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PREFACE 

SILICON PROCESSING FOR THE VLSI ERA is a text designed to provide a 
comprehensive and up-to-date treatment of this important and rapidly changing field. The text 
will consist of two volumes of which this book is the first, subtitled, Process Technology. 
Volume 2, subtitled, Manufacturing Technology is scheduled for publication in 1988. In this 
first volume, the individual processes utilized in the fabrication of silicon VLSI circuits are 
covered in depth (e.g. epitaxial growth, chemical vapor and physical vapor deposition of 
amorphous and polycrystalline films, thermal oxidation of silicon, diffusion, ion implantation, 
microlithography, and etching processes). In addition, chapters are also provided on technical 
subjects that are common to many of the individual processes, such as vacuum technology, 
properties of thin films, material characterization for VLSI, and the structured design of 
experiments for process optimization. The topics covered in the book are listed in more detail in 
the Table of Contents. In Volume 2, Manufacturing Technology, other issues related to VLSI 
fabrication such as process integration, process simulation, manufacturing yield, VLSI 
manufacturing facilities, assembly, packaging, and testing will be covered. 

The purpose of writing this text was to provide professionals involved in the 
microelectronics industry with a single source that offers a complete overview of the technology 
associated with the manufacture of silicon integrated circuits. Other texts on the subject are 
available only in the form of specialized books (i.e. that treat just a small subset of all of the 
processes), or in the form of edited volumes (i.e. books in which a group of authors each 
contributes a small portion of the contents). Such edited volumes typically suffer from a lack of 
unity in the presented material from chapter-to-chapter, as well as an unevenness in writing style 
and level of presentation. In addition, in multi-disciplinary fields, such as microelectronic 
fabrication, it is difficult for most readers to follow technical arguments in such books, especially 
if the information is presented without defining each technical "buzzword" as it is first introduced. 
In our book we hope to overcome such drawbacks by treating the subject of VLSI fabrication 
from a unified and more pedagogical viewpoint, and by being careful to define technical terms 
when they are first used. The result is intended to be a user friendly book for workers who have 
come to the semiconductor industry after having been trained in but one of the many traditional 
technical disciplines. 

An important technical breakthrough has occurred in publishing, that the authors also felt 
could be exploited in creating a unique book on silicon processing. That is, revolutionary 
electronic publishing techniques have recently become available, which can cut the time required 
to produce a published book from a finished manuscript. This task traditionally took 15-18 
months, but can be now reduced to less than 4 months. If traditional techniques are used to 
produce books in such fast-breaking fields as VLSI fabrication, these books automatically 
possess a built-in obsolescence, even upon being first published. The authors took advantage 
of the rapid production techniques, and were able to successfully meet the reduced production­
time schedule. As a result, they were able to include information contained in technical journals 

vii 
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viii PREFACE 

and conferences which was available within four months of the book's publication date. Earlier 
books written on silicon processing, unfortunately, suffer from having had to undergo an 15-18 
month production cycle. This is the first book on the subject in which such time-delay effects 
have been eliminated from the production process! 

Written for the professional, the book belongs on the bookshelf of workers in several 
microelectronic disciplines. Microelectronic fabrication engineers who seek to develop a more 
complete perspective of the subject, or who are new to the field, will find it invaluable. 
Integrated circuit designers, test engineers, and integrated circuit equipment designers, who must 
understand VLSI processing issues to effectively interface with the fabrication environment, will 
also find it a uniquely useful reference. The book should also be very suitable as a text for 
graduate-level courses on silicon processing techniques, offered to students of electrical engin­
eering, applied physics, and materials science. It is assumed that such students already possess a 
basic familiarity with semiconductor device physics. Problems are included at the end of each 
chapter to assist readers in gauging how well they have assimilated the material in the text. 

The book is an outgrowth of an intensive seminar conducted by the authors through the 
Engineering Extension of the University of California, Irvine. In the first three years that it 
was offered, over three hundred engineers and managers from more than 75 companies and 
government agencies, enrolled in the course. Its fine reputation is attested to by the fact that 
many firms have sent participants each time the course has been offered, presumably based on the 
recommendations of earlier enrollees. 

In setting out to create a comprehensive text on VLSI fabrication, the authors each 
contributed a set of unique and complementary skills to the project. Professor Wolf's 
proficiency as a teacher and writer were utilized to produce a clearly written and logically 
organized book. Some of this expertise was gained in authoring an earlier best-selling text 
Electronic Measurements and Laboratory Practice, Prentice-Hall, 1983. Dr. Tauber brought a 
technical expertise acquired from his long involvement in the semiconductor industry. He used 
this background to insure that the most important topics of VLSI fabrication were addressed, and 
that the information was up-to-date and presented in a technically correct fashion. Note that for 
over twenty years, Dr. Tauber has held positions at Bell Telephone Laboratories, Xerox, And 
Hughes Aircraft Company. Currently he directs advanced VLSI Fabrication efforts at the 
Microelectronics Center of TRW. The labor of the writing effort was divided between the 
authors in the following manner: Professor Wolf was responsible for writing Chapters 1, 2, 3, 
9, 10, 12, 13, 15, 16, 17, and 18, and Dr. Tauber undertook the writing of Chapters 4, 5, 7, 8, 
11, and 14. Material for Chap. 6 was jointly contributed by Andrew R. Coulson and Dr. Tauber. 

A book of this length and diversity would not have been possible without the indirect and 
direct assistance of many other workers. To begin with, virtually all of the information presented 
in this text is based on the research efforts of a countless number of scientists and engineers. 
Their contributions are recognized to a small degree by citing some of their articles in the 
references given at the end of each chapter. The direct help came in a variety of forms, and was 
generously provided by many people. The text is a much better work as a result of this aid, and 
the authors express heartfelt thanks to those who gave of their time, energy, and intellect. 

Each of the chapters was reviewed after the writing was completed. The engineers and 
scientists who participated in this review were numerous. Special thanks are given to Leonard 
Braun and Ethelyn Motley, who provided extensive and incisive editing services. We also thank 
Warren Flack, Stephen Franz, Kenneth Tokunaga, Dean Denison, Simon Prussin, and Vitus 
Matare for their critical reviews. Simon Prussin also provided clarification of many concepts 
during the course of numerous technical discussions with the authors, and can be rightly 
considered as being the technical underpining of Chapters 1, 2, 8, and 9. Extra thanks are also 
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ix 

extended to Mark Miscione for bringing valuable technical input on the subject of the physics of 
microlithography, to Susan Curry for donating SEM photographs, and to Andrew Coulson for 
creating some of the drawings. Ada Mae Hardeman, of the Engineering Extension of the 
University of California, Irvine is owed special thanks for helping to make a success of the 
seminar from which this book grew. Otto Gruneberg, of QBI, Inc. was also a benefactor of the 
project. He graciously agreed to share his exhibition space with Lattice Press at Semicon-West, 
1986, where the book made its debut. 

Superlative computer support and access to computer resources was generously made 
available by Donald E. Carlile, Harry T. Hayes, and Dale Lambertson of the Personal Computer 
Support Section of the Electronic Systems Group of TRW. Henry Nicholas was a computer 
expert and friend who lit the fire of inspiration that led to the undertaking of the project. The 
management of the Electronics Systems Group and the Microelectronics Center of TRW, 
including most notably Dr. Barry Dunbridge and Phillip Reid, are warmly thanked for providing a 
supportive environment, conducive to producing such an intensive technical project. They made 
available technical literature and other resources to the authors, especially S. Wolf, who was able 
to avail himself of this generosity while writing during a Sabbatical leave from his teaching 
duties at California State University, Long Beach. Roy Montibon and Donald Strout of 
Visionary Art Resources, Inc., Santa Ana, CA designed the cover. Finally, we wish to thank 
Shirley Rome, Carrol Ann Wolf, and Barbara Tauber for typing the manuscript. 

Stanley Wolf and Richard N. Tauber 

P.S. Additional copies of the book can be obtained from: 

Lattice Press, 
P.O. Box 340-V 
Sunset Beach, CA, 907 42 

An order form, for your convenience, is provided on the final leaf of the book. 
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DRY ETCHING for VLSI 

FABRICATION 

In Chapter 15 the procedure of transferring patterns onto regions of silicon wafers by wet 
etching was described. Wet etching was the standard pattern transfer technique in the process 
sequences used to fabricate early generations of integrated circuits. Its widespread use stemmed 
from the facts that the technology of wet etching was well established, and that liquid etchant 
systems are available with very high selectivity to both substrate and the masking layer (defined 
in Chap. 15). As noted in Chap. 15, however, wet etching processes are typically isotropic. 
Therefore, if the thickness of the film being etched is comparable to the minimum pattern di­
mension, undercutting due to isotropic etching, becomes intolerable (Fig. la & b). Since many 
films used in VLSI fabrication are 0.5-1.0 µm thick, reproducible and controllable transfer of 
patterns in the 1-2 µm range becomes difficult if not impossible with wet etching. Alternative 
pattern transfer processes must therefore be employed to fabricate devices with such dimensions. 

One alternative pattern transfer method that offers the capability of non-isotropic (or 
anisotropic) etching is "dry" etching. As a result, considerable effort has been expended to 
develop dry etch processes as replacements for wet etch processes. Dry etching also offers the 
important manufacturing advantage of eliminating the handling, consumption, and disposal of the 
relatively large quantities of dangerous acids and solvents used in wet etching and resist stripping 
processes. Dry etching and resist stripping operations utilize comparatively small amounts of 
chemicals (although, as will be discussed later, some of these may still be quite toxic or cor­
rosive). This chapter deals with the technology of dry etch processes for VLSI fabrication, 
although many of the terms generic to both wet and dry etching are defined in Chap. 15. 

Before launching into a description of the details of dry etching, it is worthwhile to identify 
the characteristics that a useful etching process should exhibit. This approach helps to define the 
problems that must be overcome when developing adequate dry etch processes, and shows why 
some types of dry etch processes may not be suitable for all VLSI applications. 

The overall goal of an etch process for VLSI fabrication is to be able to reproduce the 
features on the mask with fidelity. This should be achievable together with control of the 
following aspects of etched features: a) the slope of the feature sidewalls (e.g. the slope of the 
sidewalls of the etched feature should have the desired specific angle, in some cases vertical, 
Fig. le - f); and b) the degree of undercutting (i.e. usually the less undercutting the better). In 
addition to this capability, a useful etch process should have the following characteristics: 

1) It should be highly selective against etching the mask layer material; 
2) It should be highly selective against etching the material under the film being etched; 
3) The etch rate should be rapid, or the throughput of a machine performing the etch 

should be suitably high; 5.39 
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Fig. 1 (a) and (b) Isotropic etching of narrow and deep grooves. (a) shows the desired pattern and 
(b) shows how the mask must be dimensioned in order to obtain a pattern which resembles the 
desired pattern. (c) - (:f) SEM rnicrographs show the results of highly anisotropic etching for 
several materials. (c) Anisotropically etched contact hole in an Si02 layer over Si. (d) 
Anisotropically etched poly-Si film over Si02. (e) 1 µm-wide features in single-crystal Si. (t) 

Anisotropically etched 1.5 µm thick Al-0.7% Cu film, with an Si02 substrate33. Copyright 1983, 
Bell Telephone Laboratories, reprinted with permission. 

4) The etching should be uniform across the entire wafer, from wafer-to-wafer, and from 
run-to-run; 

5) The process should be safe; 
6) The etch process should cause minimal damage to substrates; 
7) The etch mask material should be easily removable after the etching is completed; 
8) The process should be clean (i.e. low incidence of particulate and film contamination); 
9) The process should be conducive to full automation. 

As shown in Fig. 2 there is a variety of dry etch process types. This figure also indicates 
that the mechanism of etching in each type of process can have a physical basis (e.g. 
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glow-discharge sputtering [Chap. 10], or ion milling), a chemical basis (e.g. plasma etching), or 
a combination of the two (e.g. reactive ion etching, RIB, and reactive ion beam etching, RIBE). 

In processes that rely predominantly on the physical mechanism of sputtering (including 
RIBE), the strongly directional nature of the incident energetic ions allows substrate material to 
be removed in a highly anisotropic manner (i.e. essentially vertical etch profiles are produced). 
Unfortunately, such material removal mechanisms are also quite non-selective against both 
masking material and materials underlying the layers being etched. That is, the selectivity 
depends largely on sputter yield differences between materials. Since the sputter yields for most 
materials are within a factor of three of each other, selectivities are typically not adequate. Fur­
thermore, since the ejected species are not inherently volatile, redeposition and trenching (see 
Chap. 10) can occur. Another major problem of pattern transfer by physical sputtering involves 
the redeposition of nonvolatile species on the sidewalls of the etched feature7. As a result of 
these drawbacks, dry etch processes for pattern transfer based on physical removal mechanisms 
have not found wide use in VLSI fabrication applications. 

On the other hand, dry processes relying strictly on chemical mechanisms for etching can 
exhibit very high selectivities against both mask and underlying substrate layers. Such purely 
chemical etching mechanisms, however, typically etch in an isotropic fashion. Although some 
applications in VLSI fabrication (e.g. photoresist stripping in oxygen plasmas) utilize such 
processes, the problem of undercutting associated with isotropic etching is not solved by them. 

By adding a physical component to a purely chemical etching mechanism, however, the 
shortcomings of both sputter-based and purely-chemical dry etching processes can be surmounted. 
Dry etch processes based on a combination of physical and chemical mechanisms offer the 
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Fig. 3 Primary processes occurring in a plasma etch process. Reprinted with permission of 
Ref. 1, Copyright, 1983, the American Chemical Society. 

potential of controlled anisotropic etching, together with adequate selectivity. 
In this chapter we primarily focus on plasma etching processes (i.e. purely chemical) and 

reactive ion etching (RIE) processes (i.e. physical /chemical processes, which are more aptly 
described as ion-assisted etching processes). Even though purely chemical processes find less 
application than RIE for VLSI pattern transfer, an understanding of RIE processes is facilitated if 
the mechanisms which underlie plasma etching processes are understood first. Sputter-based 
etching processes receive little attention here, as their use for pattern transfer in VLSI production 
is limited, and substantial information on sputtering processes is presented in Chap. 10. 

BASIC PHYSICS and CHEMISTRY of PLASMA ETCHING 

The basic concept of plasma etching is rather direct. A glow discharge is utilized to produce 
chemically reactive species (atoms, radicals, and ions) from a relatively inert molecular gas. The 
etching gas is selected so as to generate species which react chemically with the material to be 
etched, and whose reaction product with the etched material is volatile. An ideal dry etch process 
based solely on chemical mechanisms for material removal, can thus be broken down into six 
steps, as shown in Fig. 3. These steps are listed as: 1) reactive species are generated in a 
plasma; 2) these species diffuse to the surface of the material being etched; 3) the species are 
adsorbed on the surface; 4) a chemical reaction occurs, with the formation of a volatile 
by-product; 5) the bf-product is desorbed from the surface; and 6) the desorbed species diffuse into 
the bulk of the gas . If any of these steps fails to occur, the overall etch cycle ceases. Product 
desorption is the most important step. Many reactive species can react rapidly with a solid 
surface, but unless the product has a reasonable vapor pressure so that desorption occurs, no 
etching takes place. Steps 1, 2, and 6 involve events occurring in the gas phase and plasma, 
while steps 3, 4, and 5 are steps that take place at the surface of the solid layer being etched. 
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Hence, it is useful to briefly consider the physics and chemistry of events that involve the 
etching process that occur in a) the plasma, and b) the etched surface. 

The Reactive Gas Glow Discharge 

In Chap. 10, the methods for producing a glow-discharge using a de diode and an rf diode 
configuration are described. In plasma-etching processes an rf diode configuration is normally 
used to establish the glow discharge, for the reasons listed in Chap. 10. The glow discharge in 
Chap. 10 was treated primarily as a source of energetic ions which are used to bombard target 
surfaces and cause sputtering. In plasma etching applications the glow discharge can be used to 
produce energetic ionic bombardment of the etched surf ace, but it also has another even more 
important role, that of producing reactive species for chemically etching the surf aces of interest. 
Thus, it is necessary to examine the properties of glow discharges related to this function. 

Since plasmas consisting of fluorine-containing gases are extensively used for etching Si, 
Si02, and other materials used in VLSI fabrication, it is appropriate to study the glow discharge 
of CF 4 gas as an example. Before a glow discharge is established, the only species present are 
CF 4 molecules. Over the pressure range at which an rf glow dischar;e can be maintained, 1 Pa 
(7.5 mtorr) - 750 Pa (5.6 torr), the gas density ranges from 2.7x101 - 2x1017 molecules /cm3. 
When a glow-discharge exists, some fraction of the CF 4 molecules are dissociated into other 
species. As will be described in a later section dealing with the utilization factor, it is better to 
have a CF 4 flow rate that is much larger than the dissociation rate. For moderately sized etching 
systems this represents a flow rate of~ 10 sccm2. 

A plasma is defined to be a partially ionized gas composed of ions, electrons, and a variety 
of neutral species. A glow discharge is a plasma that exists in the pressure range given above, 
containing approximately equal concentrations of positive particles (positive ions) and negative 
particles (electrons and ne~ative ions). The density of these charged particles in glow discharges 
ranges from 109-1011 /cm , and the fraction of ions-to-neutral species is thus -10-4-10-6. The 
average energies of electrons in glow discharges is between 1-10 e V. The reactions that occur in 
the gas phase (plasma) are called homogeneous reactions, while those that occur at the surface are 
termed heterogeneous reactions. Table 1 lists the general types of homogeneous electron-impact 

Table 1. HOMOGENEOUS REACTIONS (ELECTRON-IMPACT) and 
HETEROGENEOUS REACTIONS THAT OCCUR IN PLASMAS 

Homogeneous Reactions • 
Electron Impact Reactions 

Excitation (rotational, vibrational, electronic): 
e + A2 => A2 + e (e + F => F* + e) 

(F* => F + hvp) 
Dissociation: 
e + A2 => A + A + e ( e + o 2 => 0 + 0 + e) 
Ionization: 
e + A2 => A2 + + 2e (e + o 2 => o 2 + + 2e) 
Dissociative Ionization: 

e + A2 => A+ +A + 2e (e + o 2 => o+ + 0 + 2e) 
Dissociative Attachment: 
e + A2 => A+ + A- + e 

Heterogeneous Reactions 

Atom Recombination: 
S-A+A=>S+Az 

Metastable deexcitation: 
* S+M =>S+M 

Atom abstraction (etching): 
S - B + A => s+ + AB 

Sputtering (etching): 
S - B + M+ => s+ + B + M 
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reactions and heterogeneous surface-plasma reactions that can take place. 
The properties listed above, impart glow discharges with unique and useful capabilities. The 

first ionization potential of most gas atoms and molecules is;;:: 8 eV. Since the energies of the 
plasma electrons have a distribution whose average is between 1-10 e V, some of these electrons 
will be energetic enough to cause such ionization. Collisions of these energetic electrons with 
neutral etch gas molecules (Table 1), in fact, are primarily responsible for the production of the 
reactive species in a plasma (electron-impact reactions). These reactive species, however, can 
also react with themselves in the plasma (inelastic collisions among heavy particles, Table 1), 
and alter the overall plasma chemistry. 

The most abundant ionic specie found in CF 4 plasmas is CF3 +, and such ions are 
formed by the electron-impact reaction3: e +CF 4 => CF3 + + F + 2e. Other ionization reacti.:.:t; 
also occur, but the products of these reactions are found in less abundance than CF3 +ions, 
because the probability that such reactions occur is smaller, and their products also react with 
CF 4, while CF3 + ions do not. In addition to CF 4 molecules, ionic species, and electrons, there 
are a large number of radicals that are formed. A radical is an atom, or collection of atoms, 
which is electrically neutral, but which also exists in a state of incomplete chemical bonding, 
making it very reactive. Some examples of radicals include F, Cl, 0, H, and CF x• where x = 1, 
2, or 3. In CF 4 plasmas, the most abundant radicals are CF3 and F, formed by the reaction: 
e + CF 4 => CF3 + F + e. In general, radicals are thought to exist in plasmas in much higher 
concentrations than ions, because they are generated at a faster rate, and they survive longer than 
ions in the plasma. This view is substantiated by measurements of radical concentrations in 
plasmas, but in fact, only a few such measurements have been reported. One measurement 
determined that the F atom pressure was 20 percent of the total gas pressure in the system4. To 
summarize, the gas in an etch chamber when plasma etching is underway, generally consists of 
the following species5 (in order of decreasing concentration, and estimated concentration ranges): 
a) etch gas molecules (70-98% of the total species in the chamber); b) etch-product molecules 
(2-20%); c) radicals 0.1-20%); charged species, including positive ions, electrons, and negative 
ions (0.001-0.01 % ). 

The radicals, in fact, are responsible for most of the actual chemical etching phenomena that 
occur at the surface of the material being etched (except for the etching of Al, which is apparently 
etched by molecular CI2). As will be described later, the ionic species are believed primarily to 
enhance the etching that occurs, by causing events that are not in them- selves chemical 
reactions. Thus, the term reactive ion etching, that is commonly used to denote processes in 
which plasma etching is accompanied by ionic bombardment, is actually somewhat of a 
misnomer. Since the etching by the reactive radicals is principally enhanced by the ionic 
bombardment, these processes would more aptly be described as ion-assisted etching processes. 

Electrical Aspects of Glow Discharges 

It is important to have some information about the electrical potential distribution in 
systems containing glow discharges. In Chap. 10, details about this subject were given for both 
de and rf diode glow discharges, and the information was used to explain how glow discharge 
sputtering occurs. In plasma etching systems, high frequency (13.5 MHz) rf diode configura­
tions are primarily used, and readers are directed to Chap. 10 for more general information on rf 
glow discharges. In plasma etching systems, knowledge about the potential distribution is use­
ful because the energy with which particles impinge on the etched surface depends on the 
potential distribution. In addition, the plasma potential determines the energy with which ions 
strike other surfaces in the chamber, and high energy bombardment of these surfaces can cause 
sputtering and consequent redeposition of the sputtered material (as contamination on the wafers). 
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Fig. 4 (a) Schematic view of an rf glow discharge. (b) Potential distribution in a parallel plate 
plasma etcher with a grounded surface area larger than the powered electrode area. 

As shown in Fig. 4 the potential of the plasma is positive relative to that of the grounded 
electrode (which is usually connected electrically to the chamber walls, grounding them as well), 
and the powered electrode develops a negative de self-bias voltage relative to ground, as described 
in Chap. 106. The magnitude of the self-bias voltage depends on the amplitude of the rf signal 
applied to the electrodes. As also noted in Chap. 10, if the electrodes of the rf plasma system 
are of comparable area, the potential difference across the dark space of both electrodes will be 
equal. Since the powered electrode develops a negative de self-bias voltage, in order for a 
potential difference of equal magnitude to exist across the dark space of the grounded electrode, the 
plasma must assume a positive potential of comparable magnitude. Thus, even if wafers are 
placed on the grounded electrode of such systems, they will be subjected to substantial energetic 
ion bombardment. In systems in which the area of the powered electrode is much smaller than 
that of the grounded electrode, smaller potential differences exist between the plasma and the 
grounded electrode, and thus grounded surfaces are subjected to less energetic bombardment. 

If a 13 .56 MHz frequency is used for the applied rf power, this frequency is high enough so 
that the ions require several rf cycles to traverse the dark space between the bulk plasma region 
and the wafer surf ace. Some investigation of systems using lower frequency power has also been 
conducted (100-450 kHz). Under such circumstances, the ions can cross the dark space in a 
relatively small fraction of an rf cycle. This can enable ions to strike the surface with greater 
energies than in the high frequency case, a condition that can be useful in some applications. 

Heterogeneous (Surface) Reaction Considerations 

The reactive etch species that undergo chemical reactions at the surf ace that result in etching, 
and the ionic species that bombard the surface to enhance such etching are produced in the 
plasma. The events that take place at the surface are interactions between the gas phase species 
and the solid material to produce etching. The issues related to the mechanisms that occur on 
the surface include32: a) the sticking probabilities of radicals and ions; b) chemical recombination 
processes that form films, cause species to be adsorbed, or lead to other gas phase species; c) 
reaction paths which are followed, from adsorption to the eventual formation of volatile products; 
d) desorption of species from the surface; e) effect of ion and electron fluxes on the surface; and f) 
the synergistic effects on the surface of of multiple species bombardment (i.e. by ions, electrons, 
and photons). As shown in Fig. 5, some of the parameters that impact heterogeneous reactions8, 
include the surface temperature, the surface electrical potential, the nature of the surface, and 
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Table 2 EXAMPLES OF SOLID-GAS SYSTEMS USED IN PLASMA ETCHING 

SOLID 

Si, Si02, Si3N 4 
Si 
Al 
Organic Solids 

Refractory Metals (W, Ta, Mo ... ) 

ETCH GAS ETCH PRODUCT 

SiF4 
SiC12, SiC14 
AlC13, AI2c16 
CO, co2, H2o 
CO, C02, HF 
WF6, ... 

geometrical aspects of the surface (e.g. the angle of incidence of impinging ions depends upon 
whether they are striking the bottom, or the sidewall of an etched feature). 

The gases adopted for plasma etching processes have been selected on the basis of their 
ability to form reactive species in a plasma, which then react with the surface materials being 
etched and lead to volatile products. Table 2 lists the gas-solid systems for various solids to be 
etched in VLSI fabrication, together with their resultant etch products. 

Parameter Control in Plasma Processes 

One of the more challenging aspects of implementing a useful and reproducible etch process 
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Fig. 5 Representation of the parameter problem in plasma etching systems (ne is the electron 
density, f (E) is the electron energy distribution function, N is the gas density, and 't is the 
residence time8. Reprinted with permission of Springer-Verlag Publishing Company. 
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involves the control of the large number of parameters that affect the process. Figure 5 
illustrates some of the parameters that impact the gas-phase interactions, as well as the 
surf ace-plasma interactions. Although many macroscopic parameters can be controlled , such as 
the type of feed gas, power, and pressure, the precise effect of making any changes in these 
parameters is usually not well understood. In fact, a change in a single macroscopic parameter 
typically alters two or more basic plasma parameters, and possibly one or more of the surface 
parameters, such as temperature or electrical potential. This makes process development in 
plasma systems a challenge, and the use of factorial experimental design techniques for such tasks 
very useful9 (see Chap. 18). In the introduction to the section on Dry-Etch System 
Configurations, a discussion is presented on how gas flow, pumping speed, and pressure are 
interrelated, and how this interrelationship is used to control pressure. 

ETCHING SILICON and SILICON DIOXIDE in 
FLUOROCARBON-CONTAINING PLASMAS 

The etching of silicon and SiOz in fluorocarbon plasmas is described in this section in 
substantial detail. This is done because these etching processes are very important in silicon 
VLSI fabrication. In addition, when the mechanisms of plasma etching were being first studied, 
the etching of silicon and Si Oz in plasmas containing CF 4, mixtures of CF 4 + Oz, and 
mixtures of CF 4 + Hz, yielded important data about many of the fundamental mechanisms that 
are operative in plasma etching, as well as information about the specific materials system under 
investigation. The conclusions from these studies led to the development of two models for 
organizing chemical and physical information on plasma etching. These models are the 
fluorine-to-carbon ratio model (or F IC model) 10, and the etchant-unsaturate modeZ11 . Since the 
models are conceptually similar, although they emphasize different aspects of plasma etching, we 
describe only the F IC model. Details of the etchant-unsaturate model are given in Ref. 25. 

We begin the discussion by considering several basic phenomena related to plasma etching 
processes. First, it is known that in the absence of a glow discharge, the gases commonly used 
in plasma etching do not react with the surf aces to be etched. For example, CF 4 does not etch 
silicon without a discharge. This is due to the fact that CF 4 does not chemisorb on Si, and thus 
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Fig. 6 The fluorine pressure dependence of the etch rate of amorphous silicon at room 
temperature 1 Z. Reprinted with permission of the publisher, the Electrochemical Society. 
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1 . Reprinted with permission of the American Physical Society. 

the step 3 of the dry-etching process described earlier does not occur. On the other hand, fluorine 
has been found to spontaneously etch Si, even without the presence of a discharge (Fig. 6) 12. 

Thus, when a discharge of CF 4 is created, it is not the CF 4 molecules themselves that participate 
in the etching reaction. Instead, the etching is accomplished by the radical species which are 
created by the dissociation of CF 4 molecules; namely fluorine atoms. The products of the 
Si-etching reaction are SiF 4 and SiF2. A mechanism for the F-atom reaction with a Si film 
leading to gasification products has been proposed 13, and is summarized in Fig. 7. The 

x 703.7nm LINE INTENSITY-ETCHING Si 

PERCENT 02 

Fig. 8 The normalized etch rate for Si and the normalized intensity of the emission from 
electronically excited F atoms (703.7 nm line) versus the o2 concentration in the CF 4-o2 etch 
gas4. Reprinted with permission of the American Physical Society. 
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steady-state surface seems to be a stable "SiFz-like" that must be penetrated by impinging F 
atoms in order for the SiF 4 to be formed. The etch rate of silicon (and SiOz) in pure CF 4, 
however, is relatively low. 

If small concentrations of Oz are added to the CF 4 feed ps, however, the etch rates of both 
Si and SiOz are observed to dramatically increase (Fig. 8) 4 . The addition of the Oz is also 
accompanied by an increase in the density of F-atoms in the discharge. Although several reasons 
have been advanced for this effect, it is certain that reactions between the oxygen atoms (or 
molecules) and the CF 4 molecules are responsible for the increased F-concentration. One of 
these reactions might be the gas phase oxidation of CF3, to first form COFz + F, which then 
dissociates into CO+ Fz. Another suggested reaction could involve CF3 radicals that reach the 
silicon surface, and upon adsorption, contribute one C atom and 3 F-atoms to the surface. If an 
oxygen atom reacts with the adsorbed C atom, the 3 remaining F atoms are available to etch the 
Si. In any case, the etch rate of Si continues to increase until -12% Oz (by volume) is added. 
The etch rate of SiOz reaches its maximum value when -20% Oz is added. At greater 
concentrations, the additional Oz dilutes the F concentration, and causes the etch rate to decrease. 
Figure 8 also shows that Si is etched much more rapidly than SiOz in CF 4-0z plasmas, and 
thus high selectivity of Si over SiOz is in such plasmas is easy to obtain. 

If Hz is added to the CF 4 feed gas, the etch rate of silicon decreases monotonically to almost 
zero for Hz additions ;?: 40%. The etch rate of SiOz. however, remains nearly constant for Hz 
additions of up to 40% (Fig. 9) 15. The silicon etch rate decrease occurs because the molecular 
hydrogen reacts with fluorine to form HF, and this drastically reduces the F atom concentration in 
the plasma. (It is said that the hydrogen scavenges F atoms). Although the effect of the Si etch 
rate decrease by itself may not be useful, the fact that the SiOz etch rate does not substantially 
decrease at the same time is valuable, because the SiOrto-Si etch rate ratio increases. As a 
result, this allows a higher selectivity with respect to the substrate to be achieved when etching 
Si Oz over Si. This selectivity is necessary when Si Oz films must be etched down to an 
underlying Si layer, without significantly etching the Si. 

The mechanism responsible for the high SiOz-to-Si etch rate selectivity involves the 
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Fig. 9 The etch rate of Si, resist, and SiOz (measured in a reactive ion etching configuration) as 
a function of the concentrations of Hz in the CF 4-Hz etch gas 15. Reprinted with permission of 
the publisher, the Electrochemical Society. 
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combination of two phenomena: 1) the deposition of a nonvolatile residue; and b) the role of 
oxygen in the etching of SiOz. If an nonvolatile layer (e.g. carbon residue) deposits on a surface 
during etching, and it is not removed, etching will cease. While such carbon residues are found 
to deposit on all surfaces inside an etch chamber containing CF 4-Hz plasmas, less accumulation 
is observed to occur on oxide surfaces than on non-oxide surfaces. There are several ways in 
which carbon can be deposited on a surface in fluorocarbon discharges. One way involves the 
dissociation of CF3, or other fluorocarbon radicals, upon being chemisorbed on a surface. Less 
residue accumulates on SiOz surfaces because some of the carbon combines with the oxygen in 
the SiOz to form CO and COz, which are volatile. This in turn allows the SiOz layer to 
continue to be etched under conditions when etching of the Si has ceased. Nevertheless, if the 
deposition rate of the carbon residue becomes too great, etching eventually stops on all surfaces 
in the chamber, including Si02 surfaces. Other gases which also consume F atoms have been 
found to produce high Si Oz-to-Si selectivities 16 (even without the use of Hz), including CHF3, 
C3F8, and C2F6. The reason for this effect is described as a part of the discussion on the F IC 
ratio model. 

In practice, the exact process conditions that produce selective etching of Si02 over Si are 
generally empirically derived for each reactor. This is due to the fact that high selectivity 
requires that the process be operated very close to the demarcation between etching and 
polymerization (where etching abruptly ceases). Although the adjustment of plasma conditions 
to achieve high SiOz /Si selectivity remains an art, high selectivity is achievable. For example, 
selectivities of >20: 1 at oxide etch rates of 600-lOOOA I min have been reported 17. 

Fluorine-to-Carbon Ratio Model 
The fluorine-to-carbon ratio (F IC) model10 is one of the two models which have been 

evolved to assist in assimilating the large amount of information on chemical and physical 
mechanisms observed in plasma etching. That is, the model represents an attempt to organize 
such information into a framework that allows processes to be developed more efficiently, by 
providing some basis for predicting the effects of various parametric variations. The F IC ratio 
is the ratio of the fluorine-to-carbon species, which are the two "active species" involved in the 
etching of Si and SiOz (as well as other materials etchable in fluorocarbon plasmas, including 
Si3N4, Ti, and W). The F IC ratio model does not attempt to account for the specific chemistry 
taking place in the glow discharge, but instead treats the plasma as a ratio of F to C species 
which can interact with the Si or SiOz surface. The generation or elimination of these "active 
species" by various mechanisms or gas additions then alters the initial F IC ratio of the inlet 
gas. Increasing the F IC ratio increases Si etch rates, and decreasing the F IC ratio lowers them. 

For example, a pure CF 4 feed gas has an F IC ratio equal to four. If the plasma 
environment causes Si etching, however, this phenomenon consumes F atoms without 
consuming any carbon, and thus the F IC ratio is reduced. If more Si surface is added to the 
etching environment, the F IC ratio is further decreased, and the etch rate is also reduced. The 
addition of H2 to the CF 4 feed gas causes the formation of HF, but does not consume any 
carbon, thereby the F IC ratio and the etch rate are again reduced. Finally, the utilization of 
gases in which the F IC ratio is <4, such as CHF3 or C3F8, also has the effect of producing an 
F IC ratio smaller than that present in a plasma of pure CF 4. Their use is found to produce very 
similar effects in the etching chemistry as the other two procedures. Plasmas in which the F IC 
ratio is decreased to less than 4, are termed fluorine-deficient plasmas. 

Conversely, the addition of Oz has the effect of increasing the F IC ratio, because the 
oxygen consumes more carbon (by forming CO or C02), than F atoms (by the formation of 
COF2). Other feed gases that can be added to increase the F IC ratio include C02, F2, and N02. 

The cause of the high selectivity of Si02-to-Si in CF 4 + Hz plasmas can be elucidated 
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Fig. 10 Illustrative plot of the boundary between polymerizing and etching conditions as 
influenced by the fluorine-to-carbon ratio of the chemically reactive species and the bias applied to 
a surface in the discharge 10. Reprinted with permission of the American Physical Society. 

with the aid of the F IC ratio model. That is, even though the F IC ratio in such plasmas is 
less than 4, the Si02 contributes oxygen (which consumes carbon), thus locally compensating 
for the decreased F IC ratio at the Si02 surface19. As long as the F IC ratio at the oxide surface 
has a value close to that which exists in a pure CF 4 plasma, Si02 etching continues to proceed 
at the same rate. Meanwhile, since the F IC ratio at the Si surface is less than 4, the local 
etch rate decreases. To summarize, the F IC ratio model is useful for linking together the effects 
of a diverse set of phenomena, including the effects of many feed gases and Si02 ISi selectivity. 

The F IC ratio can also be used to qualitatively portray the demarcation between etching and 
polymerization as it varies according to changes in some process condition (Fig. 10). In this 
figure the boundary between polymerization (x-axis) is shown to vary as a bias voltage (y-axis) 
is applied to the substrate. The bias voltage has the effect of causing increased bombardment of 
the surface by energetic ions, which removes the nonvolatile residue layer by sputtering. This 
allows etching to occur at lower F IC ratios than if the carbonaceous polymer film were not 
simultaneously removed by sputtering and etching. This effect, as will be described in the 
following section, may be utilized as a technique to control sidewall profiles of etched layers. 

ANISOTROPIC ETCHING and CONTROL OF EDGE PROFILE 

Up to this point in our discussion we have considered the etching of Si and Si02 in 
fluorocarbon plasmas largely as a mechanism that proceeds by chemical action (i.e. the reaction 
of Si by F-atoms generated by the plasma to form SiF 4). If etching action is purely chemical, 
however, the removal of material is isotropic, and no advantage in dimensional control is gained 
over wet etching (Chap. 15). In such processes, the plasma plays no role other than to produce 
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the etchant. The attractiveness of dry-etching for VLSI patterning, however, is based on its 
potential to etch in an anisotropic manner (defined in Chap. 15), and the mechanisms that are 
believed to produce anisotropic etching need to be considered. 

It should be mentioned before discussing details of the directional etching mechanisms, that 
the desired degree of directionality varies with the specific application in the final device. For 
example, if the lines etched from a deposited film are designed to carry current, steep-walled 
profiles are preferred, so that the cross-sectional area of the conductor is maximized. On the 
other hand, if an etched feature must be subsequently covered by another film, tapered profiles on 
the walls of the etched feature are more desirable, since highly anisotropic profiles in underlying 
topography may result in poor step coverage by the overlying film. As also mentioned in 
Chap. 15, a highly anisotropic etch will cause "stringers" in the overlying film to be left behind 
at the base of steep underlying steps (Fig. 9, Chap. 15). Since such stringers represent regions 
of incomplete etching between adjacent lines, the etch process must remove them. This can be 
done in several ways including: a) overetching the overlying film; b) introducing a finite lateral 
etching component into the etch process; and c) insuring that the underlying feature steps have 
tapered wall profiles. Achieving wall profiles with the desired degree of slope may require the 
use of a multi-step etch process, in which each of the sub-processes would employ of an etch 
mechanism with its own degree of anisotropy. A multi-step etch process for producing 
arbitrarily shaped wall profiles by such piece-wise anisotropic etching is described in Ref. 19. 

The ability to achieve anisotropic etching is thought to depend in some way or another on 
the bombardment of the etched surface with energetic ions. Other parameters, such as the 
chemical nature of the plasma, may influence the degree of anisotropy, but unless energetic 
particles strike a surface, only isotropic etching can be expected. The directional etching effects 
in ion-assisted etching processes, however, cannot be due to sputtering alone, as product yields of 
over several hundred substrate atoms per incident ion have been reported in ion-assisted etch 
processes. Such product yields are much greater than those of typical sputtering yields (e.g. <2 
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Fig. 12 (a) Surface damage, and (b) surface inhibitor mechanisms, for ion-assisted anisotropic 
etching 13. Reprinted with permission of the American Physical Society. 

for 400 e V Ar ions, see Chap. 10). This is fortunate, for as was discussed at the outset of the 
chapter, purely sputter etch mechanisms result in processes with inadequate selectivities. 

The fact that sputtering alone is not operative in such processes, was elegantly demonstrated 
in an experimental manner by Coburn and Winters20. In one experiment, they first exposed a 
Si surface to a gas of XeF2 (not a plasma of XeF2), and observed a low etch rate (Fig. 11). 
Next, while continuing to expose the surface to XeF2, an Ar+ ion beam with an energy of 450 
eV was directed at the Si. The observed etch rate was ~10 times as great as with the XeF2 alone. 
Finally, when the Ar+ beam alone was directed at the surface, the smallest etch rate of the three 
conditions was produced~ The results of this experiment demonstrate that a strong cooperative 
effect can be result if the etching surface is simultaneously exposed to a reactive gas and 
bombardment by energetic particles. The microscopic details of exactly how the ion bom­
bardment enhances the reaction between a reactive gas and a surface, is the subject of substantial 
research efforts. Evidence indicates that different mechanisms exist for specific chemical systems. 

Two principal mechanisms by which energetic ions assist in enhancing the etch rate 
produced by reactive gases, however, have been postulated to be operative in directional etching 
processes (Fig. 12)21 . They are: a) Relatively high energy impinging ions(> 50 eV) produce 
lattice damage at the surf ace being etched, extending several monolayers beneath the surface. 
Reaction at these damaged sites is enhanced compared to reaction at surfaces at which no damage 
has occurred; and b) lower energy ions(::; 50 eV) provide enough energy to desorb nonvolatile 
polymer layers (also referred to as surface inhibiting, or blocking layers) that deposit on the 
surfaces being etched. In processes in which such polymer deposition occurs, surfaces not struck 
by the ions do not have the blocking layer removed, and hence are protected against etching by 
the reactive gas. In features being etched on a wafer, the incident energetic particles generally 
arrive in a direction perpendicular to the wafer surface, and hence they strike the bottom surfaces 
of the etched features. The sidewalls of the etched features, meanwhile, are subjected to little or 
no bombardment. As a result, the bottom of the features exhibit enhanced etching. Ion 
bombardment effects are enhanced by decreasing the pressure in a high frequency (> 5 lVIHz) 
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plasma, or by decreasing the frequency of the discharge. 
Examples of specific data that illustrates anisotropic etching are given in the discussions on 

the etching of the various types films, but two idealized examples will be given here to illustrate 
the kind of approaches that have been suggested to achieve directional etching. 

In the first case, shown in Fig. 13, hypothetical Si and Si02 surfaces are subjected to 
positive ion bombardment as a result of a negative bias voltage of -150 V being applied to the 
wafers22. Since the etch rate of Si02 is zero without ionic bombardment, but finite rate under 
ion bombardment (Fig. 13), the Si02 film etches anisotropically. The silicon etch rate is finite 
but smaller on surfaces that receive no ionic bombardment, and thus the lateral etch rate is slower 
than the vertical etch rate. The etched feature ends up having a profile in which the sidewalls are 
not vertical. 

In the second example, the chemistry of the discharge together with ionic bombardment is 
used to control the directionality of etching22. As was shown in the first hypothetical example, 
Si is etched more rapidly under energetic ion bombardment (e.g. from 150 eV ions) than when no 
bombardment occurs. If H2 is added to the CF 4 feed gas, the Si etch rate decreases 
(Fig. 14). At some value of H2 concentration, the non-bombarded surface etch rate decreases to 
zero, but the bombarded surfaces continue to be etched. Thus, under those conditions, the 
bottom of the feature is etched, while the non-bombarded sidewalls are not etched, and the 
resulting etched profile is vertical. 

One other technique suggested for introducing a non-vertical shape to a feature being etched 
by a completely anisotrof:ic process, involves the introduction of some rounding to the sidewall 
angle of the resist mask 3•24. The selectivity of the etch process is then adjusted, so that the 
resist and the layer to be patterned are both etched anisotropically at the same rate. In this 
manner the slope of the resist wall is replicated in the walls of the etched layer (Fig. 15). In 
practice, this technique is difficult to successfully implement, because stringent control of all 

0 -100 -200 
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Mask 
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Fig. 13 Illustrative figure which shows the relationship between the shape of the etched wall 
profile and the dependence of the etch rate on the wafer potential 1 O. Reprinted with permission 
of the American Physical Society. 
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Fig. 14 Illustrative figure which shows the way in which the shape of a wall profile can be 
influenced by decreasing the fluorine-to-carbon ratio (in this example by H2 addition) 1 O 
Reprinted with permission of the American Physical Society. 

plasma parameters must be maintained (temperature, ion energy distributions, etc.). It is a 
particularly formidable process to control when wafers are etched in a batch mode. 

DRY-ETCHING VARIOUS TYPES of THIN FILMS 

Silicon Dioxide (Si02) 

It was described earlier how fluorocarbon-containing plasma can be used to etch Si02, and 
how selectivity with respect to silicon can be obtained by using fluorine-deficient plasmas. An 
example approach for producing anisotropic etching of Si02 was also illustrated. When etching 
contact holes in Si02, however, it is advantageous to have sloped contact sidewalls for easier 
filling by the following conductor l';('er. One method for producing such a slope is by controlled 
resist erosion, as described earlier2 . By adjusting the resist : oxide etch ratio, the slope can be 
transferred to the oxide. A technique for adjusting the resist : oxide etch rate ratio, is to add 0 2 
or SF 6 to the fluorocarbon feed gas. A second method for achieving sloped walls is the use of a 
reflow step, but this is not an etching procedure (see Chap. 6). Controllably producing tapered 
sidewalls on small Si02 contacts by an etching process remains a difficult task. 

The etch rate of the oxide films depends on several factors including pressure, power, feed 
gas composition, and film characteristics. For a given set of etching conditions, the film charac­
teristics impact the etch rate. For example, thermal Si02 generally etches more slowly than 
CVD Si02 films, and the etch rate may depend on the dopant concentration in the Si02 layer. 

Micron Ex. 1042, p. 36 
Micron v. YMTC 
IPR2025-00119



556 SILICON PROCESSING FOR THE VLSI ERA 

Fig. 15 SEM photograph of a contact hole in a 1 µm thick phosthorus-doped CVD Si02 with 
tapered profile achieved by controlled resist erosion during etching 3. Reprinted with permission 
of the Applied Materials. 

Silicon Nitride 

Fluorine atoms isotropically etch silicon nitride with a selectivity of silicon nitride : Si 
- 1: 8 in the temperature range of 30-100°C25. As described in Chap. 6, two more or less distinct 
types of silicon nitride are used in VLSI fabrication. The first type is usually deposited by low 
pressure CVD (LPCVD) at 700-800°C, and results in a stoichiometric compound Si3N4 film. 
The second type is deposited by plasma-enhanced CVD techniques at ~ 350°C, and such plasma 
deposited nitrides are really polymer-like Si-N-H materials. Although both nitrides are usually 
etched in CF 4-02 plasmas, the plasma nitride films normally etch more rapidly than the LPCVD 
films23,25. 

In most applications, nitride films are patterned with relatively coarse lateral dimensions 
(e.g. the opening of bonding pads in nitride passivation layers, or the patterning of a thin nitride 
layer [ - 1000 A thick] in the LOCOS process), and thus a high degree of anisotropy is not 
usually necessary for patterning the nitride. In the LOCOS application, however, sufficient 
selectivity with respect to Si02 must exist so that the thin oxide layer under the nitride ( -250 A 
thick) is not etched away. This would expose the silicon under the Si02 to a fast-etching 
plasma, which as noted above, would etch the silicon -8 times as rapidly as the nitride. The 
selectivity of a CF 4 isotropic Si3N4 etching process with respect to Si02 is -2-3, but more 
favorable selectivity (e.g. 9-10) can be obtained with the use of NF3 plasmas26. 

Polysilicon 

In MOS applications, the gate length is a critical, fine line dimension that determines the 
channel length of the devices. Thus, when polysilicon serves as the gate material, it is 
paramount that the etched linewidth dimension faithfully reproduces the dimension on the mask 
(e.g. to within ±5%). A polysilicon etch process must therefore exhibit excellent linewidth 
control, and high uniformity of etching. In addition, a high degree of anisotropy is also 
generally required, as the doping of the source-drain and the polysilicon itself is typically 
performed by ion implantation. If the etch process produced sloped sidewalls in the polysilicon, 
then portions of the gate would not be thick enough to effectively mask the substrate against the 
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implanation. This would produce devices whose channel length depended on the degree of 
sidewall taper, and unless the taper could be accurately controlled, would cause a manufacturing 
control problem. 

The degree of anisotropy, however, is dictated by other considerations as well, including the 
extent of overetching required to remove stringers at the base of steep steps in the inderlying 
topography (Fig. 9, Chap. 15), and the coverage of the etched polysilicon features by 
subsequently deposited layers. In the first of these cases, completely anisotropic etching will 
require extensve overetching to remove the stringers, while in the second, it will produce features 
that may be difficult for overlying films to cover. Thus, in general, an important characteristic 
of a process is its ability to produce a profile with the desired degree of slope. 

Fina~ly, the polysilicon layer is usually deposited over thin Si02 (e.g. gate oxides, 
250-500 A thick). Thus, the etch process must be selective over Si02 etching, since if this 
oxide layer was removed, the shallow source-drain junction regions in the underlying Si substrate 
would be rapidly etched by the reactants that cause polysilicon etching. In some cases, where 
buried contacts between polysilicon and the single crystal substrate are made, high selectivity 
over single crystal Si must also be exhibited (a subject discussed in Ref. 30). 

As described in the earlier section on etching of Si with fluorine-based plasmas, fluorine 
atoms etch Si isotropically, and hence controlled anisotropic etching of Si with fluorine-based 
chemistries, such as CF 4 or SF 6, is difficult. In addition, such processes exhibit a large loading 
effect, also an undesirable characteristic in etching processes (see later section on Loading 
Effects). As a result, several other methods have been investigated to overcome these 
limitations. First, chlorine plasmas were found to etch polysilicon very anisotropically and 
exhibited excellent selectivty over Si02, but they etch Si more slowly than fluorine containing 
gases. Thus, etch ~ases containing both chlorine and fluorine have come to be preferred for 
polysilicon etching 7. For example, a detailed description of an etching process utilizing SF 6 
and Cl2 is given in Ref. 28. In that study, undercutting was controlled to less than 0.3 µm, 
while maintaining high etch rates and good selectivity over Si02, by adding small amounts of 
chlorine to SF 6 plasmas. It was concluded that the chlorine together with the resist mask 
material reacted, to form a thin polymer that deposits on the sidewalls of the etching polysilicon, 
to produce less etching at the sidewalls. Other proposed process for etchin:§polysilicon with all 
of the required etching parameters, involve multi-step etching processes27• . 

Refractory Metal Silicides and Polycides 

Refractory metal silicides are deposited onto polysilicon to form a low resistance polycide 

a ~ 45 ° for w ~ 4 µm, a ~ 60 ° for w ~ 3 µm 
a ~ 70° for w ~ 2 µm, a ~ 80° for w ~ 1 µm 
Sloped wall improves Interconnection step coverage, but limited by Ion Implantation 
self-alignment technique 

Fig. 16 Polysilicon etching29 . Reprinted with penmss1on of Solid State Technology, 
published by Technical Publishing, a company of Dun & Bradstreet. 
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structure that can serve as both a gate and an interconnect layer (Chap. 11). In many 
applications, etching is used to pattern such polycide structures, but this is a difficult etching 
task25•33 . As in polysilicon etching, the process must provide a vertical profile on the etched 
polycide, good selectivity over oxide (i.e. > 10), and minimal resist erosion. Etching of 
refractory metal silicides with both fluorine and chlorine based plasmas has been investigated, as 
both the fluorides and the chlorides of the refractory metals are relatively volatile (Fig. 17a). 
Etch gases that result in high concentrations of F atoms, however, are not suitable, as they tend 
to undercut either the n+ polysilicon or the silicide (or both). On the other hand, 
fluorine-deficient plasmas can produce anisoropic etching of both the polysilicon and the 
silicides, but the etch ratio with respect to Si02 is less than one. 

Chlorine plasmas are known to etch Si02 quite slowly, and anisotropic etching of n+ 
polysilicon and silicides is easier to obtain. Unfortunately, the vapor pressures of the refractory 
metal chlorides are much lower than those of the fluorides, and so to assist the etching process, 
the use of mixtures of gases that consist of both fluorine and chlorine containing gases have been 
studied (e.g. SF6 : Cl2). Reference 31 describes the results of etching tantalum silicides and 
polycides with such mixtures (Fig. 17). It is reported that etch profiles vary widely with process 
parameters, especially the gas composition. As the silicide etch rates also vary with silicide 
composition, the successful implementation of a polycide etching process requires stringent 
process controls. In addition, it has been suggested that in order to achieve a polycide etch 
process that produces an appropriately-shaped polycide profile, together with high selectivity over 
Si02, a multi-step etch process may need to be employed. 
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Fig. 17 (a) Vapor pressures of transition metal halides. (b) Polycide etching31 . Reprinted with 
permission of Solid State Technology, published by Technical Publishing, a company of Dun & 
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Fig. 18 Vapor pressure of AIF3, AICI3, and A1Br3 as a function of temperature34. 

Aluminum and Aluminum Alloys 

559 

The etching of aluminum and aluminum alloy films is a very important step in the 
fabrication of integrated circuits. The device density, on many of the most advanced circuits, is 
limited by the area occupied by the interconnect paths. Anisotropic etching of the metal layers 
permits the use of smaller minimum metal pitches (i.e. the pitch is the sum of the dimensions of 
a metal line and the space between lines), which increases the interconnect capability. Thus, the 
isotropic nature of aluminum wet etching processes renders them inadequate for VLSI 
applications, and there is a need for a directional dry etching process. 

The fluorine-containing gases used to etch Si and Si02, however, are not suitable for 
etching aluminum since the etch product, AIF3, has a very low vapor pressure (Fig. 18)34. On 
the other hand, other halides of Al (e.g. AlC13, Fig. 18) have sufficiently high vapor pressures to 
allow plasma etching of Al, and thus chlorine-containing gases have been exploited to develop 
dry-etch processes for aluminum films. The chlorine containing gases used to etch aluminum, 
BC13, CC14, SiC14, and Cl2, however, are all either carcinogenic or highly toxic. They also 
have a propensity to dissolve and become concentrated in pump oils. Consequently, special care 
must be taken during system servicing to avoid skin contact or inhalation of vapors from cold 
traps, oil filters, pumps or pump oils of aluminum etching systems. The reactive compounds, 
A1Cl3 and BC13, also degrade silicone and hydrocarbon pump fluids, and to avoid pump fluid 
decomposition, perfluoropolyethers are often used (see Chap. 3). In addition, oxidation of 
A1Cl3, BC13, or SiC14 results in particulate formation (e.g. Al20 3, Si02). Such particles, 
together with polymeric residues in the oil, can produce vacuum pump bearing failure by 
plugging lubrication ducts35. Hence, it is recommended that oil filters be utilized to prolong 
pump life and allow longer intervals between oil changes. 

It has been determined that a freshly exposed aluminum surface, uncovered by aluminum 
oxide (Al20 3) will react spontaneously with Cl or molecular Cl2 to form A1Cl3, even in the 
absence of a plasma36. If, however, the surface of the aluminum is covered with a thin layer of 
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AI20 3 (i.e. a native oxide of -30 A), it will not react with Cl or Cl2. Thus, etching of Al films 
is two-step process, involving removal of the native oxide layer, and etching of the Al film. 

The successful removal of the native oxide is one of the most important steps in 
achieving an effective aluminum etching process. This is because removal of Al20 3 is far more 
difficult than the etching of pure aluminum, and the thickness of this oxide can vary from 
run-to-run, depending on several factors. Thus, an aluminum etch cycle is observed to begin 
with an initiation period, during which the native oxide and the moisture from the chamber is 
slowly removed. The removal can be accomplished by sputtering with energetic ions, a 
condition that can be established in reactive ion etching systems, or by chemical reduction. The 
chemical reduction of the Al20 3 requires the availability of oxide reducing species. The 
dissociation of BC13 or CC14, for example, produces fragments capable of reducing Al20 3. 
That is, CClx (where x <4) can reduce the oxide according to Al20 3 + CClx --> AlC13 + CO, 
but ion bombardment is still apparently necessary to assist these reducing reactions. If there is 
water vapor present in the etch chamber, however, it will scavenge the oxide-reducing species and 
react with the exposed aluminum to form new Al20 3. This represents one of the factors which 
contribute to non-reproducible initiation times. BCi3 has become the preferred source gas for 
the role of native oxide removal in many processes3 . BC13 is a much better getter of oxygen 
or water vapor than is CC14, and the etch products of CC14 have been identified as carcinogenic 
(see section on Plasma Etching Safety Considerations). Figure 19a shows the results of one 
report in which the aluminum initiation period was reduced to a relatively short interval, by 
increasing the flow rate of BC13. It should be noted, however, that BC13 is highly reactive and 
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Fig. 19 a) Time necessary for initiation of Al etching vs. BCl~ flow. Other parameters include: 
20 seem c12, 200 seem He, 200 Pa total pressure, 1.75 W /cm . Reprinted with permission of 
the publisher, the Electrochemical Society38 . b) Effect of small concentrations of H2o on the 
initiation period (designated as the AI2o3 etching rate)39. This figure was originally presented at 
the Fall, 1981 Meeting of the Electrochemical Society, held in Denver, Colorado. 
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forms nonvolatile residues upon contact with oxygen or water, for example in the pump exhaust 
line. 

Water vapor, nevertheless, must be excluded from the etch chamber in order to achieve 
reproducible Al etch processes. As shown in Fig. 19b, the etch rate of Al20 3 decreases rapidly 
with increasing partial pressure of water vapor39. If an etch chamber is exposed to ambient after 
an etch run, moisture can be adsorbed on the chamber walls. This condition becomes more 
severe if the etch product of aluminum, A1Cl3, is allowed to deposit on the chamber walls40. 

Such deposition occurs on surfaces maintained at room temperatures. A1Cl3 is very hygroscopic, 
and thus absorbs considerable moisture on exposure to atmosphere. This moisture may be 
desorbed after the plasma is struck. The deposition of AIC13 also has other deleterious effects on 
the etch process, which are described later, and so minimizing its deposition is important. 
Techniques used to manage A1Cl3 in plasma etching applications include maintaining the 
temperature in the etch chamber above 35°C (as the A1Cl3 evaporation rate at such temperatures 
is high enough to assist in removing it from the chamber), and using large gas flow rates to keep 
its partial pressure low. Water vapor in the etch chamber is most effectively reduced by load 
lock chamber designs. In non-load locked designs, water vapor is decreased by use of extended 
pumpdowns, heating the chamber walls when the chamber is open (e.g. to 40°C), surrounding 
the chamber with a nitrogen purge box, use of BC13, and minimizing A1Cl3 buildup40. 

It should also be noted at this point that the oxygen content of the aluminum film can also 
play a significant role in determining the etch rate41 , as shown in Fig. 20. This oxygen can be 
incorporated during the aluminum sputter deposition step, as a result of the partial pressure of 
oxygen in the sputter chamber during deposition. Since oxygen concentrations of <5% in 
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copper chloride as function of temperature44 . Reprinted by permission of Solid State 
Technology, published by Technical Publishing, a company of Dun & Bradstreet. 
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Fig. 21 Etch rate of Al vs. Cl2 flow for different BC13 flows. Other parameters include: 250 
seem He, 9.4 seem CHC13, 160 Pa total pressure42. This figure was originally presented at the 
Fall, 1981 Meeting of the Electrochemical Society, held in Denver, Colorado. 

aluminum do not alter the resistivity of the film, this contamination may go unnoticed. In 
addition, since the oxygen tends to segregate to the grain boundaries, the aluminum in these 
regions will etch more slowly, leaving a "stencil" of the grains. If a large concentration of 
oxygen is present, complete etching of grain boundary regions may require undue overetching. 

After the native oxide is removed, the aluminum etching proceeds at a rate and with a 
resultant profile, that is affected by the gases used (e.g. Fig. 2138). In general, the demands of 
high throughput require the highest etch rate consistent with good results. Processes with high 
concentrations of Cl2 in the feed gas exhibit isotropic etching, and the etch rate in such 
processes is not enhanced by energetic ionic bombardment. Thus, it is postulated that 
anisotropic etchin§ of aluminum occurs as a result of the formation of an inhibiting layer on the 
aluminum surface 2, which is removed on surfaces struck by energetic ions, allowing etching to 
occur there (Fig. 12b). Such inhibiting layers are believed to arise from the formation of 
chlorocarbon polymers (e.g. CClx), originating from the carbon in CCI4 or resist etch products. 
In fact, CCI4, CHC13, and other chlorocarbon gases are added to C12 plasmas to reduce 
undercutting. It has also been observed that if aluminum is etched with an Si02 etch mask, 
with gases containing large concentrations of Cl2 and no carbon containing species, isotropic 
etching occurs43. A partial list of the gases and gas mixtures (neglecting rare gas diluents) 
which have been reported to successfully etch aluminum include: CC14, BC13, Cl2, CC14 + 
BC13, CC14 + Cl2, BC13 + Cl2, BC13 + Cl2 + 0 2, CC14 + Cl2 + 0 2, SiC14, and BBr3. 

Selectivity with respect to Si02 is sufficient for VLSI applications. Selectivity with 
respect to silicon (or polysilicon), however, is typically inadequate with chlorine-containing 
gases (e.g. aluminum /silicon selectivities are typically only 2-5: 1). As a result, Al patterns 
must overlap contact windows, and this serves to restrict the density of Al conductor lines. 

Small quantities of other materials are added to aluminum to improve some of its properties. 
That is, 1-2 at% silicon is often added to prevent the aluminum from spiking through shallow 
junctions (see Chap. 10), and 2-4 at% copper, or 0.1-0.5 at% Ti (often together with Si), are 
added to enhance the electromigration resistance. Since SiC14 is volatile at room temperature, 
Al-Si films are readily etchable in chlorine-containing gases. Titanium also forms volatile etch 
products (TiC14, Fig. 17a), and thus also does not pose a problem, provided the titanium is not 
oxidized. That is, titanium readily oxidizes, and Ti02 is difficult to etch in chlorine plasmas. 
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Copper, on the other hand, forms an etch product with chlorine, CuCl, that is relatively 
non-volatile below temperatures of 175°C (Fig. 20b )44. Thus, copper containing residues often 
remain after these alloy films have been dry-etched. This makes Al-Cu more difficult to etch in 
chlorine plasmas. The degree of difficulty increases with increasing Cu concentration, and 4% 
Cu-containing films pose quite a formidable dry etching challenge. Two methods are used to 
promote CuCl desorption: increasing the substrate temperature, commensurate with the 
maximum temperature allowed with the resist material being used; and enhancing the ionic 
bombardment of the surface, so that significant sputtering pccurs. In batch etchers, low pressure 
operation together with a slower etch rate, promotes high energy bombardment while allowing 
more time for the sputtering to remove CuC145. In single wafer etchers, higher power is needed 
to produce sufficient ion bombardment under the conditions of greater operating pressure. This 
causes the unwanted effect of eroding the resist during etch. In addition, the etch product, AlC13, 
is highly reactive, and it can also attack and degrade the resist40•46. Thus, it is necessary to 
employ special UV-thermal resist stabilization steps to enable the resist to withstand such harsh 
etching environments. See Chap. 12 for more information on UV-stabilization procedures. 

Another problem with etching Al is that of post-etch corrosion. The effect arises from the 
hydrolysis of the chlorine or chlorine-containing residues (mostly A1Cl3) which remain on the 
film sidewalls, substrate, or resist after etch. Upon absorbing moisture, these residues form HCl 
which corrodes the aluminum. The reaction of HCl and Al produces more A1Cl3, and thus as 
long as moisture is available, corrosion will continue (Fig. 22)47. The problem is even more 
severe in Al-Cu alloys48, since Al-Cu compounds formed in the film (primarily CuAI2) create a 
galvanic couple with the Al (Fig. 23), and this drives the corrosion even more rapidly than in 
pure aluminum films. Consequently, the residual chlorine and ambient moisture levels necessary 
to induce corrosion are much lower when Cu is present in the aluminum films. 

Various techniques have been suggested to deal with the post-etch corrosion problem, all 
involving the removal of the chlorinated species . These include: a) removing the wafers from 
the chamber and rinsing in cold deionized water. It has been suggested, however, that this 
method is not likely to be effective for alleviating corrosion in Al-Cu alloy films40; b) plasma 
ashing of the resist in an 0 2 plasma before removal from the etch chamber, which removes the 
chlorine present in the resist, and restores the passivating Al20 3 layer; and c) exposing the 
aluminum to a fluorine-containing plasma before removal from the chamber (e.g. CF 4 or 

Fig. 22 Corrosion of etched Al lines47. Reprinted by permission of Semiconductor Intemat'I. 
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Fig. 23 Corrosion of Al-Cu films in Cl-containing plasmas48 . Reprinted with permission of 
the American Physical Society. 

CHF3)46. The CF 4 exposure is believed to cause the chemisorbed chlorine to be replaced with 
fluorine, thereby passivating the Al by the formation of nonhydroscopic AlF3. The CHF3 
exposure is thought to deposit a polymer film over the aluminum, thus "sealing" the surface and 
preventing moisture from penetrating to the chlorine residues. Long term reliability studies on 
the effectiveness of these treatments, especially on circuits in plastic packages, have yet to be 
reported in detail. 

Organic Films 

Organic films are exposed to plasma etching environments in many applications during 
VLSI fabrication. Photoresist is most commonly used as an etch mask, and in such 
applications it is usually desired that the resist not be etched by the plasma. In some cases, 
however, the resist is deliberately etched as part of a technique used to produce directional etching 
effects in underlying films (e.g. sloped contact sidewalls), or as a method for producing 
planarization of layers under the resist. In some of these instances, the etch rate of the resist 
must be accurately known and controlled. At the conclusion of the pattern etching step the resist 
must be removed, and this can be achieved by a plasma etch process as well. Organic film 
etching is also performed in dry-developable resist and tri-layer resist processes (see Chap. 12), 
and in etching polyimide films. 

Plasmas containing pure oxygen at moderate pressures jroduce species that attack organic 
materials to form CO, C02, and H20 as end products 1•25•4 . Such oxygen plasmas provide a 
highly selective method for removing organic materials, since the 0 2 plasmas do not etch Si, 
Si02, or Al. The addition of fluorine-containing gases to the 0 2 causes the etch rate of organic 
materials to significantly increase. This occurs because the F atoms extract hydrogen from the 
organic films to form HF, producing sites that react more rapidly with molecular oxygen. 

Ion bombardment can also be used to accelerate organic film etching. Under conditions in 
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which the concentrations of oxygen atoms are small (e.g. low pressure and loading), the etched 
profiles are completely anisotropic25. 

The resistance of organic materials (e.g. resists) to plasma conditions depends on the 
chemical composition of the organic layer and the type of plasma. There are some plasma 
conditions, however, in which the durability of commonly used positive resists is quite high, 
espcially those used for the selective etching of Si02 and Si3N4. 

PROCESS MONITORING and END POINT DETECTION 

Dry etch equipment used in a VLSI production environment requires the availability of 
effective diagnostic and etch end point detection tools. Extremely tight control of all process 
parameters must be maintained to ensure wafer-to-wafer and run-to-run reproducibility. In typical 
production facilities, some of these parameters can be controlled, while others cannot. For 
example, as will be described, reactor wall conditions, which contribute to the heterogeneous 
destruction of active reactants, become a bona fide variable, if the walls are exposed to atmos­
phere after every run. Similarly outgassing, virtual leaks, and backstreaming from pumps can 
sufficiently change the chemistry, so that a calibrated etch-time approach to reproducibility 
generally proves to be inadequate. Thus, techniques for determining the end point of a cycle 
become highly valuable as procedures for reducing the degree for overetching, and for increasing 
throughput and run-to-run reproducibility. In this section we describe four common methods for 
determining the end point of dry etch processes: 1) laser interferometry and reflectivity; 2) optical 
emission spectroscopy; c) direct observation of the etched surface through a viewing port on the 
chamber, by a human operator; and d) mass spectroscopy, which of the four, is least widely 
used 1,50,5 I. 

Laser Interferometry and Laser Reflectance 
Laser interferometry monitors the thickness of optically transparent films on reflective 

substrates by making use of interference effecti.9 The laser reflectance method exploits the dif­
ference in the reflectivity between a nontransparent material being etched and an underlying layer. 
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The same apparatus can be utilized to carry-out both techniques, and is shown in Fig. 24b. The 
system is designed to measure the intensity of light reflected from films being monitored. 

In the case where a transparent film is being etched (e.g. Si02), the amplitude of the 
intensity of the reflected light varies, in approximately a sinusoidal manner, as interference 
conditions change with decreasing film thickness. If the incident light is normal to the surface, 
the film thickness change, 6d, between any two adjacent maxima or minima is given by 
6d = 'A. /2n, where 'A. is the wavelength of the incident light, and n is the index of refraction of the 
etched layer. As a result, if the etch time between two adjacent maxima is known, in situ etch 
rates can be inf erred. Laser interferometry can also provide end point detection. That is, the 
interface between two dielectrics is identifiable as a change in slope caused by the different 
refractive indices, and by a change in the frequency of the reflectance variations, due to the etch 
rate variations of the two materials. 

Opaqu.e !transparent inteifaces (e.g. metal /dielectric) are distinguished by a variation from an 
approximately constant reflectivity to an oscillating one. In the case when two nontransparent 
films are etched there is a change in the reflected signal when the end point is reached, if the 
reflectivity of the underlying layer differs significantly from the film being etched. This change 
is proportional to the ratio of the reflectivity of the layer being etched to the underlying layer. Of 
course, the laser reflectance method does not provide any information on the in situ etch rate, and 
therefore does not provide as much information as laser inteiferometry. 

These techniques, however, do have several limitations. First, the laser must be focused on 
a flat region of the wafer on which the film being etched is exposed. Thus, in many etching 
applications, where the area being etched is too small for good reflectivity measurements (e.g. 
etching of contacts in an Si02 film), a larger test site (>0.5 mm) must be added to the wafer 
patterning to facilitate this measurement. This requirement can be costly, as the open space 
must be located in a prime area of the wafer. Even when such a test area is present, each wafer 
must then be accurately aligned, so that the laser is incident on this area during the etch process. 
Second, this method provides etching information only on that specific area on a single wafer. 
If a large batch of wafers is being processed, non-uniformities in the batch etching process cannot 
be compensated for by this technique. Finally, in some cases, enhanced etching occurs at 
locations upon which the laser is focused, which yields inaccurate etch rate data. 

Table 3. SPECIES and EMISSION WAVELENGTH 
for OPTICAL EMISSION END POINT DETECTION50 

FILM SPECIES MONITORED WAVELENGTH (NM) 

Resist co 297.7, 483.5, 519.8 
OH 308.9 
H 656.3 

Silicon, Polysilicon F 704 
SiF 777 

Silicon Nitride F 704 
CN 387 
N 674 

Aluminum AlCl 261.4 
Al 396 
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Optical Emission Spectroscopy 
Optical emission spectrocopy is the most widely used method for end point detection, 

because it is easy to implement, can offer high sensitivity, and provides useful information about 
both etching species and etch products. The technique relies on the change in the emission 
intensity of characteristic optical radiation, from either a reactant or product in a plasma. Light 
is emitted by excited atoms or molecules in a plasma when electrons relax from one energy state 
to another. Atoms and molecules emit a series of spectral lines that is unique to each species. 
The emission intensity is a function of the relative concentration of a species in the plasma, and 
emitted light is observed through a viewing port on the etch chamber. A typical apparatus 
utilized for end point detection is shown in Fig. 24a. It operates by recording the emission 
spectrum during the etch process in the presence and absence of the material that is to be etched. 
The comparison of these two spectra indicates the emission lines that are sensitive to the etching 
process. To detect the end point, the emission intensity of the process-sensitive line (or band) is 
monitored at a fixed wavelength. When the end point is reached, the emission intensity changes. 
The change in emission intensity at end point depends on the species being monitored; the 
intensity due to reactive species increases, while the intensity due to etch products decreases. It 
is useful to monitor emission from both reactive species and product species simultaneously 
(Table 3), as in some etching applications one or the other of these measurements may yield a 
stronger signal 1. Optical emission spectroscopy is widely used for determining the end point of 
Si02, polysilicon, and aluminum layers. In batch etch processes, the end point signal is derived 
from the average of etch conditions in the process. As a result, a degree of overetching is still 
required to insure that all wafers have been completely etched. 

Optical emission spectroscopy also some drawbacks, one of the most important being that 
its sensitivity is determined by the etch rate and the total area being etched. Thus, for slow etch 
processes, the end point may be difficult to detect. The fact that the sensitivity is also dependent 
on the total area being etched, in some instances requires that a special test site be established to 
provide sufficient exposed area to cause a detectable end point signal (e.g. -1 cm2 of exposed 
Si50). Separate test sites are most necessary when small contacts are being etched (i.e. the total 
area of etched surface is small), or when the etch depths become comparable to the separation 
between features. In the latter case, the total area (side wall+ bottom) of material being etched 
can remain almost constant, even after the bottom of the film has been reached and only 
undercutting is occurring. 

Mass Spectroscopy 
Like emission spectroscopy, mass spectroscopy is a gas phase measurement method that 

offers the ability to detect and identify individual species in a plasma discharge. It is also able to 
provide information about the presence of species in the chamber prior to igniting the plasma, or 
in the effluent extracted from the etching chamber. A diagram of a mass spectrometer apparatus 
used for monitoring chamber effluents is shown in Fig. 25. Although mass spectroscopy is a 
useful technique, it is more difficult to implement than emission spectroscopy, and is limited to 
the sampling of species removed from the plasma, whereas emission spectroscopy obtains its 
data from the bulk plasma. 

As shown in Fig. 25, a small orifice is utilized to sample the process effluent, and electron 
impact is used to create ions. The species present are analyzed in much the same manner as in a 
residual gas analyzer (described in Chap. 3), or in a secondary ion mass spectroscopy instrument 
(described in Chap. 17). Mass spectroscopy is very useful for gaining insights into plasma 
reactions. For example, the development of the etchant-unsaturate model, that elucidates the 
mechanism of radical production and quantifies the role of added oxidants in halocarbon plasmas, 
was evolved with the assistance of experimental data obtained from this method. 
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Fig. 25 Diagram for mass spectrometric monitoring of effluents from a plasma etching reactor. 
Reprinted with permission of Ref. 1, copyright, 1983, the American Chemical Soc. 

DRY-ETCH EQUIPMENT CONFIGURATIONS 

Plasma etching systems consist of several components: a) an etching chamber, that is 
evacuated to reduced pressures; b) a pumping system for establishing and maintaining the reduced 
pressure; c) pressure gauges to moriitor pressure in the chamber; d) a variable conductance 
between the pump and etching chamber so that the pressure and flow rate in the chamber can be 
controlled independently; e) an rf power supply to create the glow discharge; f) a gas handling 
capability to meter and control the flow of reactant gases; and g) electrodes. Detailed assembly 
of such systems from these components has evolved a variety of configurations, depending upon 
which Qarameters of a process need to be controlled, as well as the specific applications of the 
system52. In this section we describe several of the most important commercially available 
plasma etch /RIE etch system configurations, together with some of their applications, 
advantages, and limitations. They include: 1) barrel etchers; 2) "downstream" etchers 3) 
parallel-electrode (planar) reactor etchers; 4) stacked parallel-electrode etchers; 5) hexode batch 
etchers; 6) magnetron ion etchers. After describing each of these configurations, a brief 
comparison of the characteristics single wafer and batch etchers is given. 

Some general comments on two equipment related topic are presented before starting a more 
detailed look at the various systems. These are: a) the impact of electrode materials on dry etch 
processes; and b) available procedures for adjusting pressure in the etch chamber. 

The type of electrode material can have an impact on the etch process in a number of ways. 
First, in some systems sputtering of the electrodes can occur, and the sputtered material can 
redeposit on the wafer surfaces. If these products are nonvolatile, they become a source of 
contamination. Thus, use of electrodes containing materials that will result in nonvolatile 
sputter etch products, should be avoided. For example, an aluminum electrode in a system 
utilized to etch Si and Si02 with fluorocarbon gases may be prone to causing such problems. 
Second, some materials can suppress loading effects (see later section on this topic) which can be 
advantageous, but may also influence the discharge chemistry. For example, carbon and silicon 
electrodes may suppress loading effects in fluorine-based plasmas, but they may also decrease the 
F IC ratio. Third, the etching of some electrode materials may cause etch products that impact 
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or even obscure end point information. Finally, the electrode material may contribute to etch 
rate non-uniformity effects across the wafer, as is described in a later section. 

The pressure in an etch chamber may be adjusted in two ways2. The pressure dependence of 
the etch rates can depend on which of these pressure variation procedures is followed. To adjust 
the pressure, either the flow rate can be kept constant and the the pumping speed can be varied, or 
the pumping speed kept constant and the flow rate adjusted. In the former method, the residence 
time in the chamber changes, while in the latter it remains constant. Possibly the best method 
for operating a dry-etch system, from the point of view of controlling the gas variables, is to set 
a fixed flow rate and then maintain a constant pressure by adjusting the pumping speed with a 
variable conductance and an automatic pressure controller (see Chap. 3). In this manner an 
adequately high flow rate can be chosen, thereby avoiding the unwanted situation of operating 
under conditions of a high utilization factor (see subsequent section on this topic). 

Commercial Dry-Etch System Configurations 

Barrel Etchers 
The first, and simplest, plasma etchers to be developed53 were barrel etchers (Fig. 26a). 

This configuration consists of a cylindrical reaction vessel, usually made of quartz, with rf power 
supplied by metal electrodes placed above and below the cylinder, as shown in Fig. 26a. A 
perforated metal cylindrical etch tunnel is placed within the etch chamber. This serves to confine 
the glow discharge to the annulur region between the etch tunnel and the chamber wall. Wafers 
are placed in a holder or boat at the center of the cylinder, and usually no electrical connection is 
made to them. The reactive species created by the discharge diffuse to the region within the etch 
tunnel, but the energetic ions and electrons of the plasma do not enter this region. The reactive 
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Fig. 26 Schematic of: (a) a barrel-type plasma etching system. (b) a downstream plasma etcher. 
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Fig. 27 Parallel-electrode (planar) type dry etcher. (a) When wafers are placed on the grounded 
electrode, the system is configured in the plasma etch mode. (b) When wafers are placed on the 
powered electrode, the system is operated in the reactive ion etch, or RIE, mode. 

species from the plasma diffuse to the surfaces to be etched, and since there is no ionic 
bombardment, the etching is almost purely chemical. As a result, the etching tends to be 
isotropic, and it is possible to obtain good selectivity, with little or no radiation damage. Most 
barrel etchers are operated in the high pressure range of dry etching (0.5-2.0 torr). The isotropic 
nature of the etch, however, limits barrel etchers to such applications as resist stripping and 
"non-critical" etch steps. Nevertheless, these applications are well served by such systems. In 
fact, for processes that do not require ion bombardment for directional etching, barrel etchers 
should be considered. Some materials, such as Al, however, cannot be successfully etched in 
barrel etchers. 

Downstream Etchers 
Downstream etchers54 derive their name from the fact that the reactive species are created in 

a plasma, and are then transported to the etching chamber downstream of the plasma (Fig. 26b ). 
Microwave sources have been used to create the long lived chemical species necessary for this 
configuration. Since the reactive species are created outside of the etching region, as in barrel 
reactors, temperature control and radiation damage problems can be minimized or avoided55. 
These systems are mostly operated in the high pressure range (0.5-2.0 torr). In order to obtain 
directional etching, however, some form of bias must still be applied to wafers in downstream 
etchers, otherwise etching again proceeds in a purely chemical manner. 

Parallel Electrode (Planar) Reactors 
As described earlier, wafers exposed to energetic ions of a plasma can be subjected to 

ion-assisted etching processes. Etcher configurations that utilize parallel electrodes can direct 
energetic ions at the surfaces being etched, by causing them to be accelerated across the potential 
difference that exists between the plasma and the electrode surfaces (Fig. 4b). As a result, both a 
physical and a chemical component can impart directionality to the etch process. 

In parallel-electrode systems, the electrodes have a planar, circular shape, and are of 
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approximately the same size56. One of the two electrodes of the planar reactor configuration is 
connected to the rf supply, and the other to ground. Wafers can be placed on either of the 
electrodes (Fig. 27). When wafers are etched in such systems by placing them on the grounded 
electrode, the system is said to be operated in the plasma etch mode. When wafers are placed 
directly on the rf-powered electrode, these systems are said to configured in an reactive ion etch 
mode. As discussed in Chap. 10, however, a potential difference between the plasma and the 
grounded electrode can still exist, since the plasma potential is always above ground potential. 
Thus, even in the plasma etch mode, wafers are subject to energetic ionic bombardment, although 
usually to a lesser degree than in the RIE mode. For example, energies of bombarding ions are 
1-100 eV in the plasma etch mode, and 100-1000 eV in the RIE mode. Since the chamber walls 
are also grounded, in the plasma etch mode they may be subject to significant ionic 
bombardment, causing sputtering and redeposition to occur within the etch chamber (i.e. on wafer 
surfaces). In the RIE mode, only the powered electrode is subject to energetic positive ion 
bombardment, and there is less likelihood of sputtering nonvolatile products onto the wafers. 
Etching in both modes in such systems, nevertheless, is affected by the fact that both physical 
and chemical mechanisms are operative. Typically operation in the RIE mode is conducted at 
low pressures ( <100 mtorr), while plasma etching is carried out at pressures >100 torr. 

Commercial systems built in the parallel-electrode configuration can be batch systems or 
single wafer systems. Batch systems are typically manually loaded, and usually have the capabil­
ity of being operated in either the plasma etch or RIE mode. This provides such systems with a 
useful flexibility. Some such systems, have been offreed with a low frequency (450 kHz) 
power supply. Single wafer parallel electrode etchers are described later. 

Stacked Parallel-Electrode Etchers 
The stacked parallel-electrode etcher is a small batch machine capable of handling 6 wafers at 

a time. Its unique design provides an individual pair of electrodes for each wafer (Fig. 28), 

MASS FLOW 
CONTROL 

\ 

aJ 

LASER 

'--V'-' GR D. I ...,,_, 
R.F. \ I \ R.F. 
H20 OUTPUT H20 INPUT 

b) 

B·Field 

Plasma 
Band 

Fig. 28 (a) Stacked electrode etcher23 . Reprinted with perm1ss1on of Semiconductor 
International. (b) Magnetron ion etching system60. Courtesy of MRC, Inc. 
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a) 

b) 

Fig. 29 (a) Schematic of the electrode configuration of the hexode batch etcher. (b) Photograph 
of a hexode batch etcher. Courtesy of Applied Materials. 

thereby combining some of the advantages of single-wafer and batch etchers57. (Although, 
others may hold that it offers less benefits than larger batch systems, while maintaining the same 
disadvantage of end point detection from only a single wafer). Operating chamber pressures and 
rf power densities can be kept in the ranges between those of low-pressure, low- power-density 
hexode batch etchers, and high pressure, high power-density single wafer RIE machines. The 
system operates cassette-to-cassette, and does not offer load-locks. The major applications of this 
machine are for etching Si02, Si3N 4, and polysilicon. 

Cylindrical Batch Etch Reactors (Hexode Etchers) 
Cylindrical batch etchers are designed with a hexagonal inner electrode45•58•59 (hexode), and 

the chamber walls serve as the opposite electrode (Fig. 29). Up to 24-150 mm wafers per run are 
mounted on the hexode, which is the powered electrode, while the other electrode (chamber walls) 
is grounded. The result is a system in which the area of the hexode is much smaller than the area 
of the grounded electrode (typically one-half the area). This is just the kind of highly 
asymmetrical electrode configuration needed to cause ionic bombardment of the powered electrode, 
while minimizing ion bombardment of the grounded electrode and other chamber surfaces (see 
Chap. 10, RF Sputtering, which explains why). Thus, hexode etchers are well designed to 
operate in the RIE mode and to provide good directional etching capability, but not for operation 
in the plasma etch mode. Most hexode models are not load-locked and must be manually loaded. 
Some of the newer models have been designed with load-locks and robotic autoloading. In those 
non-loadlocked models, more elaborate pumping systems must be provided to remove water 
vapor from the chamber after exposure to atmosphere (although the load-locked models are also 
equipped with comparably elaborate pumping systems). Etching is conducted at low pressures 
(20-100 mtorr) and low power densities. 

Micron Ex. 1042, p. 53 
Micron v. YMTC 
IPR2025-00119



DRY ETCHING FOR VLSI FABRICATION 573 

Comparison of Single-Wafer and Batch Dry Etchers 
Dry etchers capable of anisotropic etching are available as systems configured for single 

wafer or batch processing (the latter being primarily hexode-type designs). Each type of system 
has its advantages and limitations. In this section, we compare their capabilities, which are 
summarized in Table 4. 

Hexode batch etchers can accommodate a group of wafers (batch) in each run. Because they 
can process multiple wafers in a single run, their operating power and pressure can be kept low, 
while maintaining high throughput. The low pressure allows more energetic bombardment of 
the surface at lower powers. Thus, non-volatile species that must be removed by the physical 
component of the etching, such as CuCl, are effectively etched without having to resort to the 
higher power density levels that promote resist erosion, reduced selectivity, and radiation damage. 
In addition, multi-step etch processes can be performed in the reaction chamber, as sufficient time 
is available to change the gas composition in the chamber. 

The disadvantages of hex ode batch etchers are the following: a) an entire batch of wafers can 
be lost if the etch process is somehow incorrectly performed, while in single wafer etchers the 
loss due to a flaw in any cycle can be limited to one wafer; b) end point detection is determined 
from the average of the etching conditions over the entire batch (emission spectroscopy), or from 
a single wafer in the batch, while a single wafer etcher can monitor the end point of each wafer; 
c) more laboratory space is required for batch etchers; d) automation and load-locking of hexode 
etchers is more complex and expensive than in single-wafer etchers; e) the etching characteristics 
of the batch etcher may depend on the load of wafers in the chamber, and thus several process 
recipes might have to be developed for the machine, depending on batch size; and f) the batch 
uniformity represents an extra variable. 

Single wafer etchers have the advantage that wafer-to-wafer uniformity problems of large 
batch systems is avoided. In addition, since only one wafer is at risk at any time, if a flaw in 
the process is detected, theoretically it can be corrected before allowing the next wafer to be 
etched. Likewise, end point detection, load-locking, and automation are more easily achieved. 
New etch processes can usually be more more rapidly developed on single wafer etchers, and the 
establishment of multiple recipes dependent on batch size is unnecessary. Finally, capital 
equipment costs are lower, and equipment space requirements smaller. 

On the other hand, single wafer etchers must perform their etching at high rates in order to 
achieve adequate throughputs. There may be unwanted side effects of such rapid etching 
requirements, such as: a) excessive resist erosion (see Dry Etching of Aluminum Thin Films); b) 
reduced selectivity; and c) multi-step etches may require multi-chamber etching systems, as the 
time to evacuate a chamber after each sub-step may be prohibitively long. It is therefore likely 
that single wafer etchers will be utilized in processes that can tolerate the harsher etching environ-

Table 4. SINGLE WAFER versus BATCH ETCHING 

Pressure 
Throughput 
Etch Unifonnity 
End Point Detection 
Automation 
Laboratory Space 

SINGLE 

Low - High (often high) 
Depends on Pressure 
Good 
Good Control 
Relatively Easy 
Smaller 

BATCH 

Low 
High 
Adequate? 

Average over batch 
More Difficult 
Larger 
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ments of high-rate etching, but that other, more critical steps, will continue to be performed by 
the less damaging batch etch processes. 

Magnetron Ion Etchers 
Magnetron ion etchers (MIE) are single wafer machines in which the magnetron principle 

from sputter deposition is adapted to make the Jtrimary electron excitation process in plasma 
etchers more efficient at lower gas pressures 0 . As a result, both higher reactant species 
production and ion bombardment rates of the surfaces being etched can be achieved at lower 
powers and pressures, than are required in non-MIE single wafer etchers. Thus, some of the 
drawbacks of single wafer etchers associated with having to operate at high power densities and 
pressure (such as bulk radiation damage and resist erosion), can be reduced, while still 
maintaining the high etch rates necessary for adequate throughputs in single wafer etchers. 

As shown in Fig. 28b, a band magnetron cathode is utilized to create a uniform magnetic 
field above the wafer. This causes the electrons emitted by the cathode to be constrained from 
traversing the discharge region to the collecting surfaces. These electrons are thus more likely to 
collide with, and ionize, gas particles in a low pressure gas. Etch rates of Si02 of 6,000 A /min 
have been reported using various fluorocarbon-based gas mixtures, with a 5% uniformity over a 
125 mm wafer, and at a low voltage. Polysilicon etch rates of 1 µm /min have also been 
reported, using an SF 6 /CF 4 gas mixture. 

PROCESSING ISSUES RELATED TO DRY-ETCHING 

Plasma Etching Safety Considerations 

Many dry etching processes require the use of potentially hazardous and /or toxic gases. It 
is important that these gases be used safely in the course of operating and maintaining 
dry-etching systems. This section provides a brief, but far from complete introduction to this 
subject and other dry-etching safety issues. Readers are directed to references 61 and 62, as well 
as to the Semiconductor Safety Association, and to local safety representatives for further 
information on these topics. The following safety aspects of dry etching are presented in this 
section: a) working with compressed gases; b) working with toxic and /or corrosive gases; and c) 
some safety design considerations in plasma etching equipment. 

Gases contained in cylinders at high pressures (>225 psig@ 70°F) should be treated with 
extreme respect. The total force that could be exerted during the release of the gas in a cylinder 
48 inches high with a diameter of 9 inches and a pressure of 2000 psig, is in excess of 24 
million pounds. The correct regulator should be used to make connection to the cylinder. 
Compressed-gas cylinders should be securely fastened in properly designed cabinets. The exhaust 
capacity of a gas cabinet should be able to rapidly handle the entire contents of the cylinder to 
limit the exposure area. Cylinders containing flammable materials should be electrically 
grounded to avoid static charge. 

One of the most probable times when a life or health threatening accident can occur is when 
gas cylinders are being changed, and thus safe procedures must be carefully followed when 
performing this operation. In some plants, only engineers responsible for a particular operation 
can change cylinders, and the procedure is performed using the "buddy" system. 

The constituents of the feed stock gases used in common plasma processes are listed in 
Refs. 61 and 62. Many of these constituents are toxic. Some of them (e.g. ammonia) cause 
immediate noticeable symptoms at concentrations below the immediately dangerous to life and 
health levels (IDLH), but many others (e.g. phosgene [COC12] an impurity constituent gas found 
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in BC13 supplies) are colorless and odorless at concentrations well above the IDHL level. This 
demands that suitable gas detectors be used to monitor and warn of gas leaks, as a means of 
protecting the work environment from hazardous materials. All personnel that work with 
hazardous gases should attend safety courses dealing with such subjects as respirator use, spill 
clean-up procedures, and fire procedures. 

If a toxic gas is accidentally inhaled, both emergency and extended action needs to be taken. 
For example, the inhalation of chlorine produces only slight irritation in the first 6 hours. 
During the following period of up to 8 days, however, edema (a swelling of the mucous 
membrane) may result and acute reaction set in. Thus, close observation during this entire period 
is mandatory to insure the well-being of anyone who has come into contact with chlorine (or any 
other toxic substance). 

Carbon tetrachloride (CC14) is an etch gas used in some aluminum dry-etch processes. 
This etch products from this gas have been identified as being carcinogenic, and its use in 
non-load-locked systems has been pronounced unacceptable61 . On the other hand, others have 
suggested that utilization of CC14 in load-locked systems can be safe62, provided that NIOSH 
(part of OSHA) approved respirators with organic vapor and acid gas cartridge, and gloves (made 
of nitrile rubber, polyvinyl alcohol, or viton) are worn by personnel whenever performing 
maintenance or cleaning procedures on such systems. 

Plasma systems should also be designed for no-fail operation. For example, the shut off 
valve of gas cylinders should be normally off, and only driven on by high pressure nitrogen that 
is interlocked to the gas monitor and electrical alarm systems. Thus, if either N2 pressure or 
electrical power fails, these cylinders will be isolated. The gas line between the cylinder valve 
and the last valve in a line should be purged by cycling between over pressure and under pressure 
conditions, to rapidly dilute the gas trapped in the line to low values. This procedure is much 
more effective in reducing the concentration of the gas in the line than merely flowing a purge 
gas through the line. 

Plasma system pumps should be oversized and use N2 ballast (see Chap. 3) to eject 
corrosive gases quickly, and to prevent condensation of corrosive vapors. Pumps should be well 
marked so that maintenance personnel will follow proper protective procedures when performing 
oil changes or repairs. Use of synthetic pump oils is recommended, because they require much 
less frequent oil changes. The spent oil and filter cartridges must be treated as hazardous waste. 

The rf emissions from plasma etchers are normally below the U.S. recommended limit for rf 
exposure (4.9 mW /cm2 of body area over a 6 min period). However, damage to an etching unit 
door or housing misalignment can result in excessive rf leakage. Thus, whenever an etcher 
installed, moved, or modified, its rf emissions should be monitored to ensure the units integrity. 

Uniformity and Reproducibility Considerations 

It is important that dry etch processes are uniform across a wafer (and from wafer-to-wafer in 
batch etch systems), and are reproducible from run-to-run. The following factors influence the 
uniformity and reproducibility of dry etch processes: a) exposure of the etching chamber to room 
ambient; b) gas distribution within the system; c) gas flow rates; d) end point detection; e) 
loading effects; and f) electrode-related efffects. 

Exposure of Etching Chamber to Room Ambient 
If the etching chamber is periodically exposed to room ambient, the reproducibility of the 

etch conditions from run-to-run may be impacted. The exposed chamber surfaces adsorb moisture 
which may affect the next etch cycle in a nonreproducible way. This problem is avoided in 
systems that keep the etch chamber isolated from exposure to the ambient by use of load locks, 
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Fig. 30 Etch rate of sputtered quartz, demonstrating the utilization factor concept63. Reprinted 
with permission of the American Physical Society. 

but often batch systems, such as some hexode reactor models, are not load-locked, but are opened 
to atmosphere after every run. Several techniques are employed to reduce the above mentioned 
problems in such systems45, including using a cryopump to more completely remove moisture 
from the chamber before beginning the etch cycle, employing etch gases that are effective 
moisture getters (e.g. BC13), and surrounding the etch chamber with a nitrogen purged box. 

Gas Distribution 
A uniform supply of reactive species to the wafer surfaces is necessary to bring about 

uniform etch rates across a wafer, and from wafer-to-wafer in batch etchers. Thus, reactors must 
be designed with gas feed systems that produce such uniform reactant distributions. This is a 
challenging task, as viscous flow prevails over the range of working pressures and reactor 
dimensions. In viscous flow, the local molecular interactions are strong, and gas mixing is poor. 
Various gas distributions designs have been evolved, depending on the reactor configuration. 
Batch-type planar etchers usually use gas rings to distribute the gas uniformly around the 
perphery of the circular electrodes. Some single wafer etchers, that have smaller chambers utilize 
a shower head electrode, that emits gas from the top electrode. Hexode etchers employ a gas tree 
distribution design along the axis of the hexagonal electrode. 

Gas Flow Rates (Utilization Factor) 
Not only must a uniform quantity of reactants be provided to all wafer surfaces in order to 

achieve uniform and reproducible etch rates, but an adequate quantity of reactant must also be 
supplied. That is, if the etch rate is limited by the supply of reactant, small variations in flow 
rate or gas distribution uniformity may lead to etch rate nonuniformities. As a result, there is a 
minimum flow rate of reactant gas that must be supplied to prevent the process from being 
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limited by the reactant supply. A concept known as the utilization factor has been developed to 
quantify this situation. For example, in a CF 4 based etching process, the utilization factor is 
defined to be the ratio of the rate at which fluorine is consumed in the etching process, to the rate 
at which the fluorine enters the system as CF 4. If the etch rate is limited by the supply of 
reactants, then all the fluorine is consumed, and the utilization factor = 1 (Fig. 30)63. It has 
been determined that etching processes exhibit optimum behavior if the utilization factor is of the 
order of 0.1 or less. It is therefore recommended that the utilization factor be determined 
whenever an etching process parameter is changed4. Relatively simple techniques for measuring 
the utilization factor are given in Reference 63. 

Loading Effects 
In plasma etching systems, etch gas is fed into the reaction chamber. There, a plasma 

creates reactive species. The etch rate is generally proportional to their concentration, and the 
concentration in tum is reflected by the partial pressure of the species, P x . The reactive species 
are removed from the chamber by one of the following events: a) consumption, by the etching 
reactions, taking place at a rate Setch; b) recombination, an event most likely to occur when the 
reactive species come in contact with the non-etchable surf aces within the chamber, and such 
recombination removes reactants at a rate, Srecomb; and c) pumping of the species from the 
chamber before one of the other two events occurs, and this removal rate is given by the 
pumping speed, spurn . 

In the steady-stafe, reactive species are being created and removed at equal rates, and the 
partial pressure of the reactive species, P x = Gx /S, where Gx is the generation rate of these 
species, and S is the sum of the three removal rates, S = Setch + Srecomb + SP.ump· In 
processes in which the etch reaction is the dominant removal mechanism, the partial pressure, 
and hence etch rate, is controlled by Setch· Since Setch is directly proportional to the area of 
exposed etch surface, the etch rate decreases as more etched surface is added to the chamber. This 
effect is known as the loading effect, and an example of the loading effect is shown in Fig. 31 b. 
In this figure, the etch rate of polysilicon decreases with exposed area when the temperature is 
increased to 140°C. Note that an increase in the gas flow will not alleviate the loading effect. 
The concentration of reactive species will be increased by a higher flow rate, and for a constant 
area of etched surface, the etch rate will be faster. But if Setch remains dominant, when more 
wafers are added the etch rate will still decrease. 

In most etch processes the loading effect is undesirable for the followng reasons: 1) since the 
etch rate drops, some of the throughput benefits of batch processing are lost; 2) since the etch 
rate depends upon the amount of etchable area in the chamber, this becomes another parameter 
that leads to process non-uniformities from run-to-run; and 3) when the end point of an etch step 
is reached, the etchable area undergoes a precipitous decrease, as the material in the field is 
removed, and only the sidewalls of the etched features remain exposed. The loading effect at that 
time causes the etch rate to increase. As a result, during any overetch time, the sidewalls are 
etched at a higher rate than the nominal process etch rate, and this aggravates the undercutting 
problem. There are several methods that can be utilized to alleviate loading effects, mostly based 
on increasing the rate of removal of reactive species by other mechanisms than the etching 
reactions on wafers. 

To quantify the procedures utilized to reduce loading effects, a mathematical model that 
relates the various parameters involved in with the loading effect has been constructed25•65. 
The model provides a good description of silicon etching in CF 4 102 discharges, and expresses 
the etch rate of m wafers, ~· in terms of the etch rate of an empty reactor, R

0 
(which represents 

the etch rate when the etchable area approaches zero), by the following expression: 

Micron Ex. 1042, p. 58 
Micron v. YMTC 
IPR2025-00119



578 SILICON PROCESSING FOR THE VLSI ERA 

6 

105 -c: 

E 
'-e 4 o~ 104 

~ 
"' w ~ 

oz - ~ a: 
0::: 

"' I 103 2 
2 0 

I-
w 

2 
10 

0 2 4 6 B 10 
Number of Wafers 

a) 

POLYSI LICON 
CF4+5% 0 2 

140°C --Iii---- - -111----11- --, ... ,, ,, 
......... , .... 

--0------0----D----o---------o::::::. 
40°C 

10 102 103 

EX POSED AREA (rnrn2) 

b) 

Fig. 31 (a) Reciprocal of Si etch rate vs. number of 3" wafers, demonstrating the loading 
effect65. Reprinted with permission of the publisher, the Electrochemical Society. (b) The etch 
rate of Si is increased sufficiently and /or the reactivity is increased sufficiently by increasing 
temperature66• Reprinted with permission of the Japanese Journal of Applied Physics. 

( 1 ) 

where: <I> is the ratio of reactant species consumed by etching a wafer to the rate of removal of 
reactant species by all other mechanisms; ketch is the reactant species consumption rate per unit 
area of etched surface; Aw is the area of exposed etched surf ace per wafer; ~ecomb is the removal 
rate per unit area due to recombination at reactor wall surfaces; Ach is the area of the chamber 
wall surfaces; ~ is the volumetric removal rate per unit volume due to pumping; and V is the 
volume of the chamber. When <I> is small, the etch rate approaches that of an empty chamber. 

In plasma etching processes for which the above model is applicable, the sensitivity of etch 
rate to loading conditions can be reduced by several procedures, including: a) conducting the 
etching in a chamber with a large volume and high surface area; b) utilizing large gas flows, 
(large ~)which will cause the removal rate due to pumping to dominate; c) using an electrode 
constructed of the same material as that being etched, thereby maintaining a fully-loaded 
condition in the chamber, regardless of the number of wafers present (in the latter method, 
however, end pont detection by optical emission spectroscopy becomes difficult); and d) in 
processes in which the etch rate is controlled by ionic bombardment, it may be possible to reduce 
<I> by maintaining a sufficiently slow etch rate. 

Not all plasma etching processes are well modeled by Eq. 1, and some of those that are not 
do not exhibit loading effects. For example, the concentration of chlorine atoms, a reactive 
species in some chlorine-containing plasmas, is limited by recombination, rather than by the 
atom-substrate reaction that causes etching. In these plasmas the etching is independent of 
etchable area25. 

Micron Ex. 1042, p. 59 
Micron v. YMTC 
IPR2025-00119



DRY ETCHING FOR VLSI FABRICATION 519 

Electrode-Related Effects 
Etching rate nonuniformity effects across a wafer, arising from aspects of the electrode 

material and configuration, can also occur. Two examples of such effects are: 1) the degree to 
which the electrode material is etched can play a role. That is, if the electrode is inert, no 
consumption of reactive species occurs above regions where the electrode surfaces are uncovered. 
These species then represent an additional supply of reactants near the wafer edge that is not 
available to central wafer regions. Hence, etching occurs more rapidly near the edges, and the 
wafer clears from the outside to the center (bullseye pattern). Conversely, if the electrode 
material etches more rapidly than the wafer surface, reactant at the wafer edges may become 
depleted, causing the center of the wafer to etch more rapidly; 2) With the wafer located on the 
electrode, the electric field lines of the dark space are disturbed at the wafer edge. This leads to an 
increase in the ion bombardment near the edge. If the etch rate increases with increasing ionic 
bombardment flux, etching again becomes greater near the edge than at the center. Techniques 
suggested for reducing this effect include recessing of the wafers into the electrode surf ace, or 
surrounding the wafer with conducting or insulating rings. 

End Point Detection 
After an etch cycle is completed, it is necessary to terminate the etching action. There are 

usually too many variables in an etch process performed in a production environment to merely 
use the etch time as a measure of when the cycle is complete. Instead, the process must be 
monitored with an end point detection technique, as described earlier, and information obtained 
from such monitoring must be utilized to decide when the etching action should be terminated. 
(It should be noted, however, that in processes in which end point detection techniques are not 
effective, timed etches are used.) Effectively determining the end point of an etch cycle prevents 
insufficient etching as well as overetching, and can also be used to compensate for film thickness 
and etch rate variability. End point detection techniques are described in an earlier section. 

Contamination and Damage of Etched Surfaces 

Contamination 
Wafers etched by dry processes can be subjected to contamination from a number of sources 

including: a) polymeric residues from the etch process; b) deposition of nonvolatile contaminants 
from sputtering events associated with the etch process; and c) particulate contamination. 

Polymeric residue contamination is caused by halogen deficiency in halocarbon plasmas, as 
described earlier in the section dealing with the etching model of Si and Si02 in CF 4, 0 2, and 
H 2. Such contamination can produce rough surfaces on the films being etched (or on 
underlayers), can lead to high contact resistance, and in the case of Al etching, serve as a 
"reservoir" for corrosion causing halogens. A technique for avoiding such residues is to 
somehow increase the F IC ratio near the end of a dry-etching cycle, thereby allowing any residue 
film to be removed, and not reformed. 

Surfaces being etched can be contaminated by deposits of nonvolatile solids sputteredfrom 
surfaces in the etching chamber. Sputtering events occur in etching chambers as a result of the 
potential difference that exits between the plasma, and the surfaces being etched and chamber 
walls. If the chamber surfaces consist of materials containing heavy metals (e.g. Fe, Cr, Ni), 
they can be sputtered, and then end up being deposited on the surfaces being etched. To reduce 
this type of contamination: 1) the chamber walls and electrode surfaces should be made of (or 
coated with) materials compatible with the surfaces being etched (e.g. aluminum, or Si02); and 
2) the system should be designed so that sputtering events are minimized from surfaces of 
nonvolatile solids. The latter is accomplished by electrically connecting together the chamber 
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walls and non-wafer holding electrode, and making their combined area large relative to that of the 
wafer-holding electrode. 

Four main sources of particulate contamination have been identified in dry-etching 
systems67: 1) wafer transport materials and operation; 2) processing by-products; 3) particulates 
from paper products utilized nearby the etcher (e.g. operations manuals and strip chart recorders); 
and 4) the environment. Wafer transport related particulates are kept to a minimum by effective 
system design. Processing by-product particulate densities depend on the specific process. In 
those processes that are prone to particulate production from polymer build-up and subsequent 
separation from the reactor walls, however, more frequent system cleaning to maintain low 
particulate densities is required. Paper product related particulates can be reduced by using low 
particulate stationary, or by keeping paper products entirely out of the clean room in which the 
etchers are located. Clean room environment particulates are minimized by a host of elaborate 
procedures, and these are described in detail in Vol. 2 of this text. 

Radiation Damage 
AB described earlier, in reactive ion etching (RIE), surfaces being etched are subject to 

bombardment by energetic ions, electrons, and photons. These incident species can produce 
various forms of radiation damage in the materials being etched including: a) electron traps in 
gate oxides, which if not annealed out, cause shifts in the threshold voltages of MOS devices; b) 
displaced atoms and implanted atoms in the surf ace due to ion bombardment; and c) under some 
etching conditions, destruction of the gate oxide. 

The type of trapping sites generated by RJE is reported to depend on the specific process68. 
For example, CF 4 plasmas have been shown to induce bulk trapping sites with a centroid of 

approximately one half the thickness of the oxide, while exposure to 0 2 plasmas leads to surface 
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Fig. 32 Gate oxide breakdown 7 O. Reprinted with perrmss1on of Solid State Technology, 
published by Technical Publishing, a company of Dun & Bradstreet. 
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Table 5 ETCH GASES USED FOR VARIOUS INTEGRATED CIRCUIT MATE.RIALS 

MATERIAL 

Silicon 
(including polysilicon) 

Si02 
Si3N4 
Organic Solids 
Aluminum 
W, WSi2, Mo 
TaSi2 
Au 

GASES 

CF 4, CF 4 102, CF3CI, SF 6 /Cl, Clz + H2, c 2CIF 5 102 
SF6 102, SiF4 102, NF3, C1F3, CCI3F5, c 2c1F5 /SF6 
CF 4 m2, c2F6, c 3F8, CHF3 
CF 4 102, CF 4 IH2, c 2F 6, c3F8 
02, Oz+ CF4, Oz+ SF6 
BCI3, CC14, SiCI4, BCI3 /Cl2, CCI4 /CI2, SiC14 /CI2 
CF 4, CF 4 102, C2F 6, SF 6 
SF 6 /CI2, CF 4 /CI2 
CzC12F 4, CI2 

layer trapping sites. The bulk traps are removed by a 600°C anneal, and so are of concern only 
if an RIB step is performed after an Al thin film is in place. Polysilicon and Al gate materials 
also effectively shield the oxide from such radiation damage. Such radiation damage is 
minimized by low power or low de voltages, or by placing the wafers on the grounded 
electrodes69. Batch etch systems tend to use lower power than conventional single wafer etchers, 
but magnetron ion etching single wafer systems employ low power as well. 

The gate oxide can also be destroyed by dielectric breakdown during RIE of polysilicon gate 
layers under some conditions. Watanabe and Yoshida70 propose that as polysilicon is being 
etched (Fig. 32), it builds up a positive charge in response to the electrons from the discharge, 
which accumulates on the wafer and then become stored in the resist and blocking capacitor (see 
Chap. 10 for an explanation as to how electrons accumulate ion the surfaces in contact with an rf 
plasma). As long as the poly-Si layer is continuous, it contacts the backside of the wafer, and 
there is no potential difference across the gate oxide. Once the poly-Si is etched, the gate and the 
substrate are no longer in contact and a sufficient voltage may develop across the gate oxide to 
result in dielectric breakdown. In addition, whenever the power is turned off, positive ions in the 
dark space recombine with the electrons in the resist, and negative charges stored on the blocking 
capacitor recombine with the darkspace positive ions through the conductive material of the 
cathode. If, however, the negative charges on the blocking capacitor are attracted by the positive 
charges on the isolated gate material, before enough recombination takes place, the transient 
surge current may also produce a sufficiently large potential difference across the Si02 gate to 
cause breakdown. It is noted, that in conventional RIB processes the cause of such breakdown 
cannot be removed, and that a solution to this problem requires a more complete understanding of 
the details of this failure mechanism. 

Process Gases for Dry Etching 

Many different gases are used in dry etching processes for VLSI fabrication, either 
individually or as the components of mixtures of several gases 73. Table 5 lists most of the 
important gases used in dry etching applications. Chlorine-based gas mixtures (e.g. containing 
Clz, BC13, CC14, and SiC14- usually in some combination of a 2 and one of the other species) 
are primarily used to etch aluminum and aluminum alloys. Earlier we discussed the use of 
fluorocarbon-based plasmas for etching Si, SiOz. and Si3N 4, and also described the use of 
various flourochlorocarbon gas mixtures for etching polysilicon. In dry etching processes for Si 
and Si02 that utilize CF 4, it was found that the active etching species is atomic fluorine. 

More recently SF 6 and NF3 
71 have been exploited as sources of atomic fluorine for dry 
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etching Si and Si02. These gases exhibit the advantages of higher Si and Si02 etch rates than 
CF 4 (up to 5000 A /min vs. -1000 A /min), excellent silicon to silicon dioxide selectivities 
(e.g. 50: 1 ), and the fact that they exhibit a smaller loading effect than CF 4 etching processes. 
The NF3 etching processes reportedly suffer from more pronounced loading effects than 
SF 6-based etching processes, but the NF3 etching by-products formed from side reactions consist 
of only volatile compounds 72. Therefore, polymer deposition on the silicon surface is minimal 
when etching with NF3. Etching polysilicon with either SF 6 or NF3, alone, is typically 
isotropic, but anisotropic etching has been successfully performed by: a) adding small amounts of 
chlorine-containing gases, such as CFC13 or CHC13 to the SF 6; or b) by decreasing the pressure 
of the NF3 plasma to -100 mtori, causing higher' ion bombardment energies. Furthermore, 
highly anisotropic etching of MoSi2 in such low-pressure NF3 plasmas has been reported 72. 
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PROBLEMS 

1. Cite five advantages that dry-etching possesses when compared to wet etching. Also list three 
of the most important disadvantages associated with dry-etching when compared to wet etching. 
2. Why have ion-milling and reactive ion beam etching found little application in the fabrication 
of silicon VLSI circuits. 
3. Explain the difference between the terms glow discharge and plasma. 
4. Explain why the term ion-assisted etching is a more apt description of dry-etching processes 
which rely on both chemical and physical etching effects, than is the term reactive-ion etching. 
5. Explain why the potential of a glow discharge used in dry-etching or sputter deposition, is 
positive relative to ground. 
6. When etching Si over Si02 in a CF 4 plasma, the problem of obtaining an adequately high Sfs 
does not usually exist. Explain why this is the case. 
7. Explain why a short-lived reactive species, such as atomic chlorine, does not exhibit loading 
effects when used to perform dry-etching. 
8. If the selectivity of Si02 over Si can be improved by adding H2 to the CF 4 feed gas, why have 
processes that use gases that contain no H2, but still offer improved selectivity compared to pure 
CF 4 (e.g. c2F 6), been investigated as alternatives? 
9. The addition of H2 to a CF 4 plasma is accompanied by the deposition of polymers 
(polymerization) on surfaces within the reaction chamber. Discuss the chemistry of such polymer 
formation. Note that it may be necessary to consult a chemistry text or the technical literature to 
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completely answer this problem. 
10. Cite an etch process that is apparently controlled by the surface damage mechanism, and 
another that is apparently controlled by the surface inhibitor mechanism. 
11. Explain why the formation of sloped sidewall in etched features by controlled resist erosion is 
such a difficult process to implement in a batch-etch production manufacturing environment. 
12. Discuss some of the reasons why the development of an adequate dry-etch process for polycide 
layers is such a challenging task. 
13. If a dry-etch process for an Al-4at% Cu alloy is conducted at 70°C, use the vapor pressure of 
CuCl versus temperature curve, given in Fig. 20b, to calculate the maximum etch rate of such a film 
which would still allow the CuCl etch product to completely evaporate as the film is being etched. 
14. In practice, the evaporating CuCl molecules of problem 13 would suffer collisions with the 
argon sputter gas to a signifiant degree, and therefore be returned to the surface from which they 
evaporated in relatively large numbers, in effect making the apparent evaporation rate substantially 
lower. Calculate the mean free path of a CuCl molecule in an Ar plasma at a pressure of 2 torr. 
15. In some cases a loading effect is necessary in order to be able to monitor an etch process. 
Cite at least one important aspect of a dry-etch process that takes advantage of loading effects. 
16. Explain the difference between the utilization factor and loading effects. 
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