic deflector decides the static deflec-
tion positions, and the static deflections control the electron-beam exposure positions
corresponding to the stage positions. The stage is continuously moved like a raster
machine, and the position, monitored by laser interferometer, is fed back to both
deflectors. Machines developed by NTT?? and Toshiba® use a similar concept.

6.3.4 Electron Proximity/Projection Printing

An electron proximity printing system® is illustrated in Fig. 24a. It needs step-
and-repeat stage movement because of its small mask size and thus differs from an
optical proximity printer. The distance between the mask and the wafer is 0.6 mm.
The beam, with a diameter of approximately 1 mm, is scanned over the full chip-size
mask, which is made on a silicon membrane. To permit electrons to pass through
the transparent parts of the mask physical holes must be present, unlike an x-ray
mask. Creating isolated opaque patterns such as the interiors of doughnut shapes
is a problem because they have no attachment to the rest of the mask. A solution
to this problem is to use a set of two complementary (half) masks. Registration is
by reference to alignment marks on each chip. Resolution is reported as 0.3 pm.

Source Q

Eocusing llens UV Radiation
t
exagonal aperture Mask (20 kKV) I
Raster scan
. T T 1111111
coil [ I R I A
) d UL L1 1t i Electrons
| oV LEEEE
. . S Movable grid
Fine correction ; mhAAAEAES SR
coil [
‘ 24 : : : : lI I : { | Backscatter
Wafer | | | | : Il : detector
1x Mask e ds O RN g ——
Silicon membrane | i \ YUY VYV V VYV ¥ Alignment mark
[ ] | 5
Wafer L | l ‘ X-Y stage
X-Y stage [ I O A
Magnetic field
(@) ®)
FIGURE 24

The principles of electron proximity and 1X electron projection. (a) Electron proximity.
(After Meissner et al., Ref. 40.) (b) The 1X electron projection. (After Ward et al., Ref. 41.)
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Overlay error is less than 0.05 wm (1 o). Estimated exposure time is around 30 sec
per 5-inch wafer with 10 wC/em? sensitivity. The major disadvantages of this system
are the need for two masks for each pattern and the heating problem associated with
the stencil mask.

Electron projection systems*!' are another method of achieving high resolution
over a large field with high throughput as shown in Fig. 24b.Ina 1 : 1 projection sys-
tem, parallel electric and magnetic fields image electrons onto the wafer. The “mask”
is quartz, patterned with chrome and covered with CsI on the side facing the wafer.
Photoelectrons are generated on the mask/cathode by backside UV illumination. The
advantages of the system include a stable mask, good resolution, fast-repeat expo-
sure with low-sensitivity resists, large field, and fast alignment. Proximity effects
can be compensated for by undersizing or oversizing the features on the mask or by
increasing the acceleration energy to 50 keV or more. Apparently neither method is
entirely satisfactory for production use. Another problem is that the cathode has an
unacceptably short life, only 50 exposures, before the CsI must be replaced by fresh
material.

Recently, another projection method, a modification of the variable-shaping
method, has been proposed by several organizations.*? Several different unit pat-
terns, such as the cell patterns of a memory chip, are located in the second shaping
aperture of the variable-shaping column as shown in Fig. 25. The deflection range of
the electron-beam shaping is larger than with the variable-shaping method in order
to select the different types of cells. Hence, redeflection is necessary to eliminate the
beam shape deformation passing through the field far from the center of the lenses.
The reduction ratio of the cell patterns is the same as that of the variable rectangle.
Repetitive patterns are exposed by using the cell aperture, which is designed and
manufactured in advance, that is specific to the device layout. Random patterns or
areas that connect the repeated patterns are exposed by a conventional variable rect-
angular beam. Cell apertures are manufactured by a method similar to the one used
to make the electron proximity mask, but the pattern size of the cell aperture is some
ten times as large as the actual wafer geometry. This technique is very flexible be-
cause it can use either a conventional variable-shaping function or preprogrammed
shaping. The problems of this method are the formulation of the flexible algorithms
that combine the data preparation of the ULSI patterns with exposure control, the
adjustment of electron-beam optics, and the life of the cell aperture.

6.3.5 Electron Resists

Electron exposure of resists occurs through bond breaking (positive resist) or the
formation of bonds between polymer chains (negative resist). The incident electrons
have energies far greater than the bond energies in the resist molecules, so the ex-
posure energies can cause direct molecular reactions. Both bond scission and bond
formation occur simultaneously. Which one predominates determines whether the
resist is positive or negative.

In a negative resist, electron beam—induced crosslinks between molecules make
the polymer less soluble in the developer solution. One crosslink per molecule is
sufficient to make the polymer insoluble. Resist sensitivity increases with increasing

Micron Ex. 1029, p. 332

Micron v. YMTC
IPR2024-00911



306 ULSI Technology

<————— Electron source

Projection lens

Aperture selection deflector

Cell aperture

-——— Second aperture plate

I]<—————— Redeflector

Subfield
deflector

Objective lens
Main-field deflector

Sub-subfield
deflector

Wafer

FIGURE 25
The electron optics of the cell projection method. (After Sakitani
et al., Ref. 42.)

molecular weight. If the molecules are larger, then fewer crosslinks are required per
unit volume for insolubility. The polymer molecules in the unexposed resist will have
a distribution of lengths or molecular weights, and thus a distribution of sensitivities
to radiation. The narrower the distribution, the higher the contrast y—similar to an
optical resist, as shown in Fig. 15. The exposure dose has units of charge deposited
by the beam per unit area, or C/cm?.

In a positive resist the scission process predominates; the exposure leads to lower
molecular weights and greater solubility. Again, high molecular weight and narrow
distribution are advantageous.

Two major factors limit resist resolution: swelling of the resist in the developer
(more severe for negative resists) and electron scattering. Swelling of a negative
resist, whether optical, electron, or x-ray, has two deleterious effects. First, two ad-
jacent lines of resist may swell enough that they touch. Second, this expansion and
contraction weakens the adhesion of very small resist features to the substrate and
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can cause small undulations in narrow. lines. Both problems become less severe as
resist thickness is reduced.

Recently developed chemically amplified resists have good resolution, sensitiv-
ity, and dry-etching resistance capabilities without swelling.** The basic process is
explained in Section 6.2.5. It is reported to have a 0.2-pm resolution with a 4.0-
puC/cm2 sensitivity at 20 kV. Dry-etching performance is as good as that of conven-
tional diazoquinone-based positive resists.

A few of the readily available electron resists are listed in Table 6. As the wave-
length of optical lithography becomes shorter, several optical resists also have sen-
sitivity to an electron beam. The resist PMMA has the highest resolution known.
Note that the values for sensitivity and resolution are approximate. Because faster
electrons penetrate more deeply, more current is required at higher voltages. A resist
is about one-half as sensitive for 20-keV electrons as it is for 10-keV electrons.

When electrons are incident on a resist or other material, they enter the material
and lose energy by a collision process known as scattering, producing secondary
electrons, x-rays, and, finally, heat. This fundamental process limits the resolution
of electron resists to an extent that depends on resist thickness, beam energy, and
substrate composition. The envelope of the electron cloud in the material is shaped
like an onion bulb; the cloud is pulled closer to the surface as beam voltage decreases.
At higher beam voltage the electrons penetrate farther before being scattered over
larger lateral distances. These phenomena are shown in Fig. 26, from the results of
Monte Carlo simulations of the penetrating paths of the individual electrons in the
target materials.** The scattering range of electrons in the Si substrate is about 1 wm
for both distance and depth at 10 keV, and 2 pm for distance and 3.5 pm for depth
at 20 keV.

For an electron beam of zero width incident at position r on the resist-covered
substrate, the distribution of energy deposited in the resist at depth z is closely ap-
proximated by

f(2) = ayrexpl~r*/B}(2)] + az expl~r*/ B (2)] (6.23)
where a;, ap = ratios of forward- and backscattering of the total electrons, respec-
tively

B(z) = width for the forward-scattered beam in the resist
By(z) = backscattering from the substrate

and B4(z) = B£(2), f(r, z) is the point spread function. Generally, the value of z of
interest is that corresponding to the resist/substrate interface z;. For a 25-keV electron
beam penetrating a 0.5-pm thick resist substrate, for example, B7(z;) = 0.06 pm,
By(z:) = 2.6 wm, and ap/a; = 2.7 X 1074, As separation between lines decreases,
the backscattered electrons contribute a greater dose between the lines, where the
dose should be zero. This feature is somewhat similar to the reduced modulation in
an optical image at higher spatial frequencies.

An exposed pattern element adjacent to another element receives exposure not
only from the incident electron beam but also from scattered electrons from the adja-
cent element. This is called the proximity effect and is, of course, more pronounced
the smaller the space between pattern elements. For example, an isolated 0.5-pm
line requires 20-30% more exposure than 0.5-pm lines separated from each other
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FIGURE 26

Simulated electron trajectories for a beam incident at the origin. (After Kyser and
Viswanathan, Ref. 44.) The trajectories of 100 primary electrons are shown projected
onto the x-z plane. (a) A 10-kV point source. (b) A 20-kV point source.

by 0.5 pm. Thus, as pattern density increases, it becomes necessary to adjust the
exposure for various classes of elements or, in the extreme case, for different parts
of an element.*’ This process is carried out through data preparation from the CAD
output into the machine-oriented format in Fig. 18. In general, it takes a very long
time, even for advanced computers, to apply perfect correction in ULSI patterns.

6.3.6 Electron-Beam Applications

Mask fabrication

Electron beam exposure machines have a wide variety of applications because
of their pattern-generating function. Applications include direct writing and mask
writing for the other lithographies such as the optical stepper, x-ray, ion, or electron
projection. By the beginning of the 1970s the 10X reticle pattern was exposed by
optical pattern generators. The rectangles are generated by a pair of L-shaped me-
chanical masks, and then the reduced images of these rectangles are projected on
the blanks. A large, dense chip requires 20 hours or more of optical pattern genera-
tor time, but only two hours or less of electron beam pattern generator time. The first
widespread use of electron beam pattern generations was in photomask making.

Table 7 lists specifications for the advanced masks required for optical step-
pers. In this table pattern placement errors are displacements of patterns from the
desired locations on the mask. One of the types of error components that degrade
these mask specifications is the relative-position error between the stage and the
exposure position, which occurs because of mechanical slippage of the mask due to
stage movement or thermal expansion. Fused-silica mask substrates, with their low

Micron Ex. 1029, p. 336

Micron v. YMTC
IPR2024-00911



310 ULSI Technology

TABLE 7
Specifications of masks for optical steppers

Minimum Pattern Critical dimension
feature Line size on placement uniformity Defect size ~ Applied
size (Lm) mask (um) error (j.m) (wm) limit (um) DRAMs
0.8 4 0.2 0.15 1.5 IM
0.65 3.25 0.2 0.15 1 4M
0.5 2.5 0.12 0.1 0.74 16 M
0.35 1.75 0.09 0.07 0.5 64 M

0.25 1.0* 0.05% 0.04* 0.25% 256 M

*Values on 4X mask.

thermal expansion (coefficient of linear expansion is 0.4 X 1076/°C), can reduce
thermal contributions that result in relative-placement errors among several masks.
Another type of placement error is caused by the bending of the mask. To minimize
this error, the use of 0.25-inch thick blanks is beneficial compared to the conventional
0.09-inch ones. Commercially available machines have metrology capabilities to
measure exposure performance of the masks.

Several factors also contribute to decrease the critical dimension (CD) unifor-
mity, that is, the exposed pattern width uniformity. If the chemical process for the
resist development is perfect, the factors that affect the CD are the dose and beam
profile. Usually dosage is controlled by beam irradiation time (beam-on time with un-
blanking) and depends on the beam current. Beam blanking and unblanking control
has a very quick response—within several nanoseconds. The problem is the heating
effect of electron bombardment, which is more important in direct writing because
of rather thick resists.*6:47 '

Another important parameter of mask performance is the defect density. Usually,
the etched pattern is inspected by an optical method and compared with the origi-
nal data base used for the electron exposure. Mask defects are either opaque spots
in areas that should be transparent or pinholes where the chromium layer should
be continuous. The allowable defect size, which depends on the layout rule of the
devices, is shown in Table 7. The mask must be perfect within that size. Conse-
quently, inspection and repair technology is very important not only to ensure the
device performance but also to increase the mask production yield. The minimum
thickness of the resist is set by the need to avoid pinholes and by its resistance to
etching. The resist thickness of the photomask is approximately 0.2 to 0.4 pwm. In
the case of thin resists, it is easy to control the CD by using uniform process condi-
tions, such as minimizing swelling, proximity effect, heating effect, and charging of
electrons.

Mask making can be more difficult than direct writing in spite of its 5X larger
geometry. Absolute position accuracy and pattern-integrity perfection on the com-
pletely clean blanks, without any references such as alignment marks on wafers,
are required during a rather long exposure time. The reduction ratio of the optical
stepper will become 4X in the case of 256-Mbit DRAM production instead of the
conventional 5X because of the large chip size and the limit on field size of the step-
per as shown in Table 1. The required specifications of masks for 256-Mbit DRAM
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become more severe than the conventional ones because of changing the reduction
ratio.

Direct writing

Direct writing means making patterns directly on the resist-coated substrate.
The advantages of direct writing are that no mask is needed and that it produces a
high-resolution pattern. Because it is maskless, direct writing can be used in many
applications. For example, quick design modification; shortened manufacturing time
from design to device test, usually called QTAT for quick turnaround time; and the
capacity to put different types of pattern layouts on one wafer (one wafer module) are
advantages of maskless applications. In ASIC manufacturing, the basic design and
process are common from chip to chip; only the wiring and through-hole layers are
different based on the logical functions of the devices.*® Hence, the common layers
can be manufactured using a stepper, and the personalization layers can be exposed
by electron beam. Direct writing is very efficient not only because it is economical
but also because of its higher production speed. If the mask-and-stepper process is
used, it needs almost one full day from receiving the exposure data to making a mask
without defect. In the direct writing process, the exposed pattern data are transferred
directly to an electron beam machine, without the use of external components such
as magnetic tape, through a network from the CAD system connected to the electron
exposure machines. The trilayer resist process has been applied to actual produc-
tion to get higher throughput, to achieve better resolution, and to minimize radiation
damage.*® '

The first 64-Mbit DRAM was made by a mix-and-match method using the elec-
tron beam and the stepper.*’ Depending on pattern density, several newly developed
technologies were used, such as the positive resist OEBR200 (Tokyo-oka) and the
negative resist SAL601 (Shipley). To control CD uniformity in 0.3-pwm geometry,a
two-step development process (contrast enhancement), a conductive material coat-
ing to eliminate charge accumulation, and a new proximity-correction algorithm (to
classify the pattern density area instead of only the pattern width and gap) are em-
ployed.

Another direct writing application, with long experience, is GaAs field-effect
transistor (FET) production. A short gate length and low resistance are very impor-
tant for this device to have high performance. A T-shaped gate is one way to accom-
plish this. A double exposure with different exposure conditions is another.”® Two
types of PMMA, with different sensitivities (molecular weights), are coated on the
wafer. The top resist has a higher sensitivity and lower molecular weight compared
to the bottom one. After the top layer has been opened, the second layer is exposed
by referring to the alignment mark as shown in Fig. 27. It is reported™? that the gate
contact width is 0.15 pm.

As the pattern size becomes smaller and smaller, it becomes more difficult to
make the pattern on the resist and transfer it to the wafers. There have been many
approaches to making patterns directly on the wafer without a resist, especially in
applications that need a geometry of less than 0.1 wm.>!? For direct electron beam
deposition, an electron beam reacts with the source gas directly. The gas is introduced
to the specimen chamber, and a Au pattern is deposited. Fifty-nm lines and spaces
are reported.”!
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Two-step exposure principle. (After Samoto
et al., Ref. 50.) (a) First exposure on high-
sensitivity resist. (b) Second exposure on
low-sensitivity resist.

®

6.4

X-RAY LITHOGRAPHY

Since x-ray lithography was proposed in 1972, development of the technology has
been pursued in many laboratories.’?4 In the previous section we noted that diffrac-
tion effects and resolution are improved by reducing the wavelength. If the wave-
length is reduced further than deep UV, all optical materials become opaque because
of fundamental absorption, but transmission increases again in the x-ray region. In
x-ray lithography, an x-ray source illuminates a mask that casts shadows on a resist-
covered wafer. There are several advantages in x-ray lithography in addition to short
wavelength. Some contaminants, such as light organic materials, do not print as a
defect; and the depth of focus is larger than that of optical printers. The essential
technology components of this process are (1) a mask consisting of a device pattern
made of x-ray-absorbing materials on transmitting material, (2) an x-ray source, and
(3) an x-ray resist.

The x-ray absorption of several materials is shown in Fig. 28. The absorption
coefficient of an elemental material of density p and atomic number Z is proportional
to pZ*A3 over a wide range of wavelengths. The proportionality constant decreases
in a step function fashion at the absorption edge, a wavelength that corresponds to
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the ionization energies of inner electrons of the K, L, and other shells. Note in Fig. 28
that the big differences in absorption coefficients for different materials are observed
at the same wavelengths that are utilized for absorbing materials to make patterns
and the transmitting substrate of the x-ray mask.

The performance required of x-ray lithography, as the alternative to optical
lithography, has become more exacting as optical technology has continued to im-
prove. The resolution and placement accuracy should soon surpass 0.2 pm and 0.03
pm, respectively.

6.4.1 Proximity Printing

Because the x-ray wavelength is short enough, simple geometrical considerations
can be used to relate the image formation and the wafer without having to consider
diffraction, as shown in Fig. 29a. The opaque parts of the mask cast shadows onto
the wafer below. The edge of the shadow is not absolutely sharp because of the finite
extent of the x-ray source at distance D from the mask. If the gap between mask and
wafer is g, this blur 0 is given by

8 = Sg/D (6.24)

Micron Ex. 1029, p. 340

Micron v. YMTC
IPR2024-00911



314 ULSI Technology

| s}

Glass ring llllllll
AN
Bl
. \
Polyimide — [ O
Alignment window Au absorber St wafer

Si membrane

(@ ®)

FIGURE 29
X-ray shadowing errors and x-ray mask structure. (a) X-ray proximity printing
consideration. (b) X-ray mask structure example. (After Fleming et al., Ref. 54.)

The angle of incidence of the x-ray on the wafer varies from 90° at the center of
the wafer to tan™!(D/R) at the edge of the exposure field of radius R. The shadows
are slightly longer at the edge by the amount

A = g(R/D) (6.25)

This small magnification is generally of no concern. In the special case where it may
be undesirable, it can be compensated for when the mask is patterned. For multilevel
devices the magnification must have the same value for each level, or at least its
variation must be within the registration tolerance. This implies stringent control
of the gap g. Wafer warping in processing can be nearly eliminated with a proper
vacuum chuck. It is not necessary that the gap have the same value at all points on
the wafer, only that the spatial variations be the same, within close tolerance, for all
levels. The step-and-repeat motion is indispensable to the narrow beam line of x-ray
lithography.

6.4.2 X-Ray Mask

An example of a typical mask structure is shown in Fig. 29b. An x-ray mask consists
of a transmissive membrane substrate and an absorber patterned on it. The ratio of
metal thickness to substrate thickness is greater than for a photomask because no ma-
terials are available that are fully transparent or fully absorbent, unlike the combina-
tion of glass and chromium in optical lithography. These thicknesses are determined
by the transmission of the materials for the x-ray wavelength of interest. X-ray masks
are made by electron lithography and use the technologies of mask making and direct
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writing. The pattern on the x-ray mask must be as perfect as a photomask, but the
dimension is the same as on the wafer because of proximity printing. For features
down to a 0.1 to 0.2-pwm geometry it is harder to check the pattern integrity and to
repair defects in x-ray than in optical lithography.>*

Of the heavy metals with large pZ* values, gold was once widely used, because
it is relatively easily patterned by liftoff or electroplating. Tungsten and tantalum
are used now, because they are easily etched by dry etching. The thicknesses of gold
necessary for absorption of 90% of the incident x-ray flux are 0.7 pm, 0.5 pm, 0.2
pm, and 0.08 wm for x-ray wavelengths 4.4 A (Pdp), 8.3 A (Alk), 13.3 A (Cup),
or 44.8 A (Cxg), respectively. In general, the metal is considerably thicker than the
chromium layer (0.1 wm) on a photomask. Methods for high-resolution patterning
of the gold include electroplating and ion milling. Electroplating produces excellent
definition with vertical walls but requires a vertical wall primary pattern in a resist
that has a thickness equal to that of the metal to be plated.>> More often, a subtractive
process has been employed in which a thinner resist layer is used to pattern a thin
layer of a refractive metal; the refractive metal serves as a mask for ion-milling the
underlying gold. With this method, walls that depart from the vertical by 20° or less
can be formed. The minimum linewidth attainable by ion milling 0.5-pm-thick gold
is ~ 0.4 pm. For higher resolution, and where gold thickness can be reduced, longer
wavelengths such as the 12 A Cuy_ radiation may be used. Lines as small as 0.16 m
have been replicated with this type of radiation. _

The membrane forming the mask substrate should be as transparent as possible
to the x-rays, smooth, flat, dimensionally stable, reasonably rugged, and transparent
to visible light if an optical registration scheme is used. Materials that have been
used include polymers such as polyimide and polyethylene terephthalate, silicon,
SiC, Si3Ny, Al O3, and a Si3N4—Si0,—Si3Ny4 sandwich structure. Although different
mask substrates are appropriate for different portions of the soft x-ray spectrum, there
is not yet general agreement on the best material for any particular wavelength.

The major questions remaining about x-ray masks concern their dimensional
stability, minimum attainable defect densities, and ease of handling. The stress ap-
plied on the thin membrane during processing and formation of the absorber structure
causes distortions. Absorber-induced distortion is not noticeable because it is eval-
uated by comparing the measured fiducial marks before and after electroplating.
Resist films on the membrane produce tensile stress on the membrane. In the case
of a multilayer process, RIE heating causes membrane distortion with a maximum
error of 0.1 pm.>> Dimensional stability can be degraded by radiation damage pro-
duced by x-ray flux, which also makes the mask substrate optically opaque. Pattern
placement and CD accuracies are reported as 0.06 wm (3 o) and are repeatable.>*

6.4.3 X-Ray Sources

X-rays are produced by the interaction of incident electrons and a target material.
The maximum x-ray energy is the energy E of the incident electrons. If E is greater
than the excitation energy E, of the characteristic lines of the atoms of the material,
the x-ray spectrum will contain these lines.
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X-ray generation by electron bombardment is a very inefficient process; most
of the input power is converted into heat in the target. The x-ray flux is generally
limited by the heat dissipation in the target. With electrons focused to a spot 1 mm
in diameter on an aluminum target on a water-cooled stem, 400 to 500 W is a typical
upper limit for the input power. The x-ray power produced is only about 10 mW,
and this power is distributed over a hemisphere. The x-ray power is proportional to
( E — Ec)]'63-

Another x-ray source, which is capable of an order of magnitude greater flux, is
plasma discharge.*® There are several versions, but all function by heating a plasma
to a temperature high enough to produce x-ray radiation. The radiation consists of
strong lines superimposed on a weak continuum. The source is pulsed at a low rate.
In one embodiment, the source size is 2 mm. The repetition rate is 3 Hz. Special
problems with such a source are reliability and contamination produced in the plasma
chamber.

Typical x-ray sources®’ are listed in Table 8. Although the electron bombard-
ment and plasma sources are included,’®>? their resolution and registration are lim-
ited because of their x-ray trajectory divergences and 6 values shown in Table 8.

6.4.4 Synchrotron Radiation

We have considered many kinds of lithography equipment in this chapter. The syn-
chrotron is the biggest and the most expensive; including its support facilities, it
is more than two orders higher than any other lithography equipment. Some exper-
iments have been reported in which the radiation from electron synchrotrons and
storage rings was used for x-ray lithography. The small angular divergence of the
radiation simplifies mask—wafer registration, and the high intensity of the radiation
leads to short exposure times. A single storage ring could provide radiation to a large
number of exposure stations.

In synchrotrons and storage rings, high-energy electrons are forced into closed
curved paths, or orbits, by magnetic fields. An electron moving through a perpen-
dicular magnetic field has an acceleration directed toward the center of the orbit
and emits radiation converted from the kinetic energy. For the high-energy electrons
of interest, which have velocities very nearly equal to that of light, the radiation is
emitted in a narrow cone in the forward direction of motion of the electron. An ob-
server looking along a tangent to the orbit sees a bright spot. The radiation is very
different from that of a point source because of the narrow beam from each electron.
The radiation from a circular divergence of the radiation in the vertical direction is
W ~ (1957 E)~!, where E is the electron energy in GeV and V' is in radians. Thus,
for a 1 GeV machine the vertical divergence is only 0.5 mradians. The synchrotron
is the only equipment that has a small divergence angle and high brightness.

High-energy electrons are provided to the storage ring by a small synchrotron
or a small linear accelerator. The ring is operated, briefly, as a synchrotron to boost
the electron energy to the final value. Then the electrons may circulate for several
hours in a stable orbit. The loss due to the power radiated as synchrotron radiation
is compensated by one or more acceleration cavities around the ring. Nevertheless,
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the current slowly decays because electrons collide with residual gas molecules or
the walls.

The peak of the power spectrum of the synchrotron radiation occurs at wave-
length A,. This is related to the electron energy E (in GeV) and magnet bending
radius R (in meters) by

Ap = 2.35R/E? (6.26)

A 0.83 GeV machine with R = 2.1 m would have a power spectrum with a peak at
A, = 84 A.

! Oxford Instrument’s compact synchrotron Helios® was installed at IBM, East
Fishkill, NY. Figure 30 shows the total facility arrangement.®® The size of Helios
is about 2 m X 4 m. It needs many other components—the linear accelerator, beam
lines, RF controllers, magnet controllers, pumping units, and a radiation protection
building. It has a 0.9-nm wavelength, 0.4-mm source size, and a 45-hr beam life.
The x-ray stepper made by Karl-suss has a 0.25-p.m resolution and 0.1 pwm overlay
accuracy.®! Synchrotron radiation actually has been used in 0.35-pwm static RAM
(SRAM) manufacturing. The critical layers (isolation, gate, contact hole, and metal
1) were fabricated using the synchrotron on the completed layers made by optical
i-line or K1F steppers. The CD control of eight lots is reported®? as 30-50 nm (3 o).

6.4.5 X-Ray Projection

The use of soft x-ray projection lithography has been demonstrated.®> The key
components of this system are x-ray mirrors, which consist of alternating layers of
high-index and low-index materials deposited on a smooth substrate. The choice of
materials is determined by the x-ray wavelength, and the individual layer thickness
is determined by the wavelength and the incidence angle. The normal incidence
reflectivity is better than 50% at A = 4.5 nm. A laser-produced plasma source is
- adopted for the x-ray source. The system configuration is illustrated schematically in
Fig. 31. The demagnification ratio is 1 : 5. The advantages, compared to proximity
methods, are greater latitude with respect to placement of the mask pattern and less
radiation-induced damage of the mask. Theoretical resolution is 8.9 X 10° line-pairs
per millimeter, or a linewidth of 56 nm, based on 1/Af#, where A = 4.5 nm and
f7 is 125. The image field size is as small as 5 mm in diameter. The exposure time
is estimated roughly as 15 minutes for a 6-inch wafer.

6.4.6 X-Ray Resists

An electron resist is also an x-ray resist, since an x-ray resist is exposed largely by
photoelectrons produced during x-ray absorption. The energies of these photoelec-
trons are much smaller (0.3 keV to 3 keV) than the 10 keV to 50 keV energies used in
electron lithography, making proximity effects negligible with x-rays and promising
higher ultimate resolution.

On traversing a path of length z in a resist or any other material, an x-ray flux
is attenuated by the factor exp(—az). The 1-pm thick resist film absorbs about 10%
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1. Concrete shielding

2. Linear accelerator

3. Control room

4. RF room

5. DC power room

6. Research area

7. Exposure station

8. Cryogenics

9. Electron storage ring
10. X-ray steppers
11. Wafer processing area

FIGURE 30
Layout of IBM’s synchrotron facility. (After Archie et al., Ref. 60.)
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FIGURE 31
Schematic illustration of an x-ray projection system. (After Hawryluk and Seppala, Ref. 63.)

of the incident x-ray flux at the characteristic x-ray Alga (A = 8. 3A), because most
resists consist of H, C, and O only with a density p = 1 g/cm?. This small absorption
has the advantage of providing uniform exposure throughout the resist thickness z
and the disadvantage of reduced sensitivity. As in the optical case, x-ray resist sensi-
tivity is generally quoted in terms of incident dose Q (J/cm?) required for exposure;
sometimes absorbed dose aQ (J/cm?) is used.

For the shorter x-ray wavelengths the A3 dependence of the absorption coeffi-
cient leads to low sensitivity. This can be offset by incorporating heavier elements
in resist components to increase absorption (sensitivity). In x-ray lithography, we
expect a special sensitivity enhancement due to the relationships between resist
materials and x-ray absorption edges. For the characteristic x-ray Pd; « radiation,
N = 4.37 A, the DCOPA resist (a mixture of poly (3.3-dichiloro-1-propyl acrylate)
and PGMA/ZA) incorporates chlorine. The Clk absorption edge at 4.40 A provides
higher absorption, and chlorine is a chemically reactive species. Thus, two effects
contribute to higher sensitivity.

6.5
ION LITHOGRAPHY

When an ion beam is used to expose a resist, higher resolution is possible than
with an electron beam because of less scattering. In addition, resists are more sensi-
tive to ions than to electrons. There is also the possibility of a resistless wafer process.
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CHAPTER 6: Lithography 321

However, the most important application is the repair of masks for optical or x-ray
lithography, a task for which commercial systems are available.

The sputtering yield increases with beam energy if the beam energy is larger
than some small threshold value. There is an energy limit beyond which the yield
decreases because the ions penetrate more deeply and fewer surface atoms receive
enough energy to leave the surface. For example, the peak in the sputtering curve for
Ar™ ions incident on Cu occurs at 23 ke V. For ion implantation, energies from 30 keV
to 500 keV are used, and the dose ranges up to 10'3 ions/cm? (or 1.6 X 10~#C/cm?
for monovalent ions). This represents a much larger dose than that used for resist
exposure.

The sensitivity of PMMA resist has been measured for 30 keV, 60 keV, and 200
keV He™ ions and for 100 keV and 150 keV Ar* ions. The required dose is nearly two
orders of magnitude less than with 20 keV electrons.®* The perpendicular straggle of
the penetrating ion path and the range of low-energy secondary electrons produced
are less than the range of backscattered electrons in electron lithography. The ion
energies for exposing a resist depend on the ion species. If the ion must penetrate
2500 A of resist, then a proton would need 14 keV; and a Au ion, 600 keV for the
projected range to be 3000 A.

Ion lithography systems are of two types: a scanning focused-beam system and
a mask-beam system. The problems of ion optics for scanning ion systems are more
serious than for electron optics. One problem is the ion source, and another is the
beam-forming system. In the two practical types of field ionization source, ions are
produced in the strong electric field near a pointed tungsten tip; the source of the
ionized material is a gas or a liquefied metal surrounding the tip. The largest current
densities obtained in the focused image of such a source are 1.5 A/cm? for Ga* in a
0.1 pm spot and 15 mA/cm? for H* in a 0.65 pm spot.5® This value is two orders
less than the conventional electron beam system. There are no bright sources for
such useful implant species as B and P. Electrostatic lenses rather than magnetic
lenses must be used to focus ion beams. If a magnetic lens were used to focus an
ion beam, the field would have to be huge since the required field is proportional to
(mV/ )2 from Eq. (6.17), where m is the particle mass. Different isotopes would
be focused at different points. Electrostatic optical systems generally have higher
aberrations, necessitating a small aperture o (beam solid angle similar to optical or
electron beams) and small scan fields.

A prototype scanning system® in which a beam of 57 keV Ga* ions is focused
to a 0.1-pm diameter spot with current density 1.5 A/cm?, is illustrated in Fig. 32.
Spot size is limited by chromatic aberration of the electrostatic lens and the large
14-eV energy spread of the source.

Mask-based systems are of two types. One type is the 5X-reduction projection
step-and-repeat system, which projects 60—100 keV light ions such as HJ through
a stencil mask.% The resolution and overlay accuracy are 0.15 wm and *0.05 pm.
The major disadvantage is the fragile foil mask, which can treat re-entrant patterns
only by double exposure with two masks, similar to the technique used in the electron
proximity method.

The second type is a step-and-repeat proximity printer in which 300-keV protons
are projected through the 0.5-pm thick portion of an all-silicon mask.®’ The mask
is aligned so that the ions travel along the channels in the [100] direction. Projected
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FIGURE 32
The optics of an ion lithography system. (After Seliger et
al., Ref. 65.)

throughput is sixty 100-mm wafers/hr, with an overlay error of ~ 0.1pm—barely
adequate for 0.5-pm lithography. Resolution is set by ions scattering as they emerge
from the channels. Edge resolution is 0.1 pm for the beam-scattering angle of 0.3°.
The main disadvantage is the fragile mask, with a 0.5 pm membrane. However, if
a large fraction of the mask consists of the thicker silicon absorber, then the mask
may be sufficiently rugged. The highest resolution in resist is obtained with a stencil
mask and a beam of protons with an energy in the range of 40 to 80 keV. Lines as
fine as 400 A have been printed with this proximity printer.
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6.6
SUMMARY AND FUTURE TRENDS

In general, DRAMSs have been used as the indicator of progress in ULSI technology.
The most advanced DRAM currently in mass production is the 4-Mbit type with
0.8-pm geometry. The 64 Mbit will start production at the end of this century, with
a 0.35-um feature size. If we consider the resolution, optical lithography systems
have a capability very close to the required performance as listed in Table 1. Optical
lithography is also better than the other methods from the overlay consideration as
described in Table 2. Hence, it is likely that conventional optical lithography will
be applied to 64-Mbit DRAM production with the combination of several sophisti-
cated technologies such as the phase-shifting mask and off-axis illumination. Other
reasons for the continued use of optical lithography are the wide variety of tools and
technologies that already exist, its convenience, and its reasonable cost. Some com-
mercially available resists can resolve down to 0.2 pm, so optical lithography still
has a margin over next-generation device manufacturing.®

In addition, the DOF has become very tight because the wavelength has been
reduced and the NA increased, as discussed in Section 6.2.2. One solution to the
problem of tight DOF is the multilayer resist process, which has other problems
because of its complex process steps.

The performance of various lithography methods based on throughput and res-
olution are summarized in Fig. 33. The borderline of each technology is very fuzzy.
It will be difficult for another technology to replace optical lithography until 0.2-pm
resolution is required. This chapter mainly discussed resolution. However, other key
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FIGURE 33

Resolution and throughput in the submicron region.
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issues are the pattern-width uniformity and the overlay accuracy. If the tolerances
of these items are defined as 10% of the feature size, they should be less than 0.02
pm. It is very difficult to guarantee these accuracies because the accuracy of present
measurement tools cannot meet this requirement.

Pattern-geometry accuracy is degraded in each step of the device manufacturing
process. In general, the patterning sequences are (1) electron beam irradiation, (2)
resist patterning on the mask, (3) chromium patterning on the mask, (4) stepper ex-
posure, (5) resist patterning on the wafer, and (6) pattern transfer to a specified layer
on the wafer. To minimize error, two methods are available. One is to skip some
manufacturing steps, for example, using a direct reaction on the wafer by electron
beam with gas molecules. The second is a statistical approach, which is used be-
cause of the difficulty in analyzing the cause of errors in the intermediate steps. This
method has recently been applied to mask writing to improve the pattern-placement
accuracy by multiple exposures. The more active approach is the evaluation and re-
pair of function units of the final product, such as memory or logic cells, instead of
inspecting and repairing in the intermediate fabrication steps such as masks.

It is very difficult to predict the trend in lithography beyond 0.2 pm or the archi-
tecture or structure of future ULSI. Optical technology is considered almost impos-
sible to use for devices that have less than 0.2-p.m geometry because of its resolution
limit. We have only two choices: electron beam direct writing or an x-ray technology.
However, it is very difficult to make perfect x-ray masks, either 1X transmission or
5 X reflection, because of the complicated process steps including inspection and
repair. In conclusion, the only available choice is electron beam direct writing. The
throughput of this method is just a few 8-inch wafers per hour, as shown in Fig. 33,
if the cell projection method is applied to production. For the mass production appli-
cation, we must minimize the cost and footprint (required floor area) of the machine
and develop high-sensitivity resists that are easy to process. It is considered possible
that all of these requirements can be fulfilled.

,
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PROBLEMS

1. A proximity printer operates with a 10-p.m mask-to-wafer gap and a wavelength of 436
nm. Another printer uses a 30-um gap with wavelength 365 nm. Which offers higher
resolution?
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2. Why must the reticle (mask) used in a wafer stepper be completely free of defects?
Why can some defects be tolerated in systems exposing the entire wafer at once?

w

Derive Eq. (6.6),
H@) = %[cos‘l(vlvm) - (W) V1 = @lv,)?]
using a figure and simple geometric considerations.

4. Which projector has a better resolution: a coherent machine or a partially coherent one
with a coherency factor 17 The MTF required is better than 0.5.

5. Calculate the wavelength of a 20-keV electron beam.

6. Calculate the current density on the image plane of a LaBg cathode at 20 kV. The work
function, Richardson constant, and solid angle are 2.4 eV, 40 A/cm? - K2, and 1072 rad,
respectively.

7. Calculate the total exposure time of a variable-shape electron beam system under the
following conditions: resist sensitivity, 2 wC/cm?; current density, 10 A/cm?; field size,
3 mm; chip size, 5 mm X 10 mimn; stage speed, 0.2 s/step; deflection settling, 0.1 w.s; shot
number per chip, 1 X 10%; chip number in a wafer, 100.

i

Compare the chip cost between a stepper and electron direct-writing under the following
conditions:

(a) Machine costs of the stepper and the e-beam are S and E, respectively.
(b) Throughput of stepper and e-beam are « and 8 per hour.
(¢) Reticle unit price is C, and n pieces are necessary.

(d) Chip yields, uptimes, process speeds, running costs, depreciation years, and other
conditions are the same.

9. Calculate the actual cost of the chip in the previous question if S = $2M; E = $3M;
a, B = 50, 10/hr; C = $3K; n = 5000/y; yields are 80%; running cost = 0; uptimes
= 5000 hr/y; 100 chips/wafer; and 5-year depreciation.

10. Suppose that an x-ray resist must see a mask modulation greater than or equal to 0.6
to form useful resist images. What is the minimum gold thickness required on an x-ray
mask to satisfy this requirement if the exposure wavelength is 4 A?
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CHAPTER 7

Etching

Y. J. T. Lii

7.1
INTRODUCTION

Devices are built from a number of different layer materials deposited sequentially.
The lithography techniques described in Chapter 6 are used to replicate circuit and
device features, and the desired pattern is transferred by means of etching. As we
enter the era of ULSI manufacturing, the etching process grows more important for
fabricating features with sub-half-micrometer dimensions. Dry etching is synony-
mous with plasma-assisted etching, which encompasses several techniques that use
plasmas in the form of low-pressure gas discharges. Integrated circuit fabrication
processes that use reactive plasmas are commonplace in today’s semiconductor pro-
duction lines because of their potential for very-high-accuracy transfer of resist pat-
terns, i.e., anisotropic etching, as shown in Fig. 1. By contrast, wet chemical etching
results in isotropic etching, where both vertical and lateral etch rates are comparable.

In the early 1970s, photo lithography with Novolak-based resists was used to
pattern devices with dimensions less than three micrometers. Oxygen plasmas were
explored for stripping of resist. The need to maintain dimensional tolerance dur-
ing etching became a critical requirement that led to numerous advances in plasma
processing and improved reactors during the 1980s. Today, there is a broad base
of empirical knowledge and some qualitative understanding of etch mechanisms.!
These insights and systematic experiments led to the process developments needed
to meet the requirements of today’s submicrometer device manufacturing.

Etch techniques consist of dry and wet etch methods. Dry etch methods include
plasma etching, reactive ion etching, sputtering, ion beam etching, and reactive
ion beam etching. For dry etch methods, this chapter concentrates only on plasma
and reactive ion etching because they are the most popular methods used in semi-
conductor industry. This chapter starts with a discussion of the fundamentals of
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low-pressure discharge. Next, fluorocarbon plasma chemistry is introduced to review
the means for achieving etching directionality and selectivity in reactive etching
using glow discharges. Specific plasma processes used to etch different materials
important to semiconductor processing are reviewed. Plasma diagnostics, process
control, and plasma-induced damage are introduced briefly. In addition, relevant
trends in new, magnetically enhanced reactive ion etching systems, in high-density
plasma systems, and in integrated etching clustering are discussed. Finally, alterna-
tive wet etching methods used in the semiconductor industry are briefly presented.

7.2
LOW-PRESSURE GAS DISCHARGE

Plasma is an ionized gas with approximately equal amounts of positively charged
particles (positive ions) and negatively charged particles (usually electrons and a
small amount of negative ions). The plasma useful to ULSI processing is a weakly
ionized plasma, called a “glow discharge,” containing a significant density of neutral
particles—more than 90% in most etchers. Although plasma is neutral in a macro-
scopic sense, it behaves quite differently from a molecular gas, because it consists
of charged particles that can be influenced by applied electric and magnetic fields.

Plasma etching systems are extremely complex, and many details of the physical
and chemical interactions, both within the plasma and on the surface exposed to
the plasma, are not yet understood. The interaction of plasma with surfaces will be
discussed in order to describe some of the mechanisms thought to be important in
etching. A comprehensive review of this subject can be found in Ref. 2.
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7.2.1 AC Plasma Discharge

In plasma etching, a plasma is created by applying a voltage across two electrodes,
between which a gas is confined at low pressure. Simple dc power can be used to
generate plasma; however, insulating materials cannot be used to cover electrode
surfaces, because the insulating materials stop the current flow between the two elec-
trodes and cause surface charging. To deal with the surface charging problem, an ac
discharge is used so that the positive charge accumulated during one half-cycle can
be neutralized by electron bombardment during the next half-cycle. In plasma etch-
ing, an rf field is normally used to generate the gas discharge. One reason for doing
so is that the electrodes do not have to be made of a conducting material. The other
reason is that electrons can pick up sufficient energy during field oscillation to cause
more ionization by electron—neutral atom collisions. As a result, the plasma can be
generated at pressures as low as 1073 torr.

The free electrons in the gas are accelerated by the electric field and gain en-
ergy. Energy is released when free electrons collide with gas atoms; the gas atoms
are then ionized, and more electrons are freed. Electron collisions with neutrals in
plasma cause dissociation, ionization, and light emission. These collisions generate
atoms, molecules, molecular fragments, and ions. The ions and electrons generated
from these collisions raise the density of the plasma. Additional electrons are gener-
ated by secondary emission from energetic, positive ions colliding with the electrode
surfaces. However, some collisions on the electrode surfaces lower plasma density,
such as an ion-ion recombination and an electron-ion recombination. The process
continues until equilibrium is reached, that is, until the number of ion-electron pairs
created is the same as the number of pairs lost at the electrode surface and the cham-
ber wall. At this point, the plasma is self-sustaining. The density for the plasmas
of interest ranges from 10° to 10!> cm™3. The density of gas molecules at 1 torr is
about 1016 cm™3, so these discharges are weakly ionized. Therefore, at low pressure,
plasma is a partially ionized gas containing electrons, ions, and neutral atoms and/or
molecules.

7.2.2 Properties of RF Discharge

When a plasma comes in contact with an electrode or surface, a dark space or sheath
is formed next to it. The potentials of the rf discharge near the electrodes are im-
portant in determining the energies of ions incident on surfaces in the plasma.> The
potentials near the electrodes, as shown in Fig. 2, result from currents of different
particles, specifically electrons and ions. A light particle such as an electron will
accelerate more than a heavier particle such as a positive ion in a given electric field.
A large number of electrons rush toward electrodes after an electric field is applied.
The depletion of electrons from the plasma and a negative charge buildup on the
electrodes are inhibited by the development of a negative charge barrier that repels
electrons and attracts positive ions. In Fig. 2, V. is the potential at the rf-powered elec-
trode measured with respect to ground, and V/, is the plasma potential with respect to
ground. The potentials across the ion sheaths are V), — V. at the rf-powered electrode
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and V), at the grounded surface. The potential of the electrode or surface with respect
to that of the plasma determines the maximum energy of the ions bombarding that
electrode or surface.

To a first approximation, the sheaths are treated as capacitors. The current den-
sity of the positive ions across sheaths is uniform and is equal at both electrodes. The
ratio, R, of the area of the rf-powered electrode to the area of all grounded surfaces
in contact with the plasma is a key parameter in determining how the applied volt-
age is distributed among the plasma sheaths. The potential V, — V. increases as R
decreases. A classic theory of plasma characteristics can be expressed as?

Vp - Vc _ Aa 4
e (i) )

where A, and A, are the grounded surface and rf-powered electrode areas, re-
spectively. The sheath voltage near the small rf-powered electrode is larger than the
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sheath voltage near the grounded surface. In a typical diode reactive-ion etcher,
Vp — Ve can be in the several-hundred-volt range when V/, is less than 100 volts.

7.2.3 Matching Network

A matching network is usually located between the rf power supply and the plasma,
as shown in Fig. 2. The purpose of this network is to increase the power dissipation
in the discharge and to protect the rf power supply. An rf power supply normally has
a purely resistive output with a usual value of 50 ohms. However, an rf plasma nor-
mally has a partly capacitive impedance. Therefore, a load equal to the impedance
of the rf power-supply output can be simulated by combining the plasma impedance
with a variable matching network load. Most plasma etching systems lose power in
the matching network; but with careful system design, the power loss can be mini-
mized.

7.2.4 Glow Discharge Chemical Phenomena

Electron energies achieved at low pressure can be so high that they dissociate ‘

molecules into free radicals, ions, and new electrons, thus cascading the electrical
breakdown of the gas and igniting or sustaining the plasma. At rf frequencies higher
than 1 MHz, the ions, because of their low mobility, do not respond to the rf field
instantaneously. Electrons undergo primarily inelastic electron-molecule collisions,
which supply fresh species to the plasma. The steady-state constitution of a glow
discharge is governed by the equilibrium of the rates of production and loss of the
various species.
Two main reactions take place in a plasma system:

1. Homogeneous reactions in the bulk plasma, caused mainly by electron impact
with neutral species

2. Heterogeneous reactions at the surface contact with the plasma, initiated by ions,
electrons, and neutrals

Some examples of the most important types of electron—neutral particle colli-
sions are summarized here:

Simple ionization Ar+e” — Art + 2e” (7.2)
O, +e” — O0F +2e” (7.3)

In molecular gases, ionization may be concurrent with fragmentation; in this case,
dissociative ionization is said to occur. :

Dissociation CFs +e~ — CFf + F+2e” (7.4)
CF,+e — CFf +F +e” (7.5)
Light emission O,+e — 0;+e” (7.6)
0;— Oy + hv amn
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In the plasma, each formation step balances various loss processes. The equilibrium
between formation and loss determines the steady concentrations of species in a
discharge. For the charged species in a plasma, these formation and loss processes
may be grouped into a few categories as follows: '

Electron-ion recombination OF + e~ — 20 (7.8)
Ion-ion recombination CFf +F — CF4 (7.9)
Dissociative attachment e +CFs— CF;+F (7.10)

Atoms and radicals can be lost either by homogeneous reactions or by heterogeneous
reactions. The type of loss reaction that will dominate for any species depends on
many factors such as pressure, the type of surface, and the ratio of surface area to
the volume of discharge.

7.3
ETCH MECHANISMS, SELECTIVITY, AND PROFILE CONTROL

Much of the early work in plasma etching focused on the discovery and optimiza-
tion of fluorocarbon chemistry.* Although this initial work provided many useful
industrial etching processes, an understanding of the associated etch mechanisms
was typically lacking. Plasma etching is a process in which a solid film is removed
by a chemical reaction with ground-state or excited-state neutral species, and plasma
etching is often enhanced or induced by energetic ions generated in a gaseous dis-
charge. Some important processing issues discussed in this section include basic etch
mechanisms, etch selectivity, and profile control.

7.3.1 Etch Mechanisms

Unlike ion sputtering, which can be compared to sandblasting on an atomic scale,
plasma etching methods are based on chemical reactions between the solid to be
etched and an active species that arrives on the surface of the solid from the plasma.
The microscopic processes of plasma etching of a silicon wafer are shown schemat-
ically in Fig. 3.° Electrons are accelerated by an applied f field, and the energetic
electrons collide with gas atoms and molecules. Some atoms and molecules become
electronically excited, and light emission (glow) is produced from their deexcitation.
Other atoms and molecules are dissociated or ionized to form radicals, atoms, and
ions by colliding with high-energy electrons. The active species are then transported
to the wafer surface where they are adsorbed. The adsorbed species can react with
the wafer to form etch products or desorb from the wafer surface without reaction.
Etch products then desorb into a gas phase if they are volatile. A brief summary
of processes that occur during plasma etching is that a molecular gas, usually rela-
tively inert, is used to generate reactive species, such as F or Cl radicals. By choosing
proper chemistry, the radicals react with the wafer surface to form “volatile” prod-
ucts. The chemical compound formed must be volatile with a high vapor pressure
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FIGURE 3
Schematic view of microscopic processes that occur during etching of a silicon wafer.
(After Oehrlein and Rembetski, Ref. 5.)

and stable with a high bonding energy so that it is not dissociated in the plasma and,
consequently, can be pumped out of the reactor.

Plasma etching comprises chemical, ion-sputter, and ion-enhanced plasma etch-
ing. All these methods are based on the generation of plasma by an rf discharge in a
gas at low pressure. But two basic methods can be distinguished—physical methods
and chemical methods. The former include sputter etching and the latter include pure
chemical etching. There is also a hybrid technique, which uses a physical method
to enhance chemical etching. In chemical etching, neutral reactive species gener-
ated by the plasma interact with the material’s surface to form volatile products. In
physical etching, positive ions bombard the surface at high speed; small amounts
of negative ions formed in the plasma cannot reach the wafer surface and therefore
play no direct role in plasma etching. Chemical and physical etch mechanisms have
different basic characteristics. Chemical etching exhibits a high etch rate and good
selectivity, produces low ion-bombardment-induced damage, and yields isotropic
profiles. Physical etching can yield anisotropic profiles, but it is associated with low
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etch selectivity and high bombardment-induced damage. Combinations of chemical
and physical etching give anisotropic etch profiles, reasonably good selectivity, and
moderate bombardment-induced damage.

7.3.2 Fluorocarbon Chemistry

In the early 1980s, molecular gases containing one or more fluorine atoms were used
for plasma etching of silicon and silicon compounds. These gases were selected be-
cause they are often nontoxic, and fragments produced in a plasma react with silicon
or silicon compounds to form volatile compounds at room temperature. For example,
CF, is extremely stable but dissociates into F atoms and fluorinated fragments (CF,)
in a plasma. Atomic F is the active etchant for Si and SiO, by the formation of the
volatile SiF4 and O,.

Si + 4F — SiF, (7.11)
SiO, + 4F — SiFy + 0, (7.12)

Energetic electrons colliding with CF, are responsible for the generation of radicals,
atoms, and ions. However, these radicals and atoms can react with other species,
such as gas molecules, to alter the overall chemistry. For example, the etch rates of
Si increase dramatically, as shown in Fig. 4,% if O, is added to CF4;. A maximum
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FIGURE 4

Dependence of both the normalized silicon etch rate and the
normalized intensity of the emission from electronically excited
F atoms on oxygen concentration in the CF4/O, mixture. (After
Mogab, Adams, and Flamm, Ref. 6.)
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etch rate occurs with a CF4/O, mixture that has 12% O,. A similar effect is observed
for SiO,, where the maximum etch rate is reached at 20% O,. These effects can be
explained by the decreasing recombination rate of F and CF, (x < 3). Adding O,
to the plasma leads to the formation of COF,, CO, and CO,, which decreases the
concentration of CF,, thereby decreasing the recombination rate of F and CF,. This
results in a higher F concentration and, therefore, higher Si and SiO; etch rates. F
concentration increases until the effect of O, dilution by CF, becomes dominant.
This point is reached more quickly with Si etching because oxygen chemsorbs on
the Si surface more readily than on the SiO, surface thereby blocking the reaction
of F with Si.

When H; is added to the CF4 plasma, quite different etch rate changes are ob-
served. Figure 5 shows the etch rates of Si and SiO; in a CF4/H; plasma as a function
of H, concentration.” The SiO, etch rate is relatively insensitive to the H, concen-
tration, but the Si etch rate decreases significantly as the H, concentration increases.
When the H, concentration reaches 40%, the silicon etch stops. A generally accepted
explanation of these effects is that two main mechanisms result from H, addition.
First, H, reacts with F to form HF. This reaction consumes the F concentration and
decreases the Si etch rate.

H+F— HF (7.13)

Second, the reaction of CF, with SiO, forms etch products SiFs, CO, CO,, COF,,
etc. However, the reaction of CF,4 with Si forms a carbon or hydrocarbon polymer
on the silicon surface, which blocks silicon etching by F.

70 T T T T T ! ! !
. RF power - 0.26 W/cm?
0 N PMMA Pressure - 4.7 Pa |
\ Flow rate - 28 sccm

Etch rate nm/min

45

Percent H, in CF,

FIGURE 5

Etch rates of silicon (solid line, round points), silicon dioxide (solid
line, square points), and PMMA and AZ1350B resists (dashed lines)
vs. percentage of Hy in CFy. (After Ephrath, Ref. 7.)
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CF4 + SiO, — SiF, + (CO, CO,, COFy) (7.14)
CF, + Si — SiF, + (C, CF,, CH,F,) (7.15)

Similarly, CHF; can be used to replace the CF4/H, mixture for selective silicon
dioxide-to-silicon etch. A mixture of CHF3/CF; is often used in industry for se-
lective silicon dioxide—to-silicon etch, because etch selectivity can be controlled by
changing the ratio of CHF; to CF4 concentrations.

7.3.3 Anisotropy

Etch profiles are extremely important for submicrometer semiconductor fabrication,
and careful control of the surface etch processes is required to ensure directional
etching. Etch mechanisms can be understood by analyzing surface etching processes.
Plasma consists of neutrals, ions, and electrons, and the effects of each species on
etch results are not easily identified. Much of the fundamental understanding of
the surface processes that occur during plasma etching comes from well-controlled
plasma experiments in which beams of ions, electrons, and neutrals are directed,
either together or alternately, at well-characterized surfaces, using apparatus such
as that shown in Fig. 6.8 Etch products are usually analyzed by mass spectrome-
try. The surface compositions are diagnosed by in-situ or ex-situ x-ray photoelectron
spectroscopy, Auger spectroscopy, and secondary ion mass spectrometry. Without
radiation or any external energy, the probability of a reaction of Si with F is approx-
imately 10~2, which could be enhanced by ion-beam bombardment. Figure 7 shows
the etch rate of silicon with inert Ar ions and with reactive flux to the silicon surface.
This etch rate is larger than the sum of the individual etch rates for ion sputtering
and neutral etching because chemical etching is enhanced by ion bombardment.’
Without experiments like this, it is difficult to identify the dominant etch mecha-
nism.

The precise anisotropic etch mechanisms for any given material system are not
fully understood, but it is clear that the ions striking the surface must themselves
be anisotropic, that is, traveling mainly in a direction perpendicular to the wafer
surface. Jons are oriented and accelerated in a sheath. Two proposed mechanisms
for anisotropic plasma etching are as follows:

1. Perpendicular ion bombardment creates a damaged surface that is then more re-
active toward neutral etchants.

2. Tons help to desorb etch-inhibiting species, such as etch products, from the sur-
face.

In both mechanisms, ion transport must be perpendicular to the surface so that only
the etch rate of the bottom surface is enhanced. An illustration of these anisotropic
mechanisms is shown in Fig. 8.4

Ion—neutral particle collisions from the plasma sheath result in a fraction of the
ions hitting the sidewall, and some lateral etching may occur. The number of ion—
neutral collisions in the sheath is directly proportional to the sheath thickness and
inversely proportional to the ion mean free path. Because the ion mean free path is
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Radical
source

FIGURE 6

Beam-surface experimental apparatus used for the simulation
of plasma etching. Such experiments are important for
understanding mechanisms of surface-plasma interactions.
(After Winters and Plumb, Ref. 8.)

usually proportional to pressure, lowering the pressure reduces ion—neutral collisions
and enhances anisotropic etching.

In mechanism (2), the formation of sidewall films during etching plays a critical
role in the development of the anisotropic etch profile; the films protect the sidewalls
from etching by nonperpendicular incoming ions. In other cases, such as during sil-
icon trench etching, thick deposits, often in the upper area of the trench, lead to
progressive narrowing of the trench opening and a round bottom.!? Various mecha-
nisms contribute to sidewall film growth. Three cases are important in the formation
of sidewall films:11:12

1. Redeposition of etch products or sputtered material from the bottom of the etched
structure by adsorption and recombination

2. Deposition from glow discharge

3. Redeposition of sputtered mask material

A schematic description of sidewall deposition phenomena during silicon trench
etching by HBr is shown in Fig. 9. Sidewall passivation is governed by the

Micron Ex. 1029, p. 366

Micron v. YMTC
IPR2024-00911



340 ULSI Technology

|<— Xerl gas ~»<—— Ar" ion beam + XeF, gas —>!<—- Art ion1 beam —>|
only only

~

~J
(=]

D
o
T
.
.

see
®ese
XTI . .
LRt A TT AL LT TR PO Y

w B w
(=) (=} (=}
T T T

[\*3
(o]
7

Silicon etch rate (A/min)

—
[==]

.
.
® a®ee®,®% sote0 o0, .

I 1 ] ! 1 | ] il il

100 200 300 400 500 600 700 800 900

Time (sec)

.
*escesens,,
1

FIGURE 7

Etch rate of silicon as a function of time. This graph illustrates ion-enhanced
chemical etching of silicon by an Ar* ion beam and XeF, flux. (After Coburn
and Winters, Ref. 9.)
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FIGURE 8

Schematic of two proposed mechanisms for ion-enhanced surface etching.
Ion-enhanced surface etching results in anisotropic etch profiles. (After
Flamm and Donnelly, Ref. 4.)
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HBr plasma ions

FIGURE 9

Schematic of sidewall formation
mechanisms during silicon trench
etching by HBr plasma.

equilibrium between deposition and ionic sputtering on vertical surfaces. Sidewall
film thickness control becomes critical if tapered sidewalls and dimensional loss is
not desired. For example, if the passivation layer becomes too thick during polysili-
con gate etching, the gate dimensions increase and problems result.

7.3.4 Selectivity

Selectivity is defined as one film etching faster than another film under the same
etching conditions. A higher etch rate ratio (ERR) between different layers is the
crucial advantage of reactive ion etching over physical sputtering. The etch rate dif-
ference between two different materials is due to different surface etch mechanisms,
such as adsorption, reaction, and desorption. During etching, the selectivities with
respect to the masking material and the underlying layer require careful control.
The required selectivity is defined according to a specified percentage of overetch
and film thickness. The gate oxide thickness is in the range of 10 nm for today’s
0.8-micrometer, complementary metal-oxide-silicon (CMOS) technologies, and an
etch selectivity of polysilicon to thin gate oxide of more than 10 : 1 is required. In
the case of a contact hole etch, a large amount of overetch time is required because
of the different thicknesses of the oxide layers over the polysilicon gate and over the
source and drain. Therefore, a high etch selectivity between silicon and oxide is re-
quired for oxide contact hole etch. Thinner masks, such as photoresist, are preferred
for optical lithography. A thinner mask film can be used in the etching if a high ERR
between the etched film and the mask is obtainable.

Selectivity usually results from two main mechanisms. First, the gas chem-
istry chosen should be able to generate thermodynamically favorable reactions with
the primary film. For example, chlorine-based plasma is usually employed for a
polysilicon—oxide etch, and the selectivity arises from the fact that Cl atoms etch
S10, very slowly. Etching SiO, with chlorine is not a thermodynamically favored
reaction. Second, gas chemistry is selected to produce a volatile etch product with
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the primary film. For example, to etch SiO, over aluminum, a fluorine-based chem-
istry is used because of the high vapor pressure of SiF, from the SiO, etching. A
similar principle has also been applied to SiO,-over-silicon etching, and the selec-
tivity is usually achieved by forming a passivation layer on silicon. Fluorocarbon
polymer forms are used to etch oxide selectively with respect to silicon. Carbon
reacts with oxygen during oxide etch, and a fluorocarbon polymer film forms on the
silicon surface and provides a good selectivity.

7.3.5 Microscopic Uniformity

Some problems in achieving microscopic uniformity occur because etching rates and
profiles depend on feature size and pattern density. Microscopic uniformity problems
can be grouped into two categories—aspect ratio-dependent etching (ARDE) and
pattern-dependent etching, known as microloading.'® The cause of the problems is
ion and neutral transport.

A typical trench is shown in Fig. 10 with an aspect ratio of 8. Significant ARDE
is seen, and trenches with a large aspect ratio etch more slowly than trenches with a
small aspect ratio,'# as shown in Fig. 11. This phenomenon became serious when the

FIGURE 10
Effect of aspect ratio~dependent etching on a silicon trench etch. The etching rate
decreases as the trench dimensions are reduced.
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Dependence of average silicon trench etch rate on aspect ratio.

era of submicrometer etching began in recent years. Jon bombardment, electron bom-
bardment, reactive neutral species, product desorption, and redeposition all appear to
be important in determining the relative etch rates of trenches. Four different mech-
anisms are the main contributors to ARDE: limited Knudsen transport of neutrals,
ion shadowing from ion—-neutral collisions in the plasma sheath, neutral shadowing
caused by geometrical effects, and ion scattering from insulator charging.!>16:17

The term microloading usually refers to the dependence of the etching rate on
pattern density for identical features.!® Microloading results from depletion of reac-
tants because the wafer has a local, higher-density unmasked area.!*

7.4
REACTIVE PLASMA ETCHING TECHNIQUES AND EQUIPMENT

Plasma reactor technology in the electronics industry has changed dramatically
since the first application of plasma processing to photoresist stripping. A reactor for
plasma etching contains a vacuum chamber, pump system, power supply genera-
tors, pressure sensors, gas flow control units, and an end-point detector. Plasma etch
tools may be categorized according to the etch mechanism each of them employs.
Table 1 shows the similarities and differences in the types of etch equipment that are
commercially available. A comparison of pressure operating ranges and ion energies
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the primary film. For example, to etch SiO, over aluminum, a fluorine-based chem-
istry is used because of the high vapor pressure of SiF,; from the SiO, etching. A
similar principle has also been applied to SiO,-over-silicon etching, and the selec-
tivity is usually achieved by forming a passivation layer on silicon. Fluorocarbon
polymer forms are used to etch oxide selectively with respect to silicon. Carbon
reacts with oxygen during oxide etch, and a fluorocarbon polymer film forms on the
silicon surface and provides a good selectivity.

7.3.5 Microscopic Uniformity

Some problems in achieving microscopic uniformity occur because etching rates and
profiles depend on feature size and pattern density. Microscopic uniformity problems
can be grouped into two categories—aspect ratio—dependent etching (ARDE) and
pattern-dependent etching, known as microloading.!® The cause of the problems is
ion and neutral transport.

A typical trench is shown in Fig. 10 with an aspect ratio of 8. Significant ARDE
is seen, and trenches with a large aspect ratio etch more slowly than trenches with a
small aspect ratio,'# as shown in Fig. 11. This phenomenon became serious when the

FIGURE 10

Effect of aspect ratio—dependent etching on a silicon trench etch. The etching rate
decreases as the trench dimensions are reduced.
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era of submicrometer etching began in recent years. Ion bombardment, electron bom-
bardment, reactive neutral species, product desorption, and redeposition all appear to
be important in determining the relative etch rates of trenches. Four different mech-
anisms are the main contributors to ARDE: limited Knudsen transport of neutrals,
ion shadowing from ion—neutral collisions in the plasma sheath, neutral shadowing
caused by geometrical effects, and ion scattering from insulator charging.!>-16:17

~ The term microloading usually refers to the dependence of the etching rate on
pattern density for identical features.!® Microloading results from depletion of reac-
tants because the wafer has a local, higher-density unmasked area.!4

74
REACTIVE PLASMA ETCHING TECHNIQUES AND EQUIPMENT

Plasma reactor technology in the electronics industry has changed dramatically
since the first application of plasma processing to photoresist stripping. A reactor for
plasma etching contains a Vacuﬁ)m chamber, pump system, power supply genera-
tors, pressure sensors, gas flow control units, and an end-point detector. Plasma etch
tools may be categorized according to the etch mechanism each of them employs.
Table 1 shows the similarities and differences in the types of etch equipment that are
commercially available. A comparison of pressure operating ranges and ion energies
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TABLE 1
Etch mechanisms, pressure ranges, and electrode arrangements of plasma reactors

Etch tool Etch Pressure range Electrode
configuration mechanism (torr) arrangement
Barrel etching Chemical 0.1~10 Electrodes outside
barrel
Downstream plasma Chemical 0.1~10 Electrodes located in
etching another chamber
Reactive ion etching Chemical and 001 ~1 Planar diode, triode,
physical cylindrical diode
Magnetic enhanced Chemical and 0.01 ~ 1 Planar diode with
RIE physical magnetic field
parallel to the
cathode
Magnetic confinement Chemical and 0.001 ~ 0.1 Planar diode or
triode RIE physical triode with magnetic
field confinement
Electron cyclotron Chemical and 0.001 ~ 0.1 External microwave
resonance etching physical excitation with
biased electrodes
ICP or helicon plasma Chemical and 0.001 ~ 0.1 External RF

excitation with
biased electrodes

etching physical

for different types of reactors is shown in Fig. 12. Each etch tool is designed em-
pirically and uses a particular combination of pressure, electrode configuration and
type, and source frequency to control the two primary etch mechanisms—chemical
and physical. High etch rates and tool automation are emphasized for most etchers
used in manufacturing.

7.4.1 Barrel Reactor

A barrel reactor usually consists of a cylindrical vacoum chamber with a pair of
rf electrodes concentrically located inside. The cross-sectional and side views are
shown in Fig. 13. The wafers are placed upright in a boat along the axis of the cham-
ber so that they lie concentrically within the reactor. The process gas pressure is
usually between 0.1 to 5 torr, depending on the type of material to be etched. A
large batch of wafers can be processed in each run. In the barrel reactor the active
radicals are formed between the two electrodes and diffuse through the holes in the
electrode to the wafers. The resultant etch profile is isotropic, because there is not
much ion bombardment on the wafer surface. The barrel reactor is suitable for less
critical process steps, such as the removal of photoresist. Reactants transport to the
wafer surface through gas-phase diffusion from the edge of the wafer to the center
of the wafer. Therefore, etch uniformities within a wafer and among wafers are very
poor, and a large amount of overetch is usually needed to solve this etch uniformity
problem.
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7.4.2 Downstream Plasma Etchers

To completely eliminate ion bombardment and photon radiation from the barrel reac-
tor, wafers can be placed in a downstream process chamber. For example, in photo-
resist stripping, the elimination of ion bombardment is desirable to avoid ion-induced
damage or wafer charging. Microwave or rf energy can be used to excite the plasma
in the upstream chamber. In addition to its application for photoresist stripping, some
single-wafer downstream etchers are used for isotropic plasma etching of silicon, sil-
icon nitride, and silicon dioxide.

7.4.3 Reéactive Ion Etchers (RIE)
In the late 1970s, scientists from AT&T Bell Laboratories invented the hexode

RIE reactor, which found extensive use in the microelectronic industry. A batch of
wafers is mounted on a central, hexagonal-shaped cathode powered by rf, and the

Gas
in —= Wafers -
/ -
~ '
Vi
14

FIGURE 13
Schematic of a barrel plasma

Pump <—J
reactor showing (a) side view

(@) Side view (b) Cross section and (b) cross section.
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surrounding bell jar is grounded. As device dimensions shrink, etch uniformity
across the wafers becomes a problem for batch RIE systems, and these reactors are
not easily automated. Plasma processing is changing from a batch operation to a
single-wafer operation, and the parallel-plate diode system has become popular. In
this etcher, the wafer is placed on an rf capacitive-coupled bottom electrode, which
is considerably smaller than the grounded part of the system. This and the relatively
low working pressure (< 500 mtorr) mean that the wafers are subjected to a heavy
bombardment of energetic ions from the plasma as a result of the large, negative
self-bias at the wafer surface. Anisotropic etching is obtained because ion-enhanced
chemical etching has a higher etching rate in the direction perpendicular to the wafer
surface than in the direction parallel to the wafer surface.

The etch selectivity of this system is relatively low compared to barrel etch sys-
tems because of strong physical sputtering. However, selectivity can be improved by
choosing the proper etch chemistry, for example, by polymerizing the silicon surface
with fluorocarbon polymers to obtain selectivity of SiO, over silicon. Alternatively,
a triode-configuration RIE etch, as shown in Fig. 14, can separate plasma generation
from ion transport. Ion energy is controlled through a separate bias on the wafer elec-
trode, thereby minimizing the loss of selectivity and the ion-bombardment-induced
damage observed in most traditional RIE systems.

7.4.4 Magnetic-Enhanced and Confinement Plasma Etchers

Magnetic-enhanced reactive ion plasma etchers (MERIESs) use a group of permanent
magnets located behind the etching wafer or pairs of direct-current electric coils to
generate a magnetic field parallel to the wafer surface, as shown in Fig. 15. The
magnetic field is perpendicular to the electric field (because of the cathode dc bias)
and confines electrons to a circular trajectory near the cathode. Electron confinement
reduces the loss of electrons to the wall of the system and increases the frequency of

FIGURE 14

Schematic of a triode
reactive ion etch reactor.
The ion energy is separately
controlled by a bias voltage
on the bottom electrode.

Wafer
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Magnetic field
L

FIGURE 15

Magnetic-enhanced reactive ion etch
(MERIE) reactor with a time-average
magnetic field applied parallel to the
cathode.

electron—neutral collisions. The associated higher frequency of collisions increases
ion density, and electron confinement reduces the mobility of electrons toward the
cathode, thereby reducing the self-bias voltage,!® as shown in Fig. 16.1° To achieve
the required time-average plasma uniformity across the wafer surface, the field di-
rection is rotated electrically with a period that is short with respect to the processing
time. Magnetic fields also modify the ion-bombardment energies and can be used as
another parameter for process optimization.

Uniformity of the plasma and radical fluxes to the wafer are critical issues. Mag-
netic confinement plasma etchers use permanent-magnet pole pieces and arrange
them alternately around the process chamber to create a magnetic-field-free region
around the wafer, as shown in Fig. 17. A high density of ions is achieved through the
reflection of electrons back into the plasma from the surface magnetic-field bucket.
This greatly increases the effective path length of electrons, and higher ion dens1ty
is generated from the higher frequency of electron~neutral collisions.

40
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—o— 50 mtorr
30 ~& 20 mtorr

e
220
=}
Q
a
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0 | L | .
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Magnetic field (gauss)

FIGURE 16

Effect of magnetic field on self-bias voltage. (After Lii, Ng, and
Danner, Ref. 10.)
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Magnet

Magnetic field

FIGURE 17

Schematic of magnetic-
confinement reactive ion etch
reactor with a multipolar
magnetic bucket surrounding the
reactor chamber.

Electrode

7.4.5 Electron Cyclotron Resonance Plasma Etchers (ECR)

Most parallel-plate plasma etchers, except triode RIE, do not provide the ability to in-
dependently control plasma parameters, such as electron energy, ion energy, plasma
density, and reactant density. As a result, ion-bombardment-induced damage be-
comes serious as device dimensions shrink.

ECR etching uses microwave excitation in the presence of a magnetic field to
generate a high-density discharge. The Lorentz force causes the electrons to circu-
late around the magnetic field lines in circular orbits, with a characteristic cyclotron
frequency of

eB
Me

Wee = (7.16)
where e is the electron charge, B is the magnetic field, and m, is the electron mass.
When this frequency equals the applied microwave frequency, a resonance coupling
occurs between the electron energy and the applied electric field, which results in
a high degree of dissociation and ionization (102 for ECR compared to 1076 for
RIE).20 With a microwave frequency of 2.45 GHz, the required magnetic field is
875 gauss. Figure 18 shows one of the possible ECR plasma etching configurations.?!
Microwave power is coupled via a waveguide through a dielectric window into the
ECR source region. The magnetic field, supplied from magnetic coils, decreases as
a function of distance from the coils.

Because the gradient in the magnetic field decreases, the electrons are accel-
erated away from the plasma source, creating a negative potential in the direction
of the wafer. Ions diffuse by ambipolar diffusion out of the source region into
the the wafer process chamber. The wafer is rf- or dc-biased to control the en-
ergy of the ions to achieve the desired etch anisotropy. Plasma uniformity degrades
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FIGURE 18

Schematic of electron cyclotron resonance etch reactor with a mirror magnetic field
around the wafer to confine electron trajectory. (After Chen et al., Ref. 21.)

because of the ambipolar diffusion and mirror magnetic field,2! but a multipole mag-
netic bucket?? can be used to improve plasma uniformity. Etch uniformity can also be
improved by putting the wafer in an ECR source region surrounded by an optimized
magnetic field.?

7.4.6 Inductively Coupled and Helicon Wave RF Plasma Etchers

As feature sizes for ULSI continue to decrease, the limits of the conventional rf
capacitive-coupled parallel system are being approached. Most ECR plasma reac-
tors are suitable for etching ULSI. However, they are not popular in manufacturing
because of their complexity. Other types of high-density plasma sources, such as in-
ductively coupled plasma (ICP) sources or helicon plasma sources, may become the
main plasma sources for future ULSI processing. A comparison of recent plasma
sources is shown in Table 2.2 The PMT MORI®source is a helicon wave plasma
source. The Lam TCP source is a transformer-coupled plasma source.

An inductively coupled plasma source, shown in Fig. 19, generates high-density,
low-pressure plasma that is decoupled from the wafer, and it allows independent
control of ion flux and ion energy.?> Plasma is generated by a flat spiral coil that is
separated from the plasma by a dielectric plate on the top of the reactor. The wafer is
located several skin depths away from the coil, so it is not affected by the electromag-
netic field generated by the coil. There is little plasma density loss because plasma
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FIGURE 19
Tllustration of an inductively coupled plasma reactor. (After Keller, Forster,
and Barnes, Ref. 25.)

is generated only a few mean free paths away from the wafer surface. Therefore, a
high-density plasma and high etch rates are achieved.

A helicon plasma source can also be used to generate a high-density
(> 10"/cm3) discharge. A transverse electromagnetic radio-frequency wave (13.56
MHz), excited by a double-loop or single-loop antenna located outside a quartz
source tube, is coupled with a steady longitudinal magnetic field B, (approximately
100 gauss) generated by a solenoid coil, as shown in Fig. 20.2¢ The resonance con-
dition (propagation of a helicon wave) depends on the magnitude of the longitudinal
field and the dimension of the reactor. If the wavelength of the helicon wave is the
same as the antenna length, the coupling will be resonant. High-density plasma then
diffuses into the wafer chamber. In addition, the wafer can be biased separately with
a second rf generator.

7.4.7 Clustered Plasma Processing

Microelectronic device wafers are processed in cleanrooms to minimize exposure
to ambient particulate contamination. As device dimensions shrink, particulate con-
tamination becomes a more serious problem. To minimize particulate contamination
and preserve the integrity of thin film interfaces, clustered plasma tools use a wafer
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FIGURE 20
Schematic of a helicon wave plasma reactor with a double-loop
antenna. (After Giapis et al., Ref. 26.)

handler to pass wafers from one process chamber to another in a vacuum environ-
ment, as shown in Fig. 21. The wafer can be transferred from one process chamber
to another without being exposed to and contaminated by the ambient.?’

Clustered plasma processing tools can also increase throughput. For example,
integration of sequential process steps into multichamber in-situ processing mod-
ules, multilayer CMOS gate level etching, dielectric layer deposition with etchback
planarization, and metal etching with resist strip are usually accomplished with clus-

- tered processing. However, tool reliability becomes very important as tools become
even more sophisticated. If they are reliable, clustered tools can provide an economic
advantage of high chip yield. The yield is key to reducing manufacturing costs, and
clustered tools should provide better yield mainly because the wafer is exposed to
less ambient contamination and is handled less.
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FIGURE 21
Cluster reactive ion etch tool for multilayer metal (TiW/AICu/TiW)
interconnect etching.

7.5
PLASMA PROCESSING PROCESSES

The chemical and physical complexity of plasma-surface interactions makes com-
puter-based modeling and plasma simulation inadequate for developing plasma reac-
tors. As a result, the detailed descriptions required to guide the transfer of processes
from one reactor to another or to scale processes from a small to a large reactor are
not available. Therefore, the plasma processes for fabricating microelectronic de-
vices have been developed largely by time-consuming, costly, empirical methods.

Excellent critical dimension control and minimized profile microloading are the
two most important issues for ongoing research. Extensive research in plasma etch-
ing explores ways to optimize the performance of etching processes, characterize
and avoid contamination and damage effects, identify the important reactive species
and measure their densities, and, in general, improve our limited understanding of
plasma etching. See Refs. 28 and 29 on various aspects of plasma etching. Other
studies concentrate on the limitations of conventional 1f plasma. This research led
to the development of enhanced plasma source configurations and processes that are
still being examined.

Etch chemistries also play a critical role in the performance of etch pro-
cesses. Table 3 lists some conventional and new etch chemistries for different
etch processes.3? A truly useful plasma process must have a robust process window.
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Developing an etch process usually means optimizing many characteristics, such as
etch rate, selectivity, profile control, endpoint control, damage, etc., by adjusting a
large number of process parameters. Because we do not fully understand etch pro-
cesses, systematic experiments are required to study the large number of process
parameters. The most common method is to use the design experiment and analyze
the results with a surface response methodology. In this section, several of the most
important etch processes for ULSI fabrication are introduced.

7.5.1 Silicon Trench Etching

As feature sizes in ULSI decrease, a corresponding decrease is needed in the area
occupied by both the isolation between circuit elements and the storage capacitor
of the DRAM memory cell. This area can be reduced by etching trenches into the
silicon substrate and filling them with suitable dielectric or conductive materials.
Silicon trenches can also be used as alignment marks for optical or electron beam
lithography. Deep silicon trenches, usually with a trench depth larger than 5 pm, are
used mainly for forming trench capacitors. Shallow silicon trenches, usually with a
trench depth less than 1 pm, are often used for isolation between device elements.

To guarantee a void-free trench refill, anisotropic etching with a high etch se-
lectivity to mask material is desired for submicrometer-deep silicon trench etching.
This precludes the use of fluorocarbon chemistry, which tends to undercut the mask
material.!® Fluorine chemistry has a high silicon etch rate, but it has low etch se-
lectivity to the oxide mask and to the isotropic trench profile. However, it is often
used for etching shallow silicon trenches with trench depths less than 1 pm, because
it satisfies the requirement of etch selectivity of silicon to the photoresist mask. In
this section, the deep-trench etching process is discussed because of its stringent
requirements of etch rate, anisotropy, and selectivity. ‘

Chlorine-based and bromine-based chemistries have a high silicon etch rate
and high etch selectivity to the silicon dioxide mask. However, chlorine-based
chemistries tend to give slightly isotropic trench profiles,1:32 especially in the ion-
implanted phosphorus-doped region. Carbon-containing gas has been employed
to provide sidewall passivation to avoid undercutting from fast chlorine-silicon
reactions.?® The sidewall passivation layer, however, causes contamination and
reduces the etch selectivity of silicon to a silicon dioxide mask. A simple carbon-
free etch chemistry leading to minimum thickness of the sidewall passivation is
desired to guarantee high accuracy in the pattern transfer. As a general rule, the
reactivity of the halogens follows the order F > C1 > Br. Recently, bromine-based
chemistries have become popular for etching silicon with anisotropy and extremely
high selectivity to the oxide mask.>*

Sidewall passivation protects the sidewall from lateral etch attack and local ion-
enhanced trenching. The desired trench shapes with smooth vertical sidewalls are
obtained by controlling the balance between the etch and the inhibition by sidewall
* passivation. The sidewall shape depends significantly on the wafer temperature. In-
creasing temperature results in less deposition of sidewall passivation and more lat-
eral etching. Fig. 2210 refers to the effects of backside cooling under different He
pressure. Greater pressure of He results in a cooler wafer temperature.
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FIGURE 22
Effect of wafer backside cooling on a silicon trench profile: (a) backside He pressure
0.5 torr (b) backside He pressure 6.0 torr. (After Lii, Ng, and Danner, Ref. 10.)
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Aspect ratio-dependent etching (ARDE) is often observed in submicrometer-
deep silicon trench etching caused by limited ion and neutral transport within the
trench. Trenches with large aspect ratios etch more slowly than trenches with small
aspect ratios. Ion scattering results from ion—neutral collisions in the plasma sheath,
and the electrical charging on the masks causes ARDE. Some neutrals are trans-
ported to the bottom of the trench by Knudsen diffusion, also contributing to ARDE.
Low gas pressure reduces the ARDE effect, and chlorine-based chemistry shows
less ARDE than fluorine-based chemistry during deep trench etching, because ion-
assisted etching is dominant in chlorine-based chemistry.?>

7.5.2 Polysilicon and Polycide Gate Etching

Low-pressure chemical vapor deposited (LPCVD) polysilicon is usually used as a
gate material for MOS devices because of its superior interface property with thin
gate oxide at high temperature. Metal silicide over polysilicon has also been used
for the MOS gate because of its high electrical conductivity. Anisotropic etching and
high etch selectivity between polysilicon and the gate oxide are the most important
requirements for gate etching. Achieving high selectivity and etch anisotropy at the
same time is difficult for most ion-enhanced etching processes. Therefore, multistep
processing is used in which different etch steps in the process are optimized for etch
anisotropy and selectivity.

Most chlorine-based and bromine-based chemistries can be used for gate etch-
. ing to achieve the required etch anisotropy and selectivity. The main etchant today is
bromine-based chemistry, because bromine gives higher etch selectivity of polysil-
icon to gate oxide than chlorine does. Figure 23 shows a scanning electron micro-
scope (SEM) cross section of a polysilicon gate etched by HBr plasma3® that has a
0.1 wm gate width and a 45 A gate oxide thickness. The thin native oxide on top of
the polysilicon should be removed by fluorine-based plasma before polysilicon etch-
ing, i.e., initiation, to avoid any micromasking formation during polysilicon etching.
To further improve the selectivity of polysilicon to gate oxide requires removing
carbon-containing gases and carbon-containing materials from the etch process and
the etch reactor, because carbon tends to reduce the selectivity of polysilicon to gate
oxide,3” as shown in Fig. 24. It is suspected that carbon reacts with the oxygen atoms
of silicon dioxide. An enhanced etch attack at the edge of the gate, a phenomenon
called “trenching,” is shown in Fig. 25. Trenching results in broken gate oxide and
is usually observed at low gas pressure. The trenching problem can be solved by
increasing etch selectivity, such as adding bromine- and oxygen-containing gases to
the etch process.

7.5.3 Oxide and Nitride Etching

An oxide etching process is often used to open a contact window down to a silicon
device or metal conductor; therefore, the selectivity of SiO;, to Si must be high. It
is well known that selectivity is achieved by increasing the ratio of CF, to F atoms
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860708 28KV

FIGURE 23

SEM cross section of HBr-plasma-etched polysilicon gate with
a 0.1 wm gate width and a 45 A gate oxide thickness. (After Lii
et al., Ref. 36.)

in the plasma.” CHF3/CF, chemistry is a common oxide etchant because it pro-
vides high selectivity to Si from carbon polymer deposition on the silicon surface.
Therefore, a further silicon surface cleaning must be added to remove the polymer
passivation layer after oxide etching to avoid high contact resistance between metal
and silicon.

LPCVD or plasma-enhanced CVD silicon nitride are often used as a side-
wall around the polysilicon gate in MOS devices for source and drain extension or
used as a final passivation layer. Sidewall formation for a polysilicon gate requires
anisotropic etching and high selectivity of silicon nitride to silicon dioxide. SizNy
can be etched by both fluorine atoms and CF,-containing plasma. CF4 and CF4/O,
are widely used to etch silicon nitride but are not selective to silicon or silicon
dioxide.3® Si3N, can be etched anisotropically in an RIE mode with high selec-
tivity to Si and SiO, by CHF3/0,, CH,F,, or CH3F.3%40 Details of why the etch
mechanism results in high selectivity are not clear. Fluorine-deficient fluorocarbon
polymer is thought to contribute to this high selectivity.
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FIGURE 24

Dependence of (a) the polysilicon etch rate and (b) Si/SiO, selectivity on HBr flow rate,
carbon reducing Si/SiO, selectivity. (After Nakamura, lizuka, and Yano, Ref. 37.)

7.5.4 Aluminum and Tungsten Metal Etching

Etching of a metallization layer is a very important step in semiconductor device
fabrication. Aluminum and tungsten are the most popular materials used for inter-
connection, and anisotropic etching of these materials is usually required. An alu-
minum etch with fluorine-based chemistry does not work, because of the very low
vapor pressure of the etch product AlF;. Chlorine-based chemistry has been used
for Al etching most frequently, and bromine-based chemistry has been investigated
recently.4!

Tons
Si0, Polysilicon FIGURE 25
V/ L L \J} Schematic of the trenching
mechanism during polysilicon
Silicon gate etching.
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Cl, spontaneously etches clean aluminum. Chlorine has a very high chemical
etch rate with aluminum and tends to produce an undercut during aluminum etch-
ing. Carbon-containing gas is added to form sidewall passivation during aluminum
etching to obtain etch directionality. The Al,O3 layer, which is always present on
air-exposed aluminum, is etched very slowly in chlorine-based gases. Energetic ion
bombardment, for example, sputtering, is required to remove Al,O3 before alu-
minum etching. In the semiconductor industry, BCl3 plasma is often used to remove
Al,O3 on the aluminum surface.*> BCl, also appears to recombine with chlorine
at the wafer surface to ensure an anisotropic etch profile during Al etching with a
Cl,/BCl3 mixture. A small percentage of silicon and copper are usually added to
enhance the electromigration resistance of aluminum conductors, but Cu causes mi-
cromasking during aluminum etching with chlorine-based plasma because it gener-
ates low-volatility etch products. Micromasking can be suppressed by using stronger
ion bombardment during etching and addition of aluminum chloride gas.*> More re-
cently, a barrier metal layer, such as TiW and TiN, has been used to prevent Si
migration into Al. TiW and TiN etch readily in chlorine-based plasma.

Corrosion of the aluminum pattern exposure to the ambient is another problem
in aluminum etching. Residual chlorine on both the Al sidewall and the photoresist
tends to react with water to form HCI, which etches aluminum. In-situ exposure of
the wafer to a CF, discharge to exchange Cl with F and then to an oxygen discharge
to remove the resist, followed by immediate immersion in deionized (DI) water, is
successful in eliminating Al corrosion.** High-temperature heating of the wafer to
evaporate chlorine or hydrolyzing chlorine with hydrogen-containing gases can be
used to remove chlorine trapped in the resist and the sidewall.

LPCVD tungsten has been widely used for contact hole filling and first-level
metalization because of its excellent deposition conformability. Both fluorine- and
chlorine-based chemistry etch W and form volatile etch products.*>*¢ Fluorine-
based chemistry also etches the silicon dioxide layer; thus it is very difficult to
obtain selectivity between W and SiO,. Chlorine-based chemistries etch tungsten
with selectivity to SiO,. Two tungsten etch processes, blanket W etchback to form
a W plug and W pattern etch, are discussed briefly in this section.

To form a W plug, blanket LPCVD W is deposited on top of a TiN barrier layer
as shown in Fig. 26. Reducing loading effects during the etchback of W is very im-
portant to avoid a W recess in the plug. A two-step process is used for W etchback.
In the first step, 90% of the W is etched at a high etch rate and excellent uniformity
to achieve high throughput. In the second step, the etch rate is reduced to remove the

TiN barrier layer

FIGURE 26

Formation of tungsten
plug in a contact hole by
depositing blanket LPCVD
W and then using RIE
etchback.

e |
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remaining W with an etchant that has a high W-to-TiN-barrier-layer etch selectivity
and a minimum loading effect.#’ The loading effect is reduced by decreasing the gas
pressure and wafer temperature because of the low chemical etch rate of F with W
at these process conditions.

For W interconnect etching, the selectivity between W and the photoresist mask
is very low for both fluorine- and chlorine-based chemistries. N, is added to the
SFe/Cl, mixture to get a slight selectivity increase.*® Inorganic material, such as
Si0,, can be used as a hard mask during W etching with chlorine-based chemistry
because of high etch selectivity of W to the hard mask.

7.5.5 Organic Materials Etching

Oxygen plasmas have been used with a barrel reactor for resist etching since the
1970s. Oxygen atoms are the primary species responsible for etching polymers at a
pressure of 1-3 torr. Oxygen atoms initiate polymer etching by extracting hydrogen
atoms from a polymer chain to form radicals. These radicals then react with oxy-
gen molecules to form volatile products under high wafer-temperature conditions or
under ion bombardment.

Recently, multilayer lithography has become increasingly important for ULSI
processing because it provides high resolution that is independent of the underlying
materials and substrate topography. The trilayer scheme is a very popular multilayer
lithography method. It uses a conventional resist to pattern an intermediate layer,
such as silicon dioxide or nitride, that acts as a mask during the subsequent pla-
narization of the organic layer by oxygen RIE. A high degree of anisotropic and
selective etching is required in these applications. This implies that both chemical
and physical processes are needed, because purely physical etching is not selective,
whereas purely chemical etching is not anisotropic. Reactive ion etching contributes
both chemical and physical processes. To achieve anisotropic etching, sidewall pas-
sivation is required to suppress chemical and physical etching on the sidewalls of the
feature.*® A low wafer temperature and extra carbon- or chlorine-containing gases
increase the deposition rate of sidewall films and improve etch anisotropy.>°

7.5.6 Planarization Etch

With the advent of three or more levels of interconnection, more than 50% of the cost
of chip manufacturing will be in the fabrication of electrical interconnects. Between
these interconnection levels are inorganic insulators or polymer films, such as doped
silicon dioxide glass or polyimide. Because the lithographic exposure achieves max-
imum resolution over only a limited depth of focus, these films must be flat, or pla-
narized, over the optical exposure area to construct higher levels of interconnection.
If the temperature budget does not allow planarization of the oxide layer by means
of heat flow, planarization is sometimes accomplished by a repetitive sequence
of plasma etching and deposition. An organic material with good flow properties is
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deposited on top of the oxide layer, and the wafer is etched in a plasma that removes
the organic material and the oxide at an approximately equal rate, leaving a uniform
oxide layer.

Mixtures of fluorine-based chemistry, such as NF3, CF4, and CHF3, with oxy-
gen are suitable for a nonselective silicon dioxide/organic material etch. Good etch
uniformity and a high etch rate are the most important requirements for a planariza-
tion etch. The planarization etching step also reduces surface topography because
different etch rates are used at different surface angles.

7.6
DIAGNOSTICS, END POINT CONTROL, AND DAMAGE

Dry etching differs from traditional wet chemical etching, and it usually does not
have enough etch selectivity to the layer underneath. The plasma reactor must be
equipped with a monitor that indicates when the etching process is to be stopped; an
end point detection system is needed to avoid etching the underlying layer. Several
different types of end-point systems are available. Most of them detect the change
in the amount of active reactants or etch products in the discharge. Two of the most
popular methods are introduced here. Some etching systems use a combination of
these methods for end point detection.

7.6.1 Optical Emission Spectroscopy

Optical emission spectroscopy is a method of analyzing the light emitted by excited
atoms and molecules in the gas discharge. The concentration of excited residual prod-
ucts or excited reactants during the etching process is studied by equipping a detector
with a filter that lets light of a specific wavelength pass through to be detected, as
shown in Fig. 27. Photons passing through a tunable monochromator are detected
by a photomultiplier. The presence of neutrals and ions can be determined by corre-
lating these spectra with previously determined spectral series. However, absolute
concentrations cannot be obtained unless a complex actinometry technique is used.
The emission signal derived from the primary etchant or by-product begins to rise
or fall at the end of the etch cycle.

7.6.2 Laser Interferometry

Laser interferometry uses laser light directed toward the wafer surface. If the films
on the wafer are transparent, the laser beams reflected from the top and bottom of the
etched layer will interfere with each other. As the thickness of the etched layer is re-
duced, the degree of interference will change, either constructively or destructively.
The time between light maxima and minima can be used to determine the etching
rate. At the end of the etching process, the interference stops and the signal flattens
out. The period of the oscillation is related to the change in film thickness, Ad where
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—_— F* (excited state)

Emitted light (7037 A or 6856 A)

I Pk
Excitation
by plasma 4
electrons
(145 eV)
FIGURE 27
Mechanism of optical
emission spectroscopy used
for end-point detection
— F (ground state F atoms) during plasma etching.

Ad = \M2n (7.17)

A is the wavelength of the laser light, and » is the refractive index of the etching
layer. For example, Ad for polysilicon is 800 A measured by using a helium-neon
laser source for which A = 6328 A. Laser interferometry not only detects the end
point but also determines the in-situ etch rate. The disadvantages of this method are
that information is obtained from only a limited part of the wafer surface and the
output signal is very weak if the etched surface is rough.

7.6.3 Plasma-Induced Damage

As stated above, plasma consists of energized ions, electrons, and excited molecules.
When the excited particles recombine, they give off photons having an energy of a
few eV. In addition, ion and electron bombardment may all contribute to damage
mechanisms. Plasma-induced damage can take many forms, such as a trapped in-
terface charge, material defects migration into bulk materials, and contamination
caused by the deposition of etch products on material surfaces.

Etch damage can change the characteristics of sensitive components, such as
Schottky diodes. For example, their rectifying capability can be reduced consider-
ably. During oxide contact hole etching, heavy polymer deposition often causes high
contact resistance. Sometimes the low-volatility etch products formed during plasma
etching, such as silicon bromide from polysilicon etching with HBr, or CuCl, from
AlCu etching with chlorine, are not completely removed after etching and cause de-
vice reliability problems. For example, corrosion can occur on dry-etched aluminum
lines. Therefore, it is important that the impurities are removed and the damaged
area restored before processing is continued. To reduce possible damage from con-
tamination, wet etching is usually used to rinse wafers after plasma etching.
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Charge buildup can occur in reactive ion etching because of severe ion bom-
bardment of the wafer surface, and nonuniform plasma stimulates the accumulation
of charges on the gate electrode. These stored charges can cause an electric break-
down of the thin gate oxide.3! In addition, nonuniform electron and ion currents that
do not balance locally cause charge buildup and oxide damage.’? Therefore, it is in-
creasingly important to find new processes and equipment that do not contaminate
or cause damage in the underlying layers.

7.6.4 Plasma-Process-Induced Particle Contamination

Plasma processes can generate a large number of particles on the wafer surface dur-
ing etching. These particles are created by chemical or mechanical means during
plasma exposure. Laser light scattering shows that particles are trapped near the
plasma/sheath interface during plasma etching.>> Negatively charged particles are
suspended at the plasma/sheath interface because of the electrical potential differ-
ence between the sheath boundary and the electrode/wafer surface. These particles
range in size from less than a quarter of a micrometer to tens of micrometers at a
density of over 107 cm™3, and they can fall on the wafer surface when the plasma
is turned off. Fluorine-containing gas mixtures produce fewer particles during sili-
con etching than chlorine- or bromine-containing gases do because fluorine gener-
ates etch products that have a high vapor pressure. Also, particle traps are formed
by a change of electrode material or topography, which can increase the localized
plasma potential. The tool design, especially the electrode, significantly influences
the cleanliness of a plasma tool.

Particle contamination control includes the proper operation of plasma shut-
down, appropriate process chemistry, and good tool design. Particles suspended near
the plasma/sheath boundary can be removed before shutting the plasma process off
by using the proper changes in rf power, gas flow, and magnetic field near the end of
processing. Particles constitute the etch species in the plasma, so choosing the cor-
rect plasma chemistry reduces particle generation, and proper tool design can purge
particles to the pump during processing.

7.7
WET CHEMICAL ETCHING

Wet etching is still the practical alternative for a high-throughput, flexible production
process. With properly selected chemicals, etch reactions with the primary film are
thermodynamically favored over reactions with the other films.>* The etch-rate ratio
usually approaches infinity. Wet etches are especially suitable for blanket etches of
polysilicon, oxide, nitride, and metal. Recently, there has been a resurgence of wet
etching for certain process steps because plasma etching fails to provide the required
etch selectivity, damage-free interface, and particle-contamination-free wafers. Us-
ing robotic handling and ultrapure chemicals has improved particle control and pro-
cess consistency. These improvements have revived wet etching processes for ULSI
processing.
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7.7.1 Wet Etching Mechanisms and Techniques

Etching of a solid in a solution is a heterogeneous process. Consecutive steps are
thought to take place in the wet etch process. These steps are the diffusion of the
reacting ions or molecules from solution, the adsorption of the reacting ions or
molecules on the surface, the formation of a surface complex, the dissociation of
this complex into reaction products, the desorption of the final reaction products,
and the diffusion of the etch products into solution. The key criterion is that the etch
products must be soluble in the etchant solution.

Most wet etch reactions involve oxidation-reduction. A chemical reaction is con-
sidered to be the transition of a system with an initial energy E, to a final energy E,,.
Heat of reaction AH is equal to E, — E,. A heat of reaction less than zero indicates
that the reaction is favorable thermodynamically.

Two basic wet etching techniques are immersion etching and spray etching. The
choice of one or the other depends on the material to be etched, the etchants, and the
economic considerations. Immersion etching is the simplest technique. The masked or
unmasked wafer is submerged in the etch solution, and mechanical agitation is usually
required to ensure etch uniformity and a consistent etch rate. Spray etching requires
less volume of chemicals and is faster than immersion etching. Good process con-
trol and etch uniformity are easily obtained from spray etching because fresh etchant
is constantly supplied to the wafer surface while the etch products are continuously
removed. Fully enclosed systems that eliminate the particle problems incurred when
wafers are drawn out of a liquid/air interface are important for future ULSI processing.

7.7.2 Polysilicon and Silicon Nitride Etching

Most etchants may be classified as redox etchants. For silicon etching, H,O, and
HNOj are used to oxidize the silicon, and HF and HCl are used to dissolve the oxides.
Selective isotropic chemical etching of polysilicon is the most widely used etching
process for patterning deposited polysilicon films on the oxide. Concentrated KOH
at 80 to 100°C is often used for selective polysilicon to oxide etching because of its
low S10, etch rate. Dopant concentrations and temperature may affect the etch rate
of polysilicon.

Silicon nitride films are etchable at room temperature in concentrated HF or
buffered HF and in H3PO, at 150 to 200°C. The etch rate is strongly affected by the
oxygen concentration in the nitride films. Selective etching of nitride to oxide is done
- with 85% H3PO, at 180°C. The etch rate is typically 100 A/min for CVD nitride,
but only a few angstroms per minute for thermal oxide film. Plasma-enhanced CVD
nitride has a much higher etch rate than CVD nitride. Sputter-deposited nitride films
also have a different etch rate than CVD nitride films.

7.7.3 Silicon Dioxide Etching

SiO; can be etched by aqueous fluoride solutions, usually HF with or without
the addition of NH4F. The exact chemical mechanisms are extremely complex. The
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addition of NH4F to HF controls the pH value and prevents depletion of the fluo-
ride ions, thus maintaining stable etching performance. Silicon dioxide can also be
etched in vapor phase HE. Vapor phase HF oxide etch technology looks promising
for submicrometer feature etching because process can be tightly controlled and a
desired hydrogen surface passivation can be precisely selected. The main reactions
between oxide and HF vapor are

Si0, + 6HF — H,SiFs + H,0 (18)
H,SiFs + HyO — SiF, + 2HF (19)

The etch rate of wet oxide etching depends on etchant concentration, agitation,
and temperature. In addition, density, porosity, microstructure, and the purity of the
silicon dioxide also affect the etch rate. CVD nitride etches are much slower than
Si0, in HF solution, so an oxide-to-nitride selective wet etch is possible with HF
solution.

7.8
SUMMARY AND FUTURE TRENDS

The etch selectivity and etch uniformity within the wafer become very important as
film thickness is reduced, device dimensions shrink, and wafer size increases. Half-
micrometer processes stretch conventional dry etching approaches to the limit. The
first problem observed at quarter-micrometer generation is that conventional RIE
will not achieve the clean, vertical sidewall etches demanded for that generation.
The second problem is achieving uniformity across a wafer, because etch rates will
vary with wafer surface topography. A related problem is known.as microloading,
in which varying degrees of etch behavior are triggered by alternating dense and
sparse etching patterns. The final problem is plasma-induced damage. The concern
is that electrostatic charging during the plasma etching process will damage the gate
insulators. Process engineers are also concerned about driving unwanted ions and
other contaminants into the silicon during etching.

High-density plasma sources with a lower electric potential dlfference between
the plasma and the wafer will, therefore, become necessary to minimize the effects
of ion-bombardment-induced damage. The solution lies largely in the high-density
plasma sources in which plasma generation is wholly or partly separated from the pro-
cessing region. The independent control of ion energy and plasma density promises
a wider window for process optimization. Such approaches generate considerably
denser plasma and avoid creating damaging, high-energy particles. The newer sys-
tems offer the necessary selectivity to the resist materials that protect the unetched por-
tions of the wafer as well as to the underlying films that should not be etched. They also
help prevent unwanted wafer depositions by using simple gas chemistry. In addition,
the combination of a high-density plasma source and a short-gas-residence-time reac-
tor design, i.e., a reactor equipped with high pumping capacity, is important to obtain
a high etch rate.> Though such solutions appear viable, they remain to be proved in
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production. Etching will likely pose a major challenge at quarter-micrometer gener-
ation.

It is well known that many plasma processes drift from desired conditions and,
therefore, require continual correction. Typically, the process drifts to a marginal
performance before corrective measures are taken, leading to lost throughput and
yield. Future etching systems will need a much higher degree of control and a
self-diagnosis capability, so that high process stability can be maintained. Active
feedback controls are needed to improve process reliability and reduce process main-
tenance. Currently, controls are used in plasma etching only for end point detection,
with the process completed at a specified time after the end point. With automatic
feedback control based on real-time detection of the plasma and wafer state, the
optimal etch results could be maintained. Computer modeling of various aspects
of plasma etching processes can increase our understanding of etch mechanisms
and may enhance system design and process development. Clustered processing
will become more popular and will be used to maintain the integrity of sensitive
interfaces between thin films.
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PROBLEMS

1. Assume that the sheaths are pure capacitors in the plasma model and that positive ions of
mass m; come from the plasma and traverse the sheaths without colliding. The flux i; is
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N

Kv3/2

=
miP D

Derive the equation.

. What are the major distinctions between traditional reactive-ion etching and high-density

plasma etching (ECR, ICP, etc.)? Compare the advantages and limitations of these tech-
niques.

. Explain why end point detection techniques, such as optical emission and laser interfer-

ometry, can detect etch uniformity across a wafer surface?

The main etching reaction of chlorine plasma with Si is
Si + 4Cl1 — SiCly

If 90% of input chlorine is consumed by silicon etching, the gas pressure of the etcher is
10 mtorr. In order to achieve a 1 pm/min silicon etch rate for an eight-inch wafer, what is
the minimum pumping capacity required?

. A multiple-step etch process is required for etching a polysilicon gate with thin gate oxide.

How do you design an etch process that has no micromasking, has an anisotropic etch
profile, and is selective to thin gate oxide?

Explain how the mechanisms of using extra Al in the RIE chamber can reduce residue
formation during AlCu etching with Cl, plasma?

What are the major distinctions between bromine-based chemistry and chlorine-based
chemistry for Al etching? Compare the advantages and limitations of these chemistries.

. Based on your understanding of this chapter, briefly summarize the requirements of etch-

ing ULSI.
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