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Foreword

Gordon E. Moore

Increasingly any referencesto the current technology for the manu-
facture of integrated circuits as “ semiconductor technology” is a misno-
mer. By now the processing relating to the silicon itself contributes
relatively few stepsto thetotal whilethe various processes associated with
the deposition and patterning of the increasing number of metal and
insulating films have grown in importance. Where the first metal -oxide-
transistor circuits of the 1960’ s took five masking steps to complete, and
even early silicon-gate circuits with single metal layer interconnections
took only seven, modern circuits with as many as six layers of metal take
well in excess of twenty. Not only are there more layers, but the composi-
tion of those layersisoften complex. Metal conductionlayersmight require
barrier filmsto prevent inter-diffusion or to enhance adhesion. Insulators
not only isolate circuit elements electrically, but are used to prevent ions
from harming the electrical properties of the transistors. In fact, if the
technology for integrated circuit manufacture as practiced today were
named for the majority of the processing steps, the technology could
probably be more accurately described as thin-film technology.

Consistent with this change, the processing for the deposition and
patterning of films has received major research and engineering emphasis
and has evolved rapidly over the last few decades. Where in the '60's,
thermal oxidation or vapor deposition was sufficient for the insulators and
evaporation or sputtering of aluminum took care of the needs for conduc-
tors, alarge variety of sophisticated deposition techniques have grownwith
the industry. Today one can control both the electrical and mechanical
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properties while achieving uniform and reproducible films from a few
atomic layersthick to several micrometers. The chemistry and physics of
the films are becoming increasingly better understood, but asthey are, the
demands of the device designer become more stringent. For example,
where the dielectric constant of silicon oxide-based insulators was ac-
cepted asadesign parameter to live with for thirty yearsor so, capacitance
associated with interconnections now can be a real limitation on circuit
performance. Designerswant aninsulator with all the good propertiesthey
have cometo love with SiO,, but with a dielectric constant as close to that
of avacuum as possible. Similarly, with conductors no one will be happy
until we have room temperature super-conducting films in multi-layered
structures.

The simple furnaces and evaporators of yesteryear have become
multi-chamber creations of stainless steel that allow a series of processes
to be donewithout exposing thework to air. Thelithography machinesfor
creating the desired precise and fine-scaled patterns now cost several
million dollars each asthe industry pushesthe limits of optical systemsin
the continuing pursuit of performance and small size. The cumulative
investment in devel oping and improving processes must exceed ahundred
billion dollars by now. Such a huge investment of money and technical
talent has created a vast amount of knowledge, much of which is summa-
rized inthisvolume.

The film technology developed primarily for the silicon integrated
circuitindustry isfinding itsway into several other areas of application. It
has become a general technology for designing and constructing complex
structures, layer-by-layer. Micro-electromechanical devices(MEMS) use
the same deposition and patterning techniques. Micro-fluidic gadgetswith
micro-sized pipes, valves and all the plumbing necessary to make tiny
chemical factoriesor analytical laboratoriesareincreasingly important, and
again use the film technologies that grew up around semiconductor inte-
grated circuits. Even the gene chips the biotech industry usesto speed up
their analysis come from the same bag of tricks.

This book takes a snapshot of the state of the art in various
technologies relating to thin films. It brings together in one convenient
location a collection of the research results that have been gathered by
many groups over the last few decades. It will be something that the
concerned engineer will return to time after timein the course of hisor her
work. This is the forefront of science and process engineering with
important bearing on many modernindustries.



Recent Changesin the
Semiconductor | ndustry

Krishna Seshan

Thesize, importance, and the economic impact of the semiconductor
industry have undergone a sea change in recent years. The role of
equipment has been the fuel for this change. New processing steps have
become necessary, old ones have become cleaner, greener and more
sophisticated. Everything has become much cleaner and more expensive;
it is common for pieces of equipment to cost multiple millions of dollars.
Theresult isanew manufacturing environment for theindustry.

1.0 COST OF DEVICE FABRICATION

Graphs and tables in this section quantify that semiconductor fabri-
cators generate large revenues, but their manufacturing costs have also
become very large. Thisincrease in equipment cost is driven by the need
for very clean fabricators and processing steps. The connections between
feature size, contamination control, and cost are discussed below.
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The graph in Fig. 1 shows a breakdown of the cost of device
fabrication into equipment and land/building costs. It is clear that the
equipment component of cost is now the major contributor. Notice the
increase as the industry moves to 12" wafers.

The growth of the semiconductor industry and the sales of process-
ing equipment arerelated as shown in Fig. 2.

Fab. & Equipment Cost Estimate (M$) vs Time
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Figure 1. Equipment component of total fabrication costsis increasing much faster than
land and buildings. (Source: Dataquest Report 2000.)
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Figure 2. Electronic equipment sales, semiconductor salesvalue, and yearly fluctuations.
(Data adapted from“ Worldwide I1C Industry Economic Update and Forecast.” )
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The graphs above make the following three points:

¢ Costsof devicefabrication haveincreased. The cost of a12"
fabisinthebillionsof dollars.

* The vaue of the semiconductor products manufactured,
memory and mircroprocessors, ismeasured in the billions of
dollars.

e A large fraction of the fabricator's cost is the cost of
manufacturing equipment. Thisbook isadetailed account of
the processes performed by the equipment.

1.1 Roleof Cleanlinessin Cost of Equipment

By far the biggest change has been our understanding of the role of
defects and particle sizes as the lithography moves into the nanometer
regime. Table 1 shows industry estimates of defect densities that can be
tolerated. It isimplied that the defects at or smaller than the litho size can
befatal, causing yield loss.

The table also shows how the mask |ayers increase and the number
of defects per unit area have to decrease. This table emphasizes the
importance of cleanlinessin semiconductor processing. Itisfor thisreason
that anew chapter on contamination and contamination control (Ch. 7) has
been added to this edition.

Table 1. Projected Increase in Mask Layers and Decrease in Allowable
Defects

Year 1999 | 2001 | 2003 | 2006 | 2009

Technology Generation (nm) 180 150 130 100 70

Mask Count 22 24 24 26 28

Allowable Defect per sq.

meter to get 60% yield /8 60 55 43 34




4 Thin-Film Deposition Processes and Technologies

1.2 Roleof Chip Size Trends, Larger Fabricators, and 12" Wafers

Theimportance of clean fabrication facilitiesand equi pment becomes
all the more pertinent when we consider that chip sizes with increased
functionality increase with time and with decreasing lithography feature
size. Thisisshown inthe graph below (Fig. 3).

As chip sizeincreases, so does the need for more wafer starts. One
direction the industry has to go is to move the fabricators to larger size
wafers.

—» 12 " Fabs

1800

1600

1400 b
1200 \sxc/r..x'rno//u

1000 /./RAMV MPU
600 7,‘4__

Size in mm?

a0 | ¥ e
Tech. Generation nm
200 -
0 T T T \H‘l-x—'ﬁ
1997 1999 2001 2003 | 2006 2009 2012

Time —/»

Figure 3. Plot of chip size in mm? vs. lithographic generation. These are best guess
estimates. The point to noteisthat diethat can be expected fill thelitho field size (800 mm
x 800 mm).

1.3 Lithography, Feature Size, and Cleaner Fabricatorsand
Equipment

There are two connected variables that one needs to understand.
The number of critical mask layers increase; acritical layer is one where
high degree of registration and small widths are required. In these layers,
defects at the resolution limit can become critical. An example is metal
debris shorting two metal lines. The graph in Fig. 4 showsthe dimensions
that areinvolved.
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Figure 4. This graph of printable line width estimate vs litho wavelength shows that
particles as small as 250 nm could become critical defects. Aslinewidth decreases, more
layers become critical, and cleaner the tool and the fabricators have to become.

1.4 Defect Density and the Need for Cleaner Fabricators

There are two complications with defect density. First, the mask
count isincreasing and the number of critical layersisincreasing. Mask
layers are expected to increase from 20 mask layer levelsto 30. Secondly,
the line size is decreasing—so smaller defects become killer defects. The
net result is that both fabricators and equipment has to become cleaner.
One way to measure this is to track what the critical defect density, D,
(defects/m?), needs to be to get 60% yield as shown in Table 2. These
numbers are based on predicted chip size areas and are shown here in
order to explain the trend. These are not exact numbers.

The need for decreased feature sizes and the increase in the number
of critical masking layers drive cleaner fabricators. It is instructive to
examinethe plot of cumulativeyield vsthecritical defect concentration as
shown in Fig. 5. This graph shows that a defect density of 0.5/cm? will
reduce the yield by about 1%. It is evident from the graph that both
fabricators and equipment will have to meet stringent cleanliness stan-
dards, at least Class 10 or better. Class 10 clean rooms are expensive to
build—with estimates of thousands of dollars per sg. foot.

Cleanroom Class designations generally refer to the Federally
agreed-upon standards set forth in FED STD 209B which is shown in
part in Table 3.1
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Table 2. Estimatesof D,, the Critical Defect Density Required

1999 2001 2003 2006
Generation 250 180 150 130
DRAM D, for
60% yield 1400 1000 850 700
Logic Dy for
60% yield 1400 1200 1000 900

100 W
10| --- 1layer Ve
.m- 5Layer |
ﬁ 1) »
8 1 5
S ' RN
0.1 :
0.01 ;
1 10 100 1000 10000 100000 1000000

D, - Critical Defect Density x 1000 /cm?

Figure5. Theyield equationis plotted for aone and afive critical-layer process. Notice

that to get 60% yeild, the equipment and fabricators have to be better than adefect level of
0.01-0.03 defects/cm?.

Table 3. Specifications From FED STD 209B

Class Particledliter Particles
0.5 umand larger 5 um and larger
100 35
1000 35
10,000 350 65
100,000 3500 700
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1.5 Conclusions

The preceding brief discussion and data shows the following:

* Improved lithography decreases feature size.

* The number of mask layers increase because of higher
integration of chip design.
» These combine to call for smaller defects and cleaner

processing conditions.

* Equipment then has to become more sophisticated, cleaner,

and more expensive.

2.0 TECHNOLOGY TRENDS, CHIP SIZE, PERFORMANCE,

AND MOORE'S LAW

7

The semiconductor industry follows a predictabl e trend—onewhere
the transistor density doubles every generation, in about 3-year cycles.
This has come to be known as Moore's Law. In the section below, these

trends are examined in detail

In order to simplify and unify the growth predictions of theindustry,
the SIA (Semiconductor Industry Association) publishes a roadmap, the
SIA Industry Roadmap. The numbers shown in Table 4 are drawn from

that report.[2!

Table 4. SIA Industry Roadmap!l!

Year of 1997 | 1999 | 2001 | 2003 | 2006 | 2009 | 2012
Shipment

DRAM

Half 250 | 180 | 150 | 130 | 100 | 70 50
Pitch(nm)

Memory | 5sem | 1G 4G | 16G | 64G | 256G
(sample)

Memory | cam | 256M | 1G 1G 4G | 16G | 64G
(ship)

B 2

Bits/cm™ | 96m | 270M | 380M | 770M | 228 | 6.1B | 178
at sample

Logic 37M | 62M | 10M | 18M | 39M | 84M | 180M
Txtor/cm? | = :
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DRAM devices are historically viewed as technology drivers. Now
microprocessors have closed the technology gap. DRAM focus is on
minimization of area occupied by memory cells. To increase cell density
the cell sizemust be assmall as possible. In microprocessors, performance
is dominated by the length of the transistor gate and by the number of
interconnect layers.

2.1 Performance of Packaged Chips—Trends

Performanceincreasefollowsthe decreasein cell size: thetransistor
drives increase and switching times decrease because the charge being
switched decreases. This enables larger chips to be designed and more
functionality to be integrated. These trends may be seenin the Fig. 6

Anempirical observation made by Gordon Moore canbeseeninFig.
7. Often chip size, or the number of transistors, or the density isplotted. All
three graphs show the same trend: one that saysthat density doubles every
generation or about three years.

E Chip Freq MHz

H Chip to Board MHz

250 180 150 130 100 70 50

Figure 6. Ascell sizes decrease, the chip frequenciesincrease.
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Figure 7. Projected growth of DRAMs and MPUs. The chip sizes are also plotted.
Microporcessor density tends to be lower than DRAM density because logic circuits
cannot be drawn astightly as memory.
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Prefacetothe Second Edition

This book is the second edition of the popular book on thin-film
deposition by Klaus K. Schuegraf. The previous edition is more than
twelve years old. While the fundamentals have not changed, the industry
has grown enormously. We' veincluded an introductory chapter, “ Recent
Changes in the Semiconductor Industry,” which describes these changes.
In addition, many new manufacturing processes, like chemical mechanical
polishing (CMP), have become mature. These are among the many factors
that necessitated this new edition.

After the introductory chapter, this second edition starts with the
“Introduction and Overview,” Ch. 1 from the first edition written by W.
Kern and K. Schuegraf. This chapter contains fundamentals that have not
changed.

While the methods of growing epitaxial silicon have become much
more sophisticated, the fundamentalsare still the same and thisisreflected
by our inclusion of the original chapter on “Silicon Epitaxy by Chemical
Vapor Deposition” by M. L. Hammond.

Chapter 3on*“Chemical Vapor Deposition of Silicon Dioxide Films”
by J. Foggiato covers some new aspects of atmospheric and low pressure
CVD oxidedeposition methods.

Chapter 4on“Metal Organic CVD” by J. L. Zilko hasbeen updated
with new material. Thesefour chapters constitute thefirst part of the book.

A completely new chapter on“ Feature Scale Modeling” by V. Singh
helps make the transition to physical deposition methods. Modeling of

Xi
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deposition processes has become mature, improving our ability to define
designrulesfor metal height and spacing to avoid porosity and pinholesthat
later compromisereliability.

Going hand-in-hand with modeling is our ability to measure both
thickness and spacing of submicron dimensions. Thishasled tothegrowth
of many automatic and sophisticated metrology tools, and the fundamentals
behind these instruments is described in the new chapter on the “Role of
Metrology and Inspection” by M. Keefer, et al.

New metrology methods are also the backbone of “Contamination
Control, Defect Detection and Yield Enhancement” by S. Bhat and K.
Seshan, Ch. 7. The understanding of the connection between lithography
and contamination has become much more quantitative and this new
chapter dealswith this subject.

A new chapter on “ Sputtering and Sputter Deposition” by S. Rossnagel
and three chapters from the first edition bring together al the Physical
V apor Deposition methods. The chaptersfrom thefirst edition includeCh.
9, “Laser and E-beam Assisted Processing,” by C. Moore, et a., Ch. 10 on
“Molecular Beam Epitaxy” by W. S. Knodle and R. Chow, and Ch. 11,
“lon Beam Deposition,” by J. R. McNeil, et a. These methods remain
central to many metal interconnect technologies.

Chapters 12 and 13 are devoted to two entirely new areas. Chapter
12, “Chemica Mechanical Polishing” by K. Cadien, dealswith thismethod
of attaining the flatness that is required by modern lithography methods.
This technique is so central that several—if not all—layers are polished.
Chapter 13, written by K. Seshan, et al., describes new materials that are
used for interconnect diel ectric materials—specifically organic polyimide
materials.

Chapter 14, “ Performance, Processing, and Lithography Trends’ by
K. Seshan, contains a summary of the book and a peek into the future.

The audience for this handbook is the practicing engineer in the
microelectronics industry. It will also be useful for engineers in related
industries like the magnetic memory, thin film displays, and optical inter-
connect industries. These industries use many of the same processes,
equipment, and analysis techniques. The book could also be used as a
supplement to graduate coursesin semiconductor manufacturing.

San Jose, California Krishna Seshan
August, 2001



PrefacetotheFirst Edition

The technology of thin film deposition has advanced dramatically
during the past 30 years. This advancement was driven primarily by the
need for new products and devicesin the electronicsand optical industries.
The rapid progress in solid-state electronic devices would not have been
possible without the development of new thin film deposition processes,
improved film characteristicsand superior film qualities. Thinfilm deposi-
tion technology is still undergoing rapid changes which will lead to even
more complex and advanced electronic devices in the future. The eco-
nomic impact of this technology can best be characterized by the world-
wide sales of semiconductor devices, which exceeded $40 hillionin 1987.

This book is intended to serve as a handbook and guide for the
practitioner in thefield, asareview and overview of thisrapidly evolving
technology for the engineer and scientist, and as an introduction for the
student in several branches of science and engineering.

This handbook is areview of 13 different deposition technologies,
each authored by experts in their particular field. It gives a concise
reference and description of the processes, methods, and equipment for
the deposition of technologically important materials. Emphasisis placed
on recently developed film deposition processes for application in ad-
vanced microel ectronic device fabrications that require the most demand-
ing approaches. The discussions of the principles of operation for the
deposition equipment and itssuitability, performance, controls, capabilities
and limitations for production applications are intended to provide the

Xiii
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reader with basic understanding and appreciation of these systems. Key
properties and areas of application of industrially important materials
created by thin film deposition processes are described. Extensive use of
references, reviews and bibliographies provides source material for spe-
cific use and more detailed study.

Thetopics covered in each chapter of this book have been carefully
selected to include advanced and emerging deposition technologies with
potential for manufacturing applications. An attempt was madeto compare
competing technol ogies and to project ascenario for the most likely future
developments. Several other deposition technol ogies have been excluded
since adequate recent reviews are aready available. In addition, the
technology for deposition or coating of films exceeding 10 microns in
thickness was excluded, since these films have different applications and
arein general based on quite different deposition techniques.

Many people contributed and assisted in the preparation of this
handbook. My thanksgo to theindividual authorsand their employers, who
provided detailed work and support. | am especially indebted to Werner
Kern, who provided many val uabl e suggestions and assisted in co-authoring
several sections of this book. Last but not least, my special thanks go to
George Narita, Executive Editor of Noyes Publications, for providing
continued encouragement and patience for the completion of all the tasks
involved.

Torrance, California Klaus K. Schuegraf
July, 1988
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Deposition Technologies
and Applications:

| ntroduction and
Overview

Werner Kern and Klaus K. Schuegraf

1.0 OBJECTIVEAND SCOPE OF THISBOOK

The aim of this book isto provide a concise reference and descrip-
tion of the processes, methods, and equipment for depositing technol ogi-
cally important materials. Emphasisis placed on the most recently devel-
oped processes and techniques of film deposition for applicationsin high
technology, in particular, advanced microelectronic device fabrication
that requires the most sophisticated and demanding approaches. The
volumeisintended to serve as ahandbook and guidefor the practitioner in
thefield, asareview and overview of thisrapidly evolving technology for
the engineer and scientist, and as an introduction to the student in several
branches of science and engineering.
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12 Thin-Film Deposition Processes and Technologies

Thediscussionsof the principlesof operation of deposition equipment
and its suitability, performance, control, capabilities, and limitations for
production applications are intended to provide the reader with a basic
understanding and appreciation of these systems. Key propertiesand areas
of application of industrially important materials created by thin-film
deposition processes are described. Extensive use of references, reviews,
and bibliographiesis made to provide source material for specific use and
more detailed study.

The chapter topics have been carefully selected to include primarily
advanced and emerging deposition technologies in this rapidly evolving
field. Many other important deposition technologies have not been in-
cluded if adequate recent reviews are already available, or if the technolo-
giesare primarily intended for forming thick films or coatings that gener-
ally exceed athickness of about ten micrometers, but the importance of
these technol ogiesisneverthel essrecognized. Finally, an attempt hasbeen
made to compare competing technologies and to project ascenario for the
most likely developmentsin the future.

20 IMPORTANCE OF DEPOSITION TECHNOLOGY IN
MODERN FABRICATION PROCESSES

Deposition technology can well be regarded as the major key to the
creation of devices such as computers, since microelectronic solid-state
devices are all based on material structures created by thin-film deposi-
tion. Electronic engineers have continuously demanded films of improved
quality and sophistication for solid-state devices, requiring arapid evolu-
tion of deposition technology. Equipment manufacturers have made suc-
cessful efforts to meet the requirements for improved and more economi-
cal deposition systems and for in situ process monitors and controls for
measuring film parameters. Another important reason for the rapid growth
of deposition technology istheimproved understanding of the physicsand
chemistry of films, surfaces, interfaces, and microstructures made pos-
sible by the remarkable advancesin analytical instrumentation during the
past twenty years. A better fundamental understanding of materials leads
to expanded applications and new designs of devices that incorporate
these materials.
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A good example of the crucial importance of depositiontechnology is
the fabrication of semiconductor devices, anindustry that istotally depen-
dent on the formation of thin solid films of a variety of materials by
deposition from the gas, vapor, liquid, or solid phase. The starting materials,
epitaxial films of semiconductors, are usually grown from the gas phase.
Chemical vapor deposition of asingle-crystal siliconfilm onasingle-crystal
silicon substrate of the same crystallographic orientation, aprocessknown
as homoepitaxy, is accomplished by hydrogen reduction of dichlorosilane
vapor. If asingle-crystal film of silicon isdeposited on anon-silicon crystal
substrate, the process is termed heteroepitaxy. Layers of single-crystal
compound semiconductors are created to athickness of afew atom layers
by molecular beam epitaxy.

Subsequent steps in the fabrication process create electrical struc-
turesthat require the deposition of aninsulating or dielectric layer, such as
an oxide, glass, or nitride, by one of several types of chemical vapor
deposition (CV D) processes, by plasma-enhanced chemical vapor deposi-
tion (PECVD), or by any one of a number of sputtering deposition
methods. The deposition of conductor films for contact formation and
interconnections can be accomplished by vacuum evaporation or sputter-
ing. CVD processes are especially suitable if polysilicon, polycides, or
refractory metals are to be deposited.

The deposition of subsequent levels of insulator is repeated to build
multilevel structures. Deposition may be complemented by spin-on tech-
niques of organic polymeric materials, such asapolyimide, or of organo-
metallic-based glass-forming solutions. Spin-on deposition is especially
useful if planarization of the device topography isrequired, asin the case
of most high-density, multilevel conductor, VLSI circuits. The sequence
of aternate film deposition of metals and insulators may be repeated
several more times, with repetitive spin-on deposition of photopolymer
masking solution for the delineation of contact openings, grid lines, and
other pattern features by etching operations and lift-off techniques. Film
formation by methods other than deposition are used in afew steps of the
fabrication sequence; these include thermal oxidation of the substrate, ion
implantation, nitridation, silicide formation, electrolytic and electroless
metal deposition, and spray deposition (e.g., of organometallic solutions
for forming antireflection coatings). These examples attest to the fact that
the vast majority of material formation processesin semiconductor device
technology (andin other areas of electronic devicefabrication) are crucially
dependent on film deposition technology.
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3.0 CLASSIFICATION OF DEPOSITIONTECHNOLOGIES

Therearemany dozensof deposition technologiesfor material forma-
tion.[-4] Since the concern here is with thin-film deposition methods for
forming layers in the thickness range of a few nanometers to about ten
micrometers, the task of classifying the technologies is made simpler by
limiting the number of technol ogiesto be considered.

Basically, thin-film deposition technol ogies are either purely physi-
cal, such as evaporative methods, or purely chemical, such as gas- and
liquid-phase chemical processes. A considerable number of processesthat
are based on glow discharges and reactive sputtering combine both physi-
cal and chemical reactions; these overlapping processes can be catego-
rized as physical-chemical methods.

A classification scheme is presented in Table 1 where we have
grouped thin-film deposition technol ogies according to evaporative glow-
discharge, gas-phase chemical, and liquid-phase chemical processes. The
respective pertinent chapter numbers in this book have also been indi-
cated. Certain film formation processes such as oxidation, which, strictly
speaking, are not deposition processes, have been included because of
their great importance in solid-state technol ogy.

40 OVERVIEW OF VARIOUSTHIN-FILM DEPOSITION
TECHNOLOGIES

The following is a brief description of the principles, salient fea-
tures, applications, and selected literature references of the more impor-
tant technologies for thin-film deposition and formation categorized in
Table 1. Technologies that are not covered in the chapters of this book
have also been included in this discussion to present a more comprehen-
sive overview of the entire field.

4.1 Evaporative Technologies

Although one of the oldest techniques used for depositing thin films,
thermal evaporation or vacuum evaporation,!®-7 isstill widely usedin the
laboratory and in industry for depositing metal and metal alloys. The
following sequential basic steps take place: (i) a vapor is generated by
boiling or subliming asource material, (ii) the vapor istransported fromthe
sourceto the substrate, and (iii) the vapor iscondensed to asolid film onthe
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Table 1. Survey and Classification of Thin-Film Depositon Technologies

EVAPORATIVEMETHODS
e Vacuum Evaporation

Conventional vacuum evaporation

Electron-beam evaporation

GLOW-DISCHARGE PROCESSES
 Sputtering
Diode sputtering
Reactive sputtering
Bias sputtering (ion plating)
Magnetron sputtering
lon beam deposition
lon beam sputter deposition
Reactiveion plating
Cluster beam deposition (CBD)

GAS-PHASE CHEMICAL PROCESSES

* Chemical Vapor Deposition (CVD)
CVD epitaxy
Atmospheric-pressure CVD (APCVD)
Low-pressure CVD (LPCVD)
Metalorgainc CVD (MOCVD)
Photo-enhanced CVD (PHCVD)
Laser-induced CVD (PCVD)
Electron-enhanced CVD

LIQUID-PHASE CHEMICAL TECHNIQUES

¢ Electro Processes

Electroplating

Electroless plating
Electrolytic anodization
Chemical reduction plating
Chemical displacement plating
Electrophoretic deposition

Molecular-beam epitaxy (MBE)

Reactive evaporation

Plasma Processes

Plasma-enhanced CVD
Plasma oxidation

Plasma anodization

Plasma polymerization
Plasma nitridation

Plasma reduction

Microwave ECR plasma CVD
Cathodic arc deposition

Thermal Forming Processes

Thermal oxidation
Thermal nitridation
Thermal polymerization

lon implantation

Mechanical Techniques

Spary pyrolysis
Spray-on techniques
Spin-on techniques

Liquid phase epitaxy
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substrate surface. Although deceptively simplein principle, the skilled
practitioner must be well versed in vacuum physics, material science,
mechanical and electrical engineering, as well asin elements of ther-
modynamics, kinetic theory of gases, surface mobility, and condensation
phenomena.

Evaporants cover an extraordinary range of varying chemical reac-
tivity and vapor pressures. Thisvariety leadsto alarge diversity of source
components including resistance-heated filaments, electron beams; cru-
cibles heated by conduction, radiation, or rf-induction; arcs, exploding
wires, and lasers. Additional complications include source-container in-
teractions, requirements for high vacuum, precise substrate motion (to
ensure uniformity) and the need for process monitoring and control.

Molecular Beam Epitaxy. MBE!8-1 js a sophisticated, finely
controlled method for growing single-crystal epitaxial films in a high
vacuum (1011 torr). The films are formed on single-crystal substrates by
slowly evaporating the elemental or molecular constituents of the film
from separate Knudsen effusion source cells (deep crucibles in furnaces
with cooled shrouds) onto substrates held at atemperature appropriate for
chemical reaction, epitaxy, and re-evaporation of excess reactants. The
furnaces produce atomic or molecular beams of relatively small diameter,
which are directed at the heated substrate, usually silicon or gallium
arsenide. Fast shutters are interposed between the sources and the sub-
strates. By controlling these shutters, one can grow superlattices with
precisely controlled uniformity, lattice match, composition, dopant con-
centrations, thicknesses, and interfaces down to the level of atomic layers.

The most widely studied materials are epitaxial layers of I11-V
semiconductor compounds, but silicon, metals, silicides, and insulators
can also be deposited as single-crystal films by thisversatile and uniquely
precise method. Complex layer structures and superlattices for fabricating
galium arsenide heterojunction solid-state lasers, discrete microwave
devices, optoelectronic devices, waveguides, monolithic integrated optic
circuits, and totally new devices, have been created. An additional impor-
tant advantage of MBE is the low temperature requirement for epitaxy,
which for silicon is in the range of 400°C to 800°C,[%% and for gallium
arsenide, 500°C to 600°C.[¥! Several production systems with associated
analytic equipment are now available.[8] The extremely limited product
throughput, the complex operation, and the expensive equipment are, at
present, the major limitations of this promising deposition technology for
production applications.
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4.2 Glow-Discharge Technologies

The electrode and gas-phase phenomena in various kinds of glow
discharges (especially rf discharges) represent a rich source of processes
used to deposit and etch thin films. Creative exploitation of these phenom-
ena has resulted in the development of many useful processes for film
deposition (as well as etching), aslisted in Table 1.

Sputtering. The most basic and well-known of these processes is
sputtering,[171-125] the gjection of surface atoms from an electrode surface
by momentum transfer from bombarding ions to surface atoms. From this
definition, sputtering is clearly an etching process, and is, in fact, used as
such for surface cleaning and for pattern delineation. Since sputtering
produces a vapor of electrode material, it is also (and more frequently)
used as a method of film deposition similar to evaporative deposition.
Soutter deposition has become ageneric name for avariety of processes.

Diode Sputtering. Diode sputtering uses aplate of the material to be
deposited as the cathode (or rf-powered) electrode (target) in a glow
discharge. Material can thusbetransported from thetarget to asubstrateto
form afilm. Films of pure metals or alloys can be deposited when using
noble gas discharges (typically Ar) with metal targets.

Reactive Sputtering. Compounds can be synthesized by reactive
sputtering, that is, sputtering elemental or alloy targets in reactive gases,
alternatively, they can be deposited directly from compound targets.

Bias Sputtering. Bias sputtering or ion-plating!?® is a variant of
diode sputtering in which the substrates are ion bombarded during deposi-
tion and prior to film deposition to clean them. lon bombardment during
film deposition can produce one or more desirable effects, such as re-
sputtering of loosely-bonded film material, low-energy ion implantation,
desorption of gases, conformal coverage of contoured surface, or modifi-
cation of alarge number of film properties. The source material need not
originate from a sputtering target, but can be an evaporation source, a
reactive gas with condensabl e constituents, or a mixture of reactive gases
with condensable constituents and other gases that react with the con-
densed constituents to form compounds.

It should be noted that all glow discharge processesinvolve sputter-
ing in one form or another, since it is impossible to sustain a glow
discharge without an electrode at which these processes occur. In
“electrodeless’ discharges, rf power is capacitively coupled through the
insulating wall of atubular reactor. In this case, theinside wall of the tube
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isthe main electrode of the discharge. However, sputtering can also lead to
undesirable artifacts in this and other glow-discharge processes.

Magnetron Sputtering. Another variant in sputtering sources uses
magnetic fields transverse to the electric fields at sputtering-target sur-
faces. This class of processes is known as magnetron sputtering.[20-22]
Sputtering with a transverse magnetic field produces several important
modifications of the basic processes. Target-generated secondary elec-
trons do not bombard substrates because they are trapped in cycloidal
trajectories near the target, and thus do not contribute to increased sub-
strate temperature and radiation damage. This allowsthe use of substrates
that aretemperature-sensitive (for example, plastic materials) and surface-
sensitive (for example, metal-oxides-semiconductor devices) with mini-
mal adverse effects. In addition, this class of sputtering sources produces
higher deposition rates than conventional sources and lends itself to
economic, large-areaindustrial application. Therearecylindrical, conical,
and planar magnetron sources, all with particular advantages and disad-
vantages for specific applications. As with other forms of sputtering,
magnetron sources can be used in a reactive sputtering mode. Alterna-
tively, one can forego the low-temperature and low radiation-damage
features and utilize magnetron sources as high-rate sources by operating
them in a bias-sputtering mode.

lon-Beam Sputtering. lon beams, produced in and extracted from
glow discharges in a differentially pumped system, are important to
scientific investigations of sputtering, and are proving to be useful as
practical film-deposition systemsfor special materials on relatively small
substrate areas. There are several advantages of ion-beam sputtering
deposition.[23] The target and substrate are situated in a high-vacuum
environment rather than in a high-pressure glow discharge. Glow
discharge artifacts are thereby avoided, and higher-purity films usually
result. Reactive sputtering and bias sputtering with a separate ion gun can
be used.

Plasma Processes. The fact that some chemical reactions are accel-
erated at a given temperature in the presence of energetic reactive-ion
bombardment is the basis of processes for surface treatments such as
plasma oxidation, plasma nitriding, and plasma carburizing.[261-28] A
metal to be oxidized, nitrided or carburized is made the cathode of aglow
discharge and is simultaneously heated by radiant or rf-induction means.
Thedischarge gasiseither O,, N, plusH,, or CH,. Very thick (0.1-2 mm)
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protective coatings on a variety of metals can be produced in this way to
render surfaceshard and/or corrosion resistant.

Anodization. Plasmaanodizationl261128][29] js a technique for produc-
ing thin oxide films (less than 100 nm) on metals such as aluminum,
tantalum, titanium, and zirconium, collectively referred as valve metals. In
this case, a dc discharge is set up in an oxygen atmosphere and the
substrates (shielded from the cathode to avoid sputter deposition) are
biased positively with respect to the anode. This bias extracts negative
oxygen ions from the discharge to the surface, which is also bombarded
with electrons that assist the reaction. The process produces very dense,
defect-free, amorphous oxide films that are of interest as gate material in
[11-V compound semiconductor devices such asin microwavefield-effect
transistors.

Deposition of I norganic/Organic Films. Plasmadeposition of inor-
ganic filmg27(29-37 and plasma polymerization of organic reactants to
producefilmsof organic polymers38l involve theintroduction of avolatile
reactant into a glow discharge which is usually generated by an rf force.
The reactant gases or vapors are decomposed by the glow discharge
mainly at surfaces (substrate, electrodes, walls), leaving the desired reac-
tion product as a thin solid film. Plasma deposition is a combination of a
glow-discharge process and |ow-pressure chemical vapor deposition, and
can be classified in either category. Since the plasma assists or enhances
the chemical vapor deposition reaction, the process is usually denoted as
PACVD or PECVD. The possibilities for producing films of various
materials and for tailoring their properties by judicious manipulation of
reactant gases or vapors and glow-discharge parameters are very exten-
sive. Plasma deposition processes are used widely to produce films at
lower substrate temperatures and in more energy-efficient fashion than
can be produced by other techniques. For example, they arewidely used to
form secondary-passivation films of plasma silicon nitride on semicon-
ductor devices, and to deposit hydrogenated, amorphous silicon layersfor
thin-film solar cells.

Microwave Electron Cyclotron Resonance Deposition. ECR plasma
deposition3940 employs an el ectron cyclotron resonance (ECR) ion source
to create a high-density plasma. The plasmais generated by resonance of
microwaves and electrons through a microwave discharge across a mag-
netic field. The main feature of thisrecently introduced processisthe high
rate of deposition obtained at alow temperature of deposition.
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Cluster Beam Deposition. lonized cluster beam deposition (ICB)
or cluster beam deposition41-45] jsone of the most recent emerging technolo-
gies for the deposition of thin films with growth-control capabilities not
attainable by other processes. ICB deposition is one of several techniques
classified asion-assisted thin-film formation. The material to be deposited
emerges and expandsinto avacuum environment from asmall nozzle of a
heated confinement crucible, usually constructed of high-purity graphite.
Thevapor pressurewithin the crucibleissevera ordersof magnitude higher
than the pressure of the vacuum chamber so that the expanding vapor
supercools. Homogeneous nucleation results in the generation of atomic
aggregatesor clustersof up to afew thousand atoms held together by weak
interatomic forces. The clusters passing through the vacuum towards the
substrate can, in part, be positively charged by impact ionization with
electronbeamirradiation. Closely controlled accel erating voltages add en-
ergy totheionized clusterswhich then impinge on the substrate, diffuse or
migrate along the plane of the surface, and finaly form a thin film of
exceptional purity. The complete and detailed processisextremely complex
but offers unprecedented possibilities of film formation once the fundamen-
talsand engineering technology arefully understood and exploited. Plasma
deposition (and plasmaetching) processes represent casesinwhich technol-
ogy isleading science. Thedetailed interactions of plasmachemistry, plasma
physics, and possible synergistic effects are still largely unexplained. In
view of the technological importance of these processes, much more
research and processmodeling isrequired to obtain an adequate understand-
ing of these deposition mechanisms.

4.3 Gas-Phase Chemical Processes

Methods of film formation by purely chemical processesin the gas
or vapor phasesinclude chemical vapor deposition and thermal oxidation.
Chemical vapor deposition (CVD)[261[33[46]-[55] js g materials synthesis
process whereby constituents of the vapor phase react chemically near or
on asubstrate surface to form asolid product. The deposition technology
has become one of the most important means for creating thin films and
coatings of a very large variety of materials essential to advanced
technology, particularly solid-state electronics where some of the most
sophisticated purity and composition requirements must be met. Themain
feature of CVD isitsversatility for synthesizing both simple and complex
compoundswith relative ease at generally low temperatures. Both chemical
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composition and physical structure can betailored by control of thereaction
chemistry and deposition conditions. Fundamental principles of CVD en-
compassaninterdisciplinary range of gas-phasereaction chemistry, thermo-
dynamics, kinetics, transport mechanisms, film growth phenomena, and
reactor engineering.

Chemical reaction types basic to CVD include pyrolysis (thermal
decomposition), oxidation, reduction, hydrolysis, nitride and carbide for-
mation, synthesisreactions, disproportionation, and chemical transport. A
sequence of several reaction types may be involved in more complex
situationsto create a particular end product. Deposition variables such as
temperature, pressure, input concentrations, gas flow rates and reactor
geometry and operating principle determine the deposition rate and the
properties of the film deposit. Most CVD processes are chosen to be
heterogeneous reactions. That is, they take place at the substrate surface
rather than in the gas phase. Undesirable homogeneousreactionsin the gas
phase nucleate particles that may form powdery deposits and lead to
particle contamination instead of clean and uniform coatings. Thereaction
feasibility (other than reaction rate) of a CVD process under specified
conditions can be predicted by thermodynamic calculations, provided
reliable thermodynamic data (especialy the free energy of formation)
are available. Kinetics control the rate of reactions and depend on
temperature and factors such as substrate orientation. Considerations
relating to heat, mass, and momentum transport phenomenaare especially
important in designing CVD reactors of maximum efficiency. Since im-
portant physical properties of a given film material are critically influ-
enced by the structure (such as crystallinity), control of thefactorsgovern-
ing the nucleation and structure of agrowing film is necessary.

Thin-film materials that can be prepared by CVD cover a tremen-
dous range of elements and compounds. Inorganic, organometallic, and
organic reactants are used as starting materials. Gases are preferred be-
cause they can be readily metered and distributed to the reactor. Liquid
and solid reactants must be vaporized without decomposition at suitable
temperatures and transported with acarrier gasthrough heated tubesto the
reaction chamber, which complicates processing, especially in the case of
reduced-pressure systems. Materials deposited at low temperatures (e.g.,
below 600°C for silicon) are generally amorphous. Higher temperatures
tend to lead to polycrystalline phases. Very high temperatures (typically
900°C to 1100°C in the case of silicon) are necessary for growing single-
crystal films. These films are oriented according to the structure of the
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substrate crystal; this phenomenon, known as epitaxy, is of crucial practi-
cal importance in solid-state device technol ogy.

CV D has become an important process technology in several indus-
trial fields. As noted, applications in solid-state microelectronics are of
prime importance. Thin CVD films of insulators, dielectrics (oxides,
silicates, nitrides), elemental and compound semiconductors (silicon, gal-
lium arsenide, etc.), and conductors (tungsten, molybdenum, aluminum,
refractory metal silicides) are extensively utilized in the fabrication of
solid-state devices. Hard and wear-resistant coatings of materials such as
boron, diamond-like carbon, borides, carbides and nitrides have found
important applications in tool technology. Corrosion resistant coatings,
especially oxides and nitrides, are used for metal protection in metallurgi-
cal applications. Numerous other types of materials, including vitreous
graphite and refractory metals, have been deposited mainly in bulk form or
as thick coatings. Many of these CV D reactions have long been used for
coating of substrates at reduced pressure, often at high temperatures.

Reactors. Thereactor system (comprising the reaction chamber and
all associated equipment) for carrying out CVD processes must provide
several basic functions common to all types of systems. It must allow
transport of the reactant and diluent gases to the reaction site, provide
activation energy to the reactants (heat, radiation, plasma), maintain a
specific system pressure and temperature, allow the chemical processes
for film deposition to proceed optimally, and remove the by-product gases
and vapors. These functions must be implemented with adequate control,
maximal effectiveness, and compl ete safety.

The most sophisticated CV D reactors are those used for the deposi-
tion of electronic materials. Low-temperature (below 600°C) production
reactors for normal- or atmospheric-pressure CVD (APCVD) include
rotary vertical-flow reactors and continuous, in-line conveyorized reactors
with various gas distribution features. They are used primarily for depos-
iting oxides and binary and ternary silicate glass coatings for solid-state
devices. Reactors for mid-temperature (600°C to 900°C) and high-tem-
perature (900°C to 1300°C) operation are either hot-wall or cold-wall
types constructed of fused quartz. Hot-wall reactors, usualy tubular in
shape, are used for exothermic processes where the high wall temperature
avoids deposition on the reactor walls. They have been used for synthesiz-
ing complex layer structures of compound semiconductors for microel ec-
tronic devices. Cold-wall reactors, usually bell-jar shaped, are used for
endothermic processes, such asthe deposition of siliconfromthehalidesor
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the hydrides. Heating is accomplished by rf induction or by high-intensity
radiation lamps. Substrate susceptors of silicon carbide-coated graphite
slabs are used for rf-heated systems.

Reactors operating at low pressure (typically 0.1-10 torr) for low-
pressure CVD (LPCVD) inthelow-, mid-, or high-temperature ranges are
resistance-heated hot-wall reactors of tubular, bell-jar, or close-spaced
design. Inthe horizontal tubular design, the substrate slices (silicon device
wafers) stand up in acarrier sled and gas flow is horizontal. The reduced
operating pressure increases the mean free path of the reactant molecules,
which allows a closely spaced wafer stacking. The very high packing
density achieved (typically 100 to 200 wafers per tube) allows a greatly
increased throughput, hence substantially lower product cost. In the verti-
cal bell-jar design, the gasis distributed over the stand-up wafers, hence
there is much less gas depletion and generation of few particles, but the
wafer load is smaller (50 to 100 wafers per chamber). Finally, the close-
spaced design developed most recently processes each wafer in its own
separate, closed space chamber with the gas flowing across the wafer
surface to achieve maximal uniformity.

In LPCVD, no carrier gases are required, particle contamination is
reduced and film uniformity and conformality are better than in conven-
tional APCVD reactor systems. It is for these reasons that low-pressure
CVD iswidely used in the highly cost-competitive semiconductor indus-
try for depositing films of insulators, amorphous and polycrystalline
silicon, refractory metals, and silicides. Epitaxia growth of silicon at
reduced pressure minimizes autodoping (contamination of the substrate by
its dopant), amajor problem in atmospheric-pressure epitaxy.

Vapor-Phase Epitaxy. Vapor-phase epitaxy (V PE)46I[471151155] and
metal-organic chemical vapor deposition (MOCV D)14el1471[511-55] gre used
for growing epitaxia films of compound semiconductors in the fabrica-
tion of optoel ectronic devices. Composite layers of accurately controlled
thickness and dopant profile are required to produce structures of optimal
design for device fabrication.

Photo-Enhanced Chemical Vapor Deposition (PHCVD).
PHCV DI561-58] js based on activation of the reactants in the gas or vapor
phase by electromagnetic radiation, usually short-wave ultraviolet radia-
tion. Selective absorption of photonic energy by the reactant molecules or
atoms initiates the process by forming reactive free-radical species that
then interact to form a desired film product. Mercury vapor is usually
added to the reactant gas mixture as a photosensitizer that can be activated
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with the radiation from a high-intensity quartz mercury resonance lamp
(253.7 nm wavelength). The excited mercury atoms transfer their energy
kinetically by collision with the reactants to generate free radicals. The
advantages of this versatile and very promising CVD process is the low
temperature (typically 150°C) needed to form films such as SiO, and
Si;N,, and the greatly minimized radiation damage (compared to PECV D).
The limitations at present are the unavailability of effective production
equipment and the need (in most cases) for photoactivation with mercury
to achieve acceptable rates of film deposition.

Laser-Induced Chemical Vapor Deposition (LCVD).
LCVDISHE ytilizes a laser beam for highly localized heating of the
substrate that then induces film deposition by CVD surface reactions.
Another mode of utilizing laser (or electron radiation) is to activate
gaseous reactant atoms or molecules by their absorption of the specific
wavelength of the photonic energy supplied. The resulting chemical gas
phase reactions are very specific, leading to highly pure film deposits. On
the other hand, the activation matching of the spectral propertieswith the
reactant species limits the choice of reactions and hence the film deposits
that can be obtained. LCVD is still in its early development stages but
promises many interesting and useful applicationsin the future.

lon I mplantation. Recently, ion implantation(62-64] has been used
toform silicon-on-insulator structures by implanting large doses of atomic
or molecular oxygen ionsin single-crystal silicon substrates to produce a
buried oxide layer with sharp interfaces after annealing.[63 Simultaneous
high-dose implantation of low energy oxygen and nitrogen ions into
silicon yields very thin films of silicon oxynitride, whereas low-energy
implantation of nitrogen or ammonia into silicon yields a low-density
silicon nitride layer.[6%]

Thermal Oxidation. Inthe gas phase, thermal oxidationl271[28][66](67]
is a chemical thin-film forming process in which the substrate itself
provides the source for the metal or semiconductor constituent of the
oxide. Thistechniqueis obviously much more limited than CVD, but has
extremely important applicationsin silicon device technology where very
high purity oxide films with ahigh quality SI/SIO, interface are required.
Thermal oxidation of silicon surfaces produces glassy films of SiO, for
protecting highly sensitive p-n junctions and for creating dielectric layers
for MOS devices. Temperatures for this process lie in the range of about
700°Cto 1200°C with either dry or moist oxygen or water vapor (steam) as
the oxidant. Steam oxidation proceeds at a much faster rate than dry
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oxidation. The oxidation rate is a function of the oxidant partial pressure
and is controlled essentially by the rate of oxidant diffusion through the
growing SiO, layer to the SIO,/Si interface, resulting in a decrease of the
growth rate with increased oxide thickness. The process is frequently
conducted in the presence of hydrochloric acid vapor or vapors of chlo-
rine-containing organic compounds. The HCI vapor formed acts as an
effective impurity getter, improving the Si/SiO, interface properties and
stability.

Oxidation of Silicon. Silicon oxidation under high pressurel261(66]67]
is of technological interest where the temperature must be minimized,
such as for VLSI devices. Since the oxidation rate of silicon is approxi-
mately proportional to pressure, higher product throughput and/or de-
creased temperatures can be attained. The oxidant in commercial systems
isH,O, which is generated pyrogenically from H, and O,. Pressures up to
10 atm are usually used at temperatures ranging from 750°C to 950°C.

Other Gas-Phase Oxidations. Gas-phase oxidation of other mate-
riald?8l is of limited technical importance. Examples include metallic
tantalum films converted by thermal oxidation to tantalum pentoxide for
use as antireflection coating in photovoltaic devices and as capacitor
elements in microcircuits. Other metal oxides grown thermally have also
been used as capacitor dielectrics in thin-film devices, to improve the
bonding with glass in glass-to-metal seals and to improve corrosion
resistance.

4.4 Liquid-Phase Chemical Formation

The growth of inorganic thin films from liquid phases by chemical
reactions is accomplished primarily by electrochemical processes (which
include anodization and electroplating), and by chemical deposition pro-
cesses (which include reduction plating, electroless plating, conversion
coating, and displacement deposition). A number of extensive re-
viewd261[68]170] of these film formation processes discuss theory and
practice. Another class of film forming methods from the liquid phase is
based on chemically reacting films that have been deposited by mechani-
cal techniques.[281[69] Finally, liquid phase epitaxy!>! isstill being used for
growing a number of single-crystal semiconductors.

Electrolytic Anodization. In anodization, asin thermal oxidation,
an oxide filmisformed from the substrate. The anode reacts with negative
ionsfromtheelectrolytein solution and becomes oxidized, forming an oxide
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or a hydrated oxide coating on semiconductors and on a few specific
metals, while hydrogen gasisevolved at the cathode. Nonporous and well-
adhering oxides can beformed on aluminum, tantal um, niobium, titanium,
zirconium, and silicon. The most important applications are corrosion-
protective films and decorative coatings with dyes on aluminum and its
alloys, and layers for electrical insulation for electrolyte capacitors on
aluminum and tantalum.

Electroplating. In electroplating ametallic coating is el ectrodepos-
ited on the cathode of an electrolytic cell consisting of apositive electrode
(anode), anegative electrode (cathode), and an el ectrol yte sol ution (contain-
ing the metal ions) through which electric current flows. The quantitative
aspects of the process are governed by Faraday’ slaws. Important electro-
plating variablesinclude current efficiency, current density, current distribu-
tion, pH, temperature, agitation, and solution composition. Numerous met-
als and metal alloys have been successfully electroplated from agueous
solutions. However, the technically most useful electroplated metals are
chromium, copper, nickel, silver, gold, rhodium, zinc, and aseries of binary
alloysincluding chromium/nickel composites. Electroplatingiswidely used
inindustry and can produce depositsthat rangefrom very thinfilmsto very
thick coatings (el ectroforming).

Chemical Reduction Plating. Chemical reduction plating is based
on reduction of a metal ion in solution by a reducing agent added just
before use. Reaction ishomogeneous, meaning that deposition takes place
everywhere in the solution, rather than on the substrate only. Silver,
copper, nickel, gold, and some sulfide films are readily plated. The oldest
application of the processisthe silvering of glass and plastics for produc-
ing mirrors using silver nitrate solutions and one of various reducing
agents, such as hydrazine.

Electroless Plating. Autocatalytic or electroless plating is a selec-
tive deposition plating process in which metal ions are reduced to a
metallic coating by areducing agent in solution. Plating takes place only
on suitable catalytic surfaces, which include substrates of the same metal
being plated, hence the definition autocatalysis. Electroless (or
electrodeless) plating offers a number of advantages over electroplating,
such as selective (patterned) deposition, but islimited to afew metals and
some alloys. Nickel, nickel alloys, and copper are most widely used
commercialy on conductive and on sensitized insulating substrates, in-
cluding plastic polymeric materials.
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Electrophoretic Deposition. Electrophoretic coating is based on
deposition of afilm from adispersion of colloidal particles onto aconduc-
tive substrate. The dispersion in a conductive liquid dissociates into
negatively charged colloidal particles and positive ions (cations), or the
reverse. On application of an electric field between the positive substrate
electrode (anode), the colloidal particles migrate to the substrate, become
discharged, and form afilm.

Chemical or electrochemical treatments of a metal surface can
produce athin and adherent layer on that metal. Examples of such conver-
sion coatings are black oxides on steel, copper, and aluminum. Widely
used chromate conversion coatings on zinc, cadmium, silver, copper,
brass, aluminum, and magnesium are formed by reaction of hexavalent
chromium ions with the metal, forming protective and decorative films
that consist of oxides, chromates, and the substrate metal. Phosphate
conversion coatings result from treatments, especially of iron and steel,
with phosphoric acid-containing salts of iron, zinc, or manganese.

Immersion Plating. Deposition of a metal film from a dissolved
salt of the coating metal on a substrate by chemical displacement without
external electrodes is known as displacement deposition or immersion
plating. Generaly, a less noble (more electronegative) metal displaces
from solution any metal that is more noble, according to the electromotive
force series. Actually, different localized regions on the metal surface
become anodic and cathodic, resulting in thicker films in the cathodic
areas. Theindustrial uses of this process are limited to afew applications,
mainly thin coatings on copper and its alloys.

Mechanical Methods. Mechanical techniques’ for depositing
coatings from liquid media that are subsequently reacted chemically to
form the inorganic thin film product are spraying, spinning, dipping and
draining, flow coating, roller coating, pressure-curtain coating, brushing,
and offset printing of reagent solutions. Chemical reaction of the coating
residue, often by thermal oxidation, hydrolysis, or pyrolysis (inthe case of
metalorganics) produces the desired solid film. Spin-on deposition of
film-forming solutions iswidely used in solid-