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Preface

Chemical Mechanical Planarization (CMP) has emerged in the last two
decades and grown rapidly as a basic technology widely used in semiconduc-
tor device fabrication. As a semiconductor processing step, it was developed
at IBM in the mid 1980s. From this beginning the technology has been widely
adopted throughout the semiconductor industry.

As basic CMP technology has been understood and accepted throughout
the semiconductor industry, its uses in different parts of the semiconductor
process have multiplied. This includes special steps for some special process-
ing flows, such as for DRAM technology. In addition, the availability of CMP
technology has enabled the implementation of new technologies, with the best
example being copper interconnect technology. Copper could not be practi-
cally implemented into semiconductor process flows until the advent of CMP.

Unfortunately, the rapid acceptance and implementation of CMP technol-
ogy in wafer fabrication has occurred without a corresponding rate of advance
in the underlying science. Progress is being made in understanding the un-
derlying CMP mechanisms, but, in general, it is slow and uneven. The most
noteworthy exception to this trend is the science of metal CMP reactions,
where the scientific understanding is actually driving much of the advance
of the technology. There has been no corresponding progress in other CMP
areas however.

In contrast to the science of CMP, the applied technologies of its compo-
nents, including polishing tools, slurries and pads, has developed steadily for
well over a decade. These gains have been large and have truly made CMP
a stable, production-worthy semiconductor process. The goal of this book is
to present and discuss the elements of CMP science and technology, as it
relates to semiconductor processing technology. Industrial CMP has rapidly
evolved, and will continue to evolve, but the fundamental approach to CMP
has remained the same.

I would like to thank the chapter authors for their diligence and solid
efforts in writing chapters that fit together well. I would also like to thank
Peter Burke for his support in the early stages of the book. I am especially
grateful to Claus Ascheron and Angela Lahee at Springer for their valuable
guidance and to Peter Altenberg for preparing the text.

Portland, Mike Oliver
October 2003
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1 Introduction

Michael R. Oliver

1.1 Original Motivation for CMP

Chemical Mechanical Planarization (CMP) was introduced initially into semi-
conductor processing to planarize inter-level dielectrics. This technology en-
abled a greatly improved multi-level metallization integration approach. Once
the technology was implemented into large scale manufacturing, both the
hardware and the processes evolved by leaps and bounds. New processes
were developed, with the second major application being tungsten polish.

As the equipment and consumables improved, the resultant improved pro-
cess control enabled the use of CMP in more processes, such as copper and
shallow trench isolation (STI). After less than twenty years, CMP is used up
to 10 times in manufacturing semiconductor process flows.

With such large investments being put into CMP, the pressures for higher
performance equipment and consumables have been great. In addition to evo-
lutionary improvements in the more standard technology, using rotating ta-
bles, with pads and slurries, new approaches are continually being developed.
For example, fixed abrasive pads, with the abrasives in the pad and not in
the slurry, are being intensively exercised to provide improved performance
at specific process steps, such as STL

Other, more revolutionary, approaches such as electropolish for copper
CMP are being developed. While these novel concepts are not yet widely
accepted, some may very well gain a strong foothold in the next few years.
Others will fall by the wayside. Certainly there will continue to be introduc-
tions of new technologies to replace more standard CMP processing.

1.2 CMP Technology and Its Technical Understanding

This subject of this book is CMP technology in semiconductor manufacturing.
Most of the discussion is on applications, but there is some discussion of
models of polishing mechanisms. These are mostly in Chap. 2 by Michael
Oliver and Chap. 4 by David Stein. CMP began and grew as an approach
to greatly enhance the capability of commercial semiconductor processes.
Itsvinitialvapplicationyandssubsequent; enormous growth to date have not
required a scientific understanding of individual polishing mechanisms, either
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for silicon dioxide and other dielectrics, or for metals. The parent technologies,
including glass polishing and silicon wafer polishing, provided the hardware,
consumables (pads and slurries) and process with which to begin.

The fact that no quantitative models of individual CMP polishing events
exist does not mean that efforts have not been made to develop them. Oxide
modeling has progressed little beyond where Cook [1] left it in his 1990 review
article. Several models have been proposed in literature, but no prediction
capability or satisfactory mechanism studies have confirmed the models.

There has been more progress in metal polishing, but is far from complete.
This subject forms the basis for Chap. 4 by David Stein.

The progress that has been made in the CMP arena to date has been made
without a good understanding of the basic underlying mechanisms. As new
demands continue to made on CMP, it is likely that the absence of scientific
knowledge of the processes will become an increasingly larger limitation on
progress. When that limitation begins to be recognized, this recognition will
provide motivation for focused basic research to understand more clearly how
CMP actually takes place. Success in that effort can then lead to future waves
of progress in CMP.

While the scientific understanding of CMP mechanisms is limited, the
development of CMP pads and slurries has relied upon in-depth knowledge
of several key disciplines. David James, in Chap. 6, discusses many of the
properties of pads and how they are determined by the chemistry of the
polymers and other materials used in their fabrication. The manufacture of
CMP pads relies heavily on polyurethane formation as a function of starting
materials and the thermal history of the manufacturing process.

Similarly, slurry development requires understanding of abrasive particle
properties and behavior in solution. Also, as discussed by Karl Robinson in
Chap. 7, David Stein in Chap. 4 and David Evans in Chap. 3 and in the Ap-
pendix, electrochemistry is a key discipline to employ for slurry development,
especially metal slurry development.

1.3 Applications of CMP to Semiconductor Processing

The general characteristics and behavior of CMP processing as practiced in
semiconductor fabrication are reviewed by Michael Oliver in Chap. 2. The
components of the CMP process, using silicon dioxide polishing as the model,
are described. The planarization process and how it is affected by the rela-
tive wafer-pad velocity and downforce are described. In addition, the general
effects of both pad and slurry properties on polishing performance are re-
viewed. This chapter was designed as a departure point for most of the other
chapters in this book.

Metal CMP differs from the CMP of silicon dioxide and other dielectrics in
severalsignificantsways=David-Evans:discusses many of the unique aspects of
metal polishing in Chap. 3. As semiconductor technology as a whole advances,
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it is anticipated that metal CMP will be more widely used than dielectric
CMP, and the issues he discusses will be the central ones to CMP process
development.

1.4 Polishing Tools and Consumables
of CMP Technology

The CMP process takes place when the wafer surface is moved across the pad,
under pressure, in the presence of a slurry. The mechanical motion and down
force are imparted to the wafer by the polishing machine, or tool. The pad
surface provides the rough points, or asperities, which make contact with
the wafer. The slurry provides the abrasive particles and the appropriate
chemistry for the CMP process to proceed.

It is desirable for all points on the wafer surface to experience the same
velocities and pressure, as well as the same pad surface properties and slurry
properties throughout the polishing cycle. Because of the geometry of the
wafer, and its motion on the polishing tool, which is usually rotational, this is
not generally possible to achieve. As discussed in Chap. 5 on polishing tools,
by Thomas Tucker, various techniques, such as wafer carrier rotation, are
employed to average out the non-uniform wafer motion on the polishing pad.
Wafer carrier rotation also minimizes effects associated with the direction
of the wafer-pad velocity. Another mechanism is often employed to provide
nearly uniform pressure across the wafer. A soft bottom pad underneath
the pad which contacts the wafer is used to provide a much more uniform
instantaneous pressure distribution at the wafer-pad interface than would be
obtained without it.

David James reviews CMP pads and the issues associated with them
in Chap. 6. The pads must be robust so as to have the same mechanical
properties over the pad life of hundreds of wafers. This means that the pad
material must be relative inert with respect to the slurry chemistries used.

Included in this discussion is the nature of the pad surface structure and
its impact on CMP. Microstructure is often built into the bulk of the pad,
such as by incorporating closed pores. This pore structure is exposed at the
pad surface, and as the pad surface wears, old pores disappear and new pores
from the bulk are exposed. In addition, there are other surface features that
influence the CMP process. Grooves are often employed to facilitate slurry
distribution.

The key surface feature that affects the CMP process are the small rough
points [2] called asperities which are created on the pad surface by the process
called conditioning. A pad surface is generally conditioned drawing diamond
points held in matrix across the pad surface. This process creates points
which stick up a few microns from the pad surface. As the polishing process
wears these asperities down, they need to be regenerated.
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Slurries have been in use for many different types of polishing for cen-
turies before the advent of CMP. The material to be polished and the final
smoothness requirements govern the constitution of the slurry used for any
specific application. Since there exists in current CMP technology several dif-
ferent surfaces to be polished, it is to be expected that each CMP application
requires its specific slurry formulations. Abrasive particles contained in the
slurry can have problems of settling while being stored and agglomerating,
among other difficulties. These are the subjects of colloid science, and the
issues confronted in CMP slurry technology are similar to those in numerous
other fields.

Since the widely varying, and continually tightening, requirements of dif-
ferent CMP steps require greatly differing slurries, slurry technology is quite
complex and is becoming more so. Karl Robinson reviews the key slurry
components and the issues associated with them in Chap. 7.

As noted, CMP polishing tools originally evolved from tools designed
for polishing plain silicon wafers. Basically, the machines have one or more
rotating carriers, each of which holds a wafer, usually face down. The rotating
carriers are forced against the pad. The pad is usually rotated, so that the
wafer-pad local velocity is on the order of 1 meter/second. There have been
several new machine design approaches which have been introduced as CMP
technology has grown, and some have survived. Also, numerous new ideas
have emerged in carrier technology and conditioning technology. With new
applications such as shallow trench isolation (STI) CMP and copper CMP,
end point detection has been introduced into CMP technology. End point
determination allows greatly improved control of the final wafer topography,
especially when one film needs to be completely removed with minimum
polish into the underlying film. All of these issues are analyzed by Thomas
Tucker in Chap. 5.

1.5 Post CMP Cleaning

Post CMP cleaning has been a difficult problem right from the beginning of
CMP implementation into semiconductor manufacturing. A substantial part
of the difficulty is a consequence of the fact that CMP slurries have abrasive
particles in them. The particles often are difficult to remove after the CMP
process, especially if the wafer has begun to dry before the cleaning process
begins. One result of this behavior has been the widespread implementation
of a physical contact cleaning machine, which scrubs the wafer surface with
a soft scrubbing brush. Indeed, this approach has been very widely adopted
and has resulted in almost all new polishing machine designs incorporating
a scrubbing tool within the CMP polishing machine so the wafers are “dry
in, dry out.”
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Copper and low-k dielectric cleaning is a recent and demanding area. The
cleaning of these surfaces and other issues of post CMP cleaning are addressed
by John de Larios in Chap. 8.

1.6 Integration of CMP
Into the Semiconductor Fabrication Process

CMP technology has been adopted by the semiconductor industry to provide
new capabilities for the overall semiconductor fabrication process. In a rep-
resentative process, which can have almost 200 steps, each step builds upon
the previous steps, and must provide a well controlled structure for the fol-
lowing steps. The parameters that must be controlled for the overall process
determine the process specifications for the CMP steps.

Initially, silicon dioxide CMP processes were timed processes, and the
remaining specifications for silicon dioxide thickness were wide, reflecting
the poor process control at the time. Even with these wide specification
ranges, CMP provided a capability that was superior to the alternatives.
As equipment, consumables and the overall process understanding improved,
tighter specifications could be achieved.

Significantly, the better controlled CMP technology enabled the use of
CMP to produce a high performance STI CMP process. As with most other
individual steps in a semiconductor process, tighter specifications on indi-
vidual process steps enable an overall semiconductor process capability. The
pressure for improved device performance has directly led to a very strong
need for improved CMP process performance.

Each semiconductor manufacturer has its own semiconductor fabrication
sequence. As a result, there are multiple approaches for any step, including
CMP steps. The issues associated with alternatives for a given step are com-
mon to most manufacturers, but the selection of a given approach is often
determined by specific needs of each individual manufacturer.

For four of the most widely used CMP steps, the integration issues are
analyzed in Chap. 10. Karl Robinson discusses silicon dioxide and tungsten
integration concerns, Katia DeVriendt reviews STI integration and David
Evans discusses copper CMP integration issues.

1.7 Pattern Dependency Issues

When a patterned wafer is polished with CMP, a perfectly planar final sur-
face does not generally result. This less than ideal surface can create prob-
lems. The characterization of how the initial surface with a given topography
changes during CMP is a critical issue for many semiconductor processes.
Changes may have to be made in the CMP step and other steps to deal with
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the height variations after the CMP step. The understanding and addressing
of the issues associated with pattern density effects has been a significant
issue ever since CMP was adopted into semiconductor manufacturing.

The evolution of the film surface height profile during polishing is a func-
tion of several factors, including machine design and the specific composition
of the slurry for the specific polish step. However, more significant factors are
the structure of the pad (including both the top pad and the sub pad) and
the nature of the topography in the area within a fraction of a centimeter
about the area on the wafer which is being evaluated. This well known, and
very complex, subject is analyzed in Chap. 9 by Duane Boning and Dale
Hetherington.

1.8 Other Issues

There are subjects associated with CMP that are not addressed here. Abra-
sive free slurries and their applications have some unique issues that are not
discussed in either the chapter on pads or the chapter on slurries. Also, there
is a continuing level of new technological approaches which could either re-
place CMP or change it substantially. Most of these approaches have vanished
relatively quickly, but sooner or later, one or more novel approach may catch
on and significantly alter one or more of the CMP technologies now in use.

Any of these potential alternatives will have to be superior to the CMP
approach it is replacing, either in performance or cost, or both. CMP technol-
ogy, as is the rest of semiconductor technology, is evolving, and any change
to a new technology track will have to provide an advantage in the long
term, i.e., for several technology generations. A new approach will have to
address the concerns discussed in this book, including the issues of cleaning,
integration, and pattern dependency.

The same requirements hold, of course, for all smaller, evolutionary
changes. We can expect that the evolution of CMP will continue for several
years to come, since incremental improvements in pads, slurries and equip-
ment are announced at a high rate, especially compared with other areas of
semiconductor technology. In addition the rate of filing of new patents in the
area of CMP technology has increased in recent years and shows no signs of
abating.

There is still much excitement in CMP technology awaiting us.

References

1. L.M. Cook, J. Non-Crystalline Solids, vol. 120, 152, 1990.
2. A.S. Lawing, Proceedings 2002 CMP-MIC Conference, 310, IMIC, Tampa, 2002.



2 CMP Technology

Michael R. Oliver

2.1 Background and Motivation for CMP

Chemical Mechanical Polishing, also often referred to as Chemical Mechan-
ical Planarization (CMP), was initially used as an enabling technology to
fabricate high performance multiple level metal structures. Specifically, af-
ter the first level of metal was fabricated, and a nearly conformal silicon
dioxide interlevel dielectric (ILD) layer was deposited, the second level metal
has several fabrication problems, including deposition, resist patterning and
etching. These difficulties are caused by the steps in the topography over
which this layer must be processed [1]. Other technologies, especially spin-on
glass (SOG), reduce many of the problems of multi-level metal integration
approaches, however SOG introduces additional difficulties of its own, and
has been primarily used for two and three level metal structures [2].

From a technology point of view, the initial work to develop CMP for
semiconductor fabrication was done at IBM [3], where they used the expertise
of their own silicon wafer fabrication technology. This expertise included an
understanding of the hardware: machines, pads, and slurries. The scientific
understanding of CMP was largely based on that of glass polishing [4], but
that theory itself was not quantitative. In 1990, Cook presented an excellent
summary of the understanding of the mechanisms of glass polishing up to
that date [5]. He emphasized the poor quantitative agreement of existing
models with experimental results.

Once the technology and the required equipment were available, the ap-
plication of CMP quickly spread beyond polishing inter-level dielectric (ILD)
layers. For example, CMP began to be used instead of reactive ion etching
(RIE) to remove tungsten which was deposited to fill the via openings be-
tween metal layers [6]. Another metal CMP application, the fabrication of
inlaid trenches filled with metal, also called damascene, was proposed. This
polishing technology has essentially been an enabling technology for the in-
troduction of copper interconnects into standard semiconductor processing.
Until the availability of CMP, copper was not used for interconnects even
though it has a lower resistivity than aluminum for the reason that it could
not be easily be etched by RIE [7].

Otherrapplicationsiforr-CMPrhaveralso emerged. A very significant one is
the use of CMP as part of the shallow trench isolation (STI) process [8, 9].
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Shallow trench isolation is an integration approach that allows transistors
to be packed at a higher density by reducing the isolation spacing between
adjacent transistors. Another use for CMP is polishing polysilicon via plugs
and capacitor structures in memory devices [10].

The purpose of this volume is to describe the major applications of CMP
in the current semiconductor technology. Broadly speaking, CMP technology
can be divided into two areas, dielectric and polysilicon CMP and metal
CMP. Oxide CMP, which is the polishing of silicon dioxide, will be used for
this chapter as the vehicle to discuss the elements of CMP. This chapter
will also cover the technology and application of other dielectric polishing
applications.

The first section describes the elements of the CMP process. Development
and refinements of the basic approach will follow. The last part of the chapter
will address dielectrics other than silicon dioxide.

2.2 Description of the CMP Process

In the current standard approach, Chemical Mechanical Polishing takes place
where the surface of the wafer to be polished is forced against a polishing
pad. The polishing pad is covered with a liquid slurry which contains abrasive
particles. The wafer is moved relative to the slurry-covered pad, and the rate
at which material is removed from the wafer is often described by the heuristic
equation called Preston’s Law [11]:

RR=K,*PxV (2.1)
with
RR — removal rate
K, — a constant, Preston’s coefficient
P — local pressure on wafer surface
V' — relative velocity of the point on the surface of wafer

vs. the pad.

This relationship is empirical, a system where material was removed by
grinding. Numerous dielectric and metal CMP models have been, and are
continuing to be, proposed in the literature, and for most, Preston’s Law is
only an approximation. However, for much of the data obtained in practice,
especially silicon dioxide CMP, Prestons Law provides a reasonably good fit
to the data.

2.3 Polishing Equipment

Therfirstepolishingsmachinessonswhich semiconductor CMP processes were
developed were rotary polishing tables. As the machine technology has ad-
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1" Carrier

- Carrier Insert s \F’
- fe : :

Fig. 2.1. Drawing of basic rotary CMP machine, showing wafer, carrier and platen
(table). From US Patent 4,944,836. The retaining ring holds the wafer under the
carrier insert (pad) (see text)

vanced, machine designs have evolved and other basic designs have been
employed as well. However, most of the machines currently being sold as well
as those in use are rotary tools.

A representative rotary polishing machine is diagrammed in Fig. 2.1,
which is from [3], one of the early IBM patents. In such a machine, the
polishing pad is circular and the wafer is placed in a carrier face down and is
forced against the pad while the pad table, or platen, is rotated on its own
axis.

The forces applied through the carrier on to the wafer are generally in
the range of 1-10 psi, with oxide polishing usually in the higher end of the
range and metal polishing in the lower end of the range. In practice, the table
diameter is in the 20-26” range for commercial CMP machines which typically
polish one wafer at a time. Figure 2.1 shows just the simplest configuration for
a single table, single head (wafer carrier) system. In Chap. 5, Thomas Tucker
reviews with details the many options for rotary designs as well as other
designs. A key element of any polishing machine is to have well controlled
pressures applied uniformly over the wafer as well as having controlled table
and carrier rotation rates.

There are several other features in Fig. 2.1 that are to be noted. One is
that slurry is dispensed from a tube in front of the wafer, so that as the table
rotates, it is pulled under the wafer. Also, though not easily visible on this
scale, the retaining ring around the edge of the wafer keeps the wafer in the
carrier. The bottom of the retaining ring is recessed, usually about 0.008”,
from the plane of the bottom of the wafer.

The conditioner is a mechanism that moves a hard abrading surface, often
a matrix with embedded diamond points, across the pad surface to roughen
it. This is critical to CMP as an inadequately roughened pad surface results
in a very low polish rate [13].

The slurry that flows onto the pad covers the roughened pad surface
which moves under the wafer. The grooves on the pad allow more slurry to
be brought under the retaining ring to the wafer face. As is discussed in
Chapr6ymany padstructuresialsorliave small hollow spherical pores that are
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Fig. 2.2. Typical wafer carrier cross section, not to scale (see text)

exposed to the surface. These also contain slurry that is brought to the face
of the wafer as the table rotates.

A second view, showing a simplified cross-section of a representative car-
rier, is shown in Fig. 2.2. This also shows a two-layer polishing pad, as well
as the carrier film behind the wafer. Key features include the application of
the down force from the carrier arm to the carrier at the gimbal point. The
body of the carrier rotates about the gimbal point. Note that the gimbal
point is above the wafer. The bottom pad layer and the carrier film are rel-
atively compressible. Both films are generally about 0.050” thick and each
compresses about 2-4% at pressures in the 5-7 psi range. The reason that
both of these relatively compressible films are used is to maintain, over the
entire wafer, a nearly uniform pressure at the wafer-polishing pad interface
within the variations of the pad thicknesses, wafer thickness and the dimen-
sional control of the table flatness relative to the carrier. It is worth noting
that as machine and process tolerances become tighter, the sub-pad and car-
rier films can be thinner, since they will not have to compensate for as much
mechanical variation.

Because the gimbal position (for most gimbal carrier designs) is about 1”
above the wafer-pad interface, when the table rotates the friction at the wafer-
pad interface causes a moment about the gimbal point, which increases the
downward pressure at the leading edge of the wafer. Since the total constant
downward force is applied at the gimbal point, a locally higher pressure at
the leading edge of the wafer will also create a reduced pressure at the trailing
edge. The exact instantaneous local pressures across the wafer will depend
on properties of many of the elements in the system. One of the purposes of
carrier rotation is to average out the leading and trailing edge effects [14].
This Totation averages the locally high removal rates at the leading edge
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Fig. 2.3. Wafer polished for 60 seconds on Strasbaugh 6DS with no carrier rotation.
Pre-polish wafer thickness was 10,000 A and the dark line is the post-polish 7500 A
contour line. The contour line spacing is 250 A. The leading edge is at the top of
the wafer. Courtesy of David Evans, private communication

and the correspondingly low rates at the trailing edge, and can substantially
reduce the non-uniform polish rate observed with a stationary carrier.

An example of such a polish rate variation is shown in Fig. 2.3. There for
typical conditions except for no carrier rotation, the leading edge of the wafer
has a higher polish rate than the trailing edge. There also is an effect of the
outer side (here the right side) of the wafer polishes more quickly than the
inside as it has a higher linear velocity and there is no velocity averaging by
table rotation. At the trailing edge, there is less than 500 A /min polish rate,
and at the leading edge the rate is greater than 4250 A /min.

Polishing conditions: ILD1300 silica based slurry
1C1400 perforated pad
Down force — 9 psi

Table rotation rate — 40 rpm.

However, with carrier rotation and in the absence of a wafer flat, or any other
significant departure from rotational symmetry, the polish rate, and the total
amount removed, will have close to radial symmetry. This behavior is widely
observed on machines with rotating carriers.

A compressible carrier film between the carrier and the wafer is required
to help provide a nearly uniform force on the back of the wafer with the
variations in wafer thickness and top polish pad thickness. This is especially
important as the pad wears with use. As discussed in Chap. 5, a trough
is formed in the pad in the wafer path through abrasion during polishing.
This trough can be quite deep, up.to.25 pm or more lower than the edges of
the pad. The trough formation during extended polishing is compensated for
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and minimized in most current polishing systems by varying the condition-
ing conditions, primarily dwell time, as a function of radial position on the
pad [15]. In general, though, some radial variation of pad thickness usually
exists. Also, there are thickness non-uniformities due to manufacture of the
polish pad as well as a lack of true planarity of the polishing table.

The compressible bottom pad, which is usually an impregnated felt or
foam, is another component introduced to maintain a nearly constant pres-
sure on the bottom side of the hard urethane polish pad (see Chap. 6). Be-
cause the top pad is less stiff than the wafer, the two layer stack of the ure-
thane polish pad and the softer bottom pad determine key polishing features
when polishing wafers with topography, i.e., wafers with device structures.
(see Planarization section below and Chap. 10).

In summary, the purpose of the machine and pad elements together, is
to provide as uniform polish conditions (pressure, velocity) as possible at
all points on the wafer. The system is also designed to provide removal rate
averaging through table and carrier rotation to minimize total variation of
the amount of silicon dioxide, or other polished film, remaining across the
walfer.

2.4 Polish Process

Several key elements of CMP are worth emphasizing. CMP of silicon dioxide
surfaces requires certain specific properties of the slurries and pads. The
slurries require the use of certain metal oxides as the abrasive particles. The
oxide most widely used is silica (silicon dioxide), which can be fabricated by
various methods (see Chap. 7). However, other metal oxide particles, such as
ceria and manganese dioxide, can also be used. The slurry liquid needs to be
aqueous. For maximum polish rates with silica slurry, the pH of the slurry
should be in or near the range of 10.5-11.2. In this regime, the surface of the
silicon dioxide film is strongly hydroxylated with internal bonds broken by
interaction with the alkaline liquid. However, if the pH is much greater than
11.5, the silicon dioxide film will break down entirely and simply begin to
dissolve [17].

There is a wide range of silica particle size that is used for oxide CMP.
Mean diameters range from about 25 nm for some colloidal silica slurries to
about 300 nm for some fumed silica slurries.

The specific properties of the particles and the solutions are covered in
detail in Chaps. 3 and 7. The use of other abrasive particles or other liquids
generally results in little or no material removal, only some level of surface
scratching.

There are several types of polishing pads used for silicon dioxide polishing.
Softer pads, such as poromeric pads, are often used for local smoothing or
scratchsremovalralsopcallsbuffing==But such pads have poor planarization
properties [18]. Urethane based pads are harder and are capable of producing
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polished surfaces with longer range planarization (see Chap. 7). Though hard
pads other than urethane pads are available, almost all silicon dioxide CMP
is done with urethane pads. Urethane pads usually contain spherical pores or
voids with diameters in the 30-50 pm range. These pores comprise about one
third of the total pad volume, and also the same proportion of the top surface
area. The surface of the pads can also be manufactured to have grooves or
perforations. This surface pad structure aids slurry transport across the wafer
surface.

The most significant feature of the urethane pads that is key to the CMP
process is the formation of asperities on top of the pad by the process of con-
ditioning. As noted, a typical conditioner has diamond points embedded in
a matrix. This matrix is pressed against the pad while it is moving, and the
conditioner is rotated. The surface of the pad is roughened to a level depend-
ing on the equipment and operating point. For representative conditions, in
the space between the pore openings the pad surface has a roughness, R, of
1-5 pm with a spatial frequency of the same dimensions. An example of such
a newly conditioned surface is shown in Fig. 2.4.

Empirically, the correct abrasive and liquid for the slurry, as well as pads
with specific properties and appropriately conditioned surfaces are all re-
quired for the CMP process to occur. These lead to the working model pic-
tured in Fig. 2.5 of how a specific film removal event takes place during CMP.

In Fig. 2.5, the silicon dioxide film is polished when an abrasive particle
is forced against the film by an asperity of the pad. The particle is, under the
force of the asperity pushing against the film, dragged along by the asperity
at the relative velocity of the pad with respect to the wafer. However, the
interaction of the particle with the film is not clearly understood. There re-
cently have been proposed several alternative models of asperity-abrasive film

+5.0000

24 pm 109
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Pad Asperity

Silicon Dioxide

"

7

Abrasive
Particle —

Watfer velocity relative to pad 2
Fig. 2.5. Components (idealized) of film removal by CMP include the abrasive
particle forced against the film by a pad asperity. The film to be polished moves
relative the asperity with the abrasive

interaction that have led to overall relations between polish rate as various
functions of pressure and velocity that do not follow Preston’s Law [19, 20].
David Stein has compared several of these models to observed polishing data,
especially in low pressure regimes [12], but none is an improvement over the
simple Preston model. In an earlier work [5], Cook summarized the models
for glass polishing to that date (1990), and much of this discussion is directly
applicable to oxide CMP. Unfortunately, up to now there has been no clear
quantitative, or semi-quantitive, interaction mechanism model proposed that
is in reasonable agreement with the observed data.

The action of individual particles in polishing is repeated continually as
the polishing process proceeds. As a result of carrier rotation, there is no
preferred directionality for the paths of the polishing particles so that the
sum of all the polishing events per unit time is the production of a average
removal rate of the film.

2.5 Planarization

In contrast to glass polishing or silicon wafer polishing, for ILD polishing
the goal of the CMP process is to planarize topography created by previous
semiconductor processing steps. For other polishing steps such as STT CMP
processes (see below) or metal CMP processes (see Chap. 3), CMP is used to
remove an overburden of one material and stop on another material, leaving
a planar surface.

In general, topographical features have different local polishing rates than
do planar surfaces. Consider a polishing system where Preston’s Law is a good
approximation for the local polishing rate over a wide range of pressures, i.e.,

RRo = KpPyVp. (2.2)
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For the case where the velocity, Vi, and the term, Kp, are held constant,
the local pressure determines the polish rate. This Prestonian relationship is
generally valid for silica slurries polishing silicon dioxide. For the situation
where the entire wafer has the same pattern density, then the local pressure
on the top of each feature can be determined, as pictured in Fig. 2.6, as the
average pressure applied to the pad divided by the pattern density, since the
force per unit area applied to the pad is applied over the area of the pattern.
For the case where the pattern density is some fraction of the total area, o1,
then the down force is applied to this reduced area, and the polishing rate of
each of the features will be increased to

RR1 = KPP1V0 here P1 = PO/QI- (23)
Or here for the reduced density, o1,
RR1 = Kp(Po/gl)Vo. (24)

For this sparse region where the feature density is uniform and at
a density g;, the features will polish at a rate determined by the local Pre-
ston’s Law. For example, if Fy = 0.25, or 25%, then the features will polish
at (1/0.25), or 4, times the rate of the planar surface.

The variation in local polish rate with feature density does not require
a simple Preston’s Law relationship between pressure and polish rate. If the
polish rate on a planar surface can be described as

RR = fa(P), (2.5)

then for uniform features of density gk, the removal rate is described by
RRK = fA(P/QK). (2.6)

Pressure Py

Pattern Density p,

Pre .o avd.and transmitted on to a wafer with a feature

e _- i T sure on tops of features (see text)
<l JM)I& ‘y
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Such a pressure dependence can and does occur in metal CMP and also in
non-silica abrasive silicon dioxide polishing [21].

The effect of local polish rate dependence for patterned features has been
studied by many workers. In Fig. 2.7 is pictured some data showing increased
polish rate with decreasing density [22]. When the features are eliminated,
the polish rate then reduces to the rate for a planar surface. The time to
reach this transition to planarity decreases with decreasing density since the
local polish rate increases with decreasing pattern density.

5000 S
= 0118 me
k= 4500 1 —p— 45 sec
- 4000 1 ——70 sec
g 3500 ¢ —a&—120 sec
g 3000 4
§ 2500 4
5 2000 4
(a4
1500 t
0 50 100

Pattern Density (%)

Fig. 2.7. Polish rate with a silica slurry as a function of silicon dioxide structure
density. From [20]

In most CMP systems, the polishing pad is somewhat flexible. Also, in
practice, there are variable pattern densities within a die and across the
wafer. Thus the pattern density in the vicinity of a given point affects the local
polish rate. It has been shown ([21] and Chap. 9) that a weighting function of
the local pattern density out to a certain distance can effectively determine
the local polish rate. The weighting function is a decreasing function with
distance, so that features close to the local area of interest have the greatest
effect on the polish rate. The range over which pattern features can affect
one another is a function of the polishing system, primarily the thickness and
modulus of the polishing pad. Though the range can be modeled to be a fixed
length, with no influence beyond that length, the actual interaction decreases
gradually. These and related issues are covered in depth in Chap. 9.

Areas with different local densities that are sufficiently separated will
have independent polishing behaviors. Those areas with the lowest pattern
densities will polish the most quickly, and those with the highest the most
slowly. Once a given independent area is planarized, it will polish at the
planar rate. This is pictured in Fig. 2.8 from [21], where low, medium and
high density areas are pictured during stages of simultaneous polishing.

AspseenyinaFiga2:8;moncesthesentire wafer has been planarized, different
parts of the die and wafer will have different remaining amounts of the original
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Fig. 2.8. Different final planarization thicknesses remain depending upon initial
pattern density. See text. From [21]

film remaining. For adjacent areas the transition between these two areas will
occur over a distance generally referred to as the planarization length. This is
pictured in Fig. 2.9. The planarization length is a function of the interaction
distance of the polishing system, and the amount of the polished film that
has been removed during the polish step. Once local planarization is achieved
as shown in Fig. 2.8, the planarization length will slowly grow as polishing
continues. These lengths are generally hundreds of microns, and this subject
also is discussed further in Chap. 9.

There are several consequences of the different clearing times and the
resulting longer range thickness variations that exist once the topography
has been removed. The first is that different wafers with different patterns
will, in general, require different polish times to remove all of the topography.
A very sparse metal pattern covered with a deposited ILD silicon dioxide layer

planarization
length

Fig. 2.9. Planarization length, the transition length between post-CMP high and
low, regions
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will have its topography removed more quickly than will a wafer with a dense
pattern. This well-known phenomenon often requires different polish recipes
for the same process step for wafers with different patterns.

Another problem associated with variable feature clearing time is that, if
one area of a chip has a sparse features such as the first pattern in Fig. 2.8 and
another part has a dense pattern as does the third pattern, within die non-
uniformity (WIDNU) will be large. This problem is a serious one. A frequently
used approach to address this is to insert dummy structures so that all areas
of the die will have similar feature densities. Dummy structures are isolated
features that are designed to affect the CMP step and not have an electrical
interaction [25]. In multi-level structures, the post-CMP surface of one level
is the substrate upon which the metal and dielectric film of the next level are
deposited. Since true planarity is not achieved at each level, the magnitude
of the non-planarity can grow with multiple levels and is a key consideration
in the integration process (see Chap. 10).

In addition to these long range planarization effects, there is a shorter
range phenomenon that occurs when the height of the topography is reduced
to the range of 400 nm or less. Ideally, no polishing at the bottom of a step in
topography should occur until the step is removed. In practice, however, the
bottom of the step begins to be polished before the step is removed [22] and
the step height is not reduced at the ideal rate. As a result, in order to remove
the step an extra amount of the film below the bottom of the original step
must be removed. This additional amount of silicon dioxide that is deposited
and then removed is another factor that must be accounted for in the overall
integration considerations (see Chap. 10). Representative curves from [22] for
various pattern densities are shown in Fig. 2.10. The ideal curves for each
of the densities are compared to the data. It is, of course, desirable that the
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Fig. 2.10. Step height decrease vs. polish time for different density structures.
Note departure from linear decrease below about 300 nm. From [22]
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departure from the ideal be as small as possible. Slurryless, or fixed abrasive,
technology, where the abrasive particles are embedded in the polishing pad,
shows great potential for approaching such ideal planarization characteristics.

2.6 Polish Process Variables

The polishing removal rate, at least for silicon dioxide polishing on planar
surfaces, is often well described by Preston’s Law (2.1). This says that, for
a given system, the removal rate is linearly proportional to local pressure
and velocity between the pad and polished film. All of the other variables of
the system are incorporated into the constant, K. These variables include
the properties of slurry and pad, as well as the temperature. In addition, the
properties of the material being polished are significant.

There is a very large range of possible system operating points, but in
semiconductor fabrication, many of the components of the polishing systems
are nearly standard across the industry, so variation of polishing performance
within a narrow specific range is of most interest. However, as in other ar-
eas of technology, substantial changes in operating conditions are continually
evaluated, and upon occasion, offer a significant advantage for some perfor-
mance parameters, and then the new operating conditions (or equipment)
are then adopted by a group of users.

Before discussing the variations of system parameters embedded in K,
the ranges of pressure and velocity will be covered.

2.6.1 Pressure and Velocity Variation

For a given pad, slurry and polish film at ambient temperature, K, can be
considered constant, and we can consider the pressure and velocity variations.
For representative conditions, a typical slurry for polishing silicon dioxide
contains 13 wt% solids of silica in a basic solution. For a standardly condi-
tioned urethane polishing pad, a typical polish rate behavior as a function of
average down force for a fixed table rotation frequency is shown in Fig. 2.11a.
A corresponding curve for polish rate as a function of table rotation frequency
for fixed average down force is shown in Fig. 11b. The film being polished
is silicon dioxide deposited by plasma enhanced chemical vapor deposition
(PECVD), which is a standard semiconductor deposition process. It can be
seen that Preston’s Law is in reasonable agreement with the data over the
range tested, with some departure at very high table speeds.

In current practice, with pads and slurries like the above, average down
forces on the wafer rarely exceed 10 psi. This is because the high total forces
applied to the pad-wafer-slurry system result in the wafer not traveling
smoothly over the pad surface, but sticking at points. This usually leads
to wafer breakage or other forms'of damage. As a result, with the current
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Fig. 2.11. (a) Polish rate vs. table rotation rate at 5 psi downforce on Westech 472
polisher. (b) Polish rate vs. downforce for 50 rpm table rotation rate on Westech
472 polisher. Both figures courtesy of David Stein

polishing machines, pads and slurries, semiconductor CMP processing is gen-
erally done below 10 psi. This, of course, may change over time with machine
and pad design evolution. The table rotation rates shown in the two graphs
of Fig. 2.11a and 2.11b are for a Westech 372M machine with an average
radius position 16 centimeters from the center of the table. The magnitude
of the instantaneous linear velocity of any point on the wafer is then given
by

V =2nrf, (2.7)

where

V' = magnitude of linear velocity, or speed, at that radius,

r = radius of the given point on the wafer with respect to the
center of the table, and

f = rotation frequency of the table.
For this system at 60rpm, or 1rps, for the center of the wafer,
V =1.01m/s. (2.8)

There is a trend with machine improvements to design machines to op-
erate at higher linear velocities in order to produce higher polish rates. Rep-
resentative polish speeds for newer equipment designs are up to twice this
speed or more. This issue is addressed in Chap. 5. The carrier rotation rate
also affects the average speed at a given point on the wafer, and this effect
increases as a function of the position on the wafer relative to the center of
the wafer. Rotation of the carrier serves to average the polish direction over
the entire wafer, but at very high carrier rotation rates, it may change sig-
nificantlysthegpolishyratemneargthesedge of the wafer. This effect may be used
to improve the radial component of WIWNU.
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2.6.2 System Factors

The significant factors incorporated into Preston’s coeflicient, K, include:

Film type and properties

Abrasive particles, type, size, and morphology and concentration

Slurry compositon and pH

Temperature

Pad constitution, both bulk and surface structure (including conditioning
effects).

Grp e

2.6.3 Film Type and Properties

The dielectric films that are of primary interest in CMP are silicon dioxide
films, grown or deposited by different processes. Other dielectric films that
are polished include silicon nitride and silicon oxynitride. Polycrystalline sil-
icon (poly-Si) is also considered with these films. Metal films are covered in
Chap. 3.

In semiconductor technology, silicon dioxide films are used for many dif-
ferent applications. The CMP removal rate is a function of the specific process
and operating point by which the silicon dioxide film is formed. Among these
different technological approaches are low pressure chemical vapor deposition
(LPCVD) and plasma enhanced chemical vapor deposition (PECVD). For
each of these approaches, the reactants and operating points (temperature,
pressure, ionizing energy, etc.) can vary widely. For one specific use, a re-
gion of operation of PECVD called high density plasma (HDP) is employed.
It has become the preferred deposition process for shallow trench isolation
(STI) structures. The structure and properties of silicon dioxide vary with
process and operating point of the deposition process, and these, in turn,
influence the CMP removal rate [25, 26]. Specifically, the film density and
number of open bonds appear to correlate with CMP removal rate. Ther-
mally grown silicon dioxide is the densest type film used in semiconductor
processing, denser than deposited films, and polishes more slowly. This is pic-
tured in Fig. 2.12. In Fig. 2.12, the doped (BPSG) films polish more quickly
than do the undoped (USG) films. The denser HDP films polish more slowly
than do the APCVD films, with thermally grown silicon dioxide, the densest
film, polishing the most slowly. Silicon dioxide films doped with phosphorus
and sometimes boron are widely used for the first dielectric layer covering
the active devices. In current semiconductor production, these films are now
planarized with CMP.

These first dielectric layer films (this level is sometimes referred to as
ILDO) can contain varying amounts of boron and phosphorus. The CMP
removal rate is a strong function of both dopants. Two graphs of CMP results
picturing this dependence are shown in Fig. 2.13. Over the range of dopants
testedsthe removal rates.inerease with-concentration of both dopants [27, 29].
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Fig. 2.12. Polish removal rates for different silicon dioxide films. Different deposi-
tion processes, dopant concentrations, and post-deposition anneals are compared,
using thermally grown silicon dioxide as a reference. From [23]
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Fig. 2.13. (a) CMP rate of SiO2 and BSG as a function of P concentration. (b)
CMP rate of SiOz and PSG as a function of B concentration. From [25]

2.6.4 Abrasive Particles

The type, size, morphology and concentration of the abrasive particles in the
slurry strongly influence the polish rate. If we consider initially only silica
abrasive particles, there is a wide range of behaviors that are observed with
changes in type, size, morphology and concentration. The primary types of
silica abrasive used in CMP are fumed silica particles and colloidal silica par-
ticles:The fuming. process-{14]-creates tightly bound aggregates of smaller
primary particles. The aggregates are of irregular geometry. Colloidal par-
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ticles are formed in solution and are, in general, nearly spherical, but the
maximum particle size is usually smaller than can be achieved with the fum-
ing process (see Chap. 7).

A typical silica abrasive slurry used in the industry is SS-12™ supplied
by Cabot. The concentration of abrasive as well as other properties is listed
in Table 2.1. As noted, the pH is near 11. The abrasive particles are created
by a fuming process, which is described in Chap. 7 and in [14]. Fumed sil-
ica particles employed in consist of an aggregate of tightly bound primary
particles about 20 nm diameter with the mean aggregate size in the range of
100-300 nm.

Table 2.1. Properties of Cabot Semi-Sperse 12 (SS—12TM) silica slurry. Courtesy
of Cabot Corp

Property Value
pH 10.9-11.2
Viscosity (cps) <15
Specific Gravity 1.071-1.078
Mean Aggregate Particle Size(nm) 130-180
% Solids 12.4-12.6

It was noted that abrasive particles are an essential component of the
CMP system. Several researchers have shown that, in low concentrations and
for other parameters held constant, that polish rate is linearly proportional
to particle concentration in the slurry. At sufficiently high concentrations, the
polish rate is sublinear with increasing particle concentration. For one type
of particle, the colloidal silica used in 30N50pHN™ supplied by Rodel, Inc.,
the polish rate vs. particle concentration is shown in Fig. 2.14. As seen in
the figure, the polish rate is linear with particle concentration up to about
20 weight %.

Particle size can also play a role, though in the range of particle sizes
used in silica slurries, it does not appear to be a strong effect. For very small
particles, the rate goes down for a given silica concentration as particle size
is reduced. This is reviewed as well in Chap. 7.

2.6.5 Pad Conditioning

Pad conditioning is necessary to maintain the asperity structures on the sur-
face of the polishing pad. The asperities on the pad surface force the abrasive
particles against the wafer. The pad asperities need to be continually regener-
ated, because theyare worn.down by.the polishing process. Conditioning done
concurrently with polishing is called in-situ conditioning while conditioning
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Fig. 2.14. Polish rate of silica slurry, 30N50pHNT™, as a function of silica concen-
tration in weight percent. Courtesy of Rodel, Inc.

done between wafer polishing cycles is called ez-situ conditioning. A represen-
tative graph of the reduction in polish removal rate when no conditioning is
used to maintain the asperity profile is shown in Fig. 2.15, from [30]. The pad
was conditioned normally between wafers (ez-situ) until this test was started.
Then for this set of wafers no conditioning was done at all. Note that the
polish rate decay is gradual and begins immediately when conditioning is not
used.
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Fig. 2.15. Decrease of polishing rate in the absence of pad conditioning. From [27]
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Because the removal rate decay begins immediately when conditioning
stops, the latter part of any polishing step using an ez-situ conditioning
process has a drop in the polishing rate during the polishing step itself [31].
The effective polish rate for a given step then is the average rate during the
step and not the maximum rate. By using in-situ conditioning this problem
is reduced, as the asperities are being generated simultaneously as they are
being worn down. Some polishing cycles are 3 minutes long or more, and for
these steps in-situ conditioning offers substantial throughput advantages.

The surface of a polishing pad is shown in Fig. 2.4. If one examines the
land areas between the pore openings, the asperities created by conditioning
this surface can be measured. This has been done for ez-situ conditioning
where the polish rate over shourt intervals has been compared to the aver-
age asperity height measured on small coupons removed from the polishing
pad [28].

The results for a standard IC1000™ pad taken over eight one minute in-
tervals, with no intermediate conditioning, are shown in Fig. 2.16a and 2.16b.
The average removal rate for each interval as well as the average asperity
height is shown for areas between the pore openings, where the asperities
created by conditioning this surface can be measured. This has been done
for ez-situ conditioning where the polish rate over short intervals has been
compared to the average asperity height measured on small coupons removed
from the polishing pad [28].

The results for a standard IC1000™ pad taken over eight one minute in-
tervals, with no intermediate conditioning, are shown in Fig. 2.16a and 2.16b.
The average removal rate for each interval as well as the average asperity
height is shown. As the asperity rate decreases, so does the polish rate. For
representative polish conditions and rates, the asperity heights are in the
1-2 um range. Note that the average asperity heights are much smaller than
the average pore size of 30-50 pum.

2.6.6 Temperature and pH

Temperature and pH also affect the polish rate. As the pH increases in the
regime near pH = 11, the polish rate increases. In practice, it is difficult to
operate much above pH = 11.5, as the silica particles in the slurry begin
to dissolve with time so that that the abrasive particles are not stable over
time [15]. A representative curve of polish rate vs. pH is shown in Fig. 2.17.
Also plotted is the polish rate vs. pH for CVD silicon nitride. From pH = 9.7
to pH = 10.7, the polish rate increases by about 20%. It is difficult to maintain
silica in solution near and above pH = 11.5, so most silica slurries are made
with pH near 11.

There is also an increase of silicon dioxide polish rate with ambient tem-
perature near and above room temperature [26]. In [26], the authors attribute
the increase to.changes in the hard (IC1000™) pad mechanical properties.
Fig. 2.18 shows data from [26] that demonstrates increased removal rate with
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Fig. 2.16. (a) The average polish rate for 30 second intervals with no conditioning.
(b) The average asperity height on the areas between the IC1000™ pores at the
end of the 30 second intervals shown in Fig. 2.16a. The measurement was made by
a Zygo NewView 5000. From [26]

higher temperatures. In practice, most polishing machines have systems to
heat or cool the platens in order to optimize a given polishing process.

2.7 Scales and Random Polishing Effects

The major variables of the silicon dioxide CMP process have been discussed
on an elemental scale. These variables are the factors that locally affect polish
rate, including properties of the silicon dioxide film being polished as well as
the pad and slurry properties.

On the smallest scale, as pictured in Fig. 2.5, the silicon dioxide film
removal occurs when an abrasive particle is forced against the silicon dioxide
film by an asperity, and the relative velocity of the asperity (on the pad)
and the film creates a path of film removal. Global film removal occurs as
this action is repeated a very large number of times. The directions of the
polishing paths are randomized by having the film (on the wafer) rotate

o 1ve 3 B
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Fig. 2.17. Variation of CMP removal rate vs. pH for two films. Note that the
TEOS (silicon dioxide) removal rate increases with increasing pH in this pH range

Local planarization is achieved when the higher points of the film surface
topography are removed more quickly than the lower points. Global pla-
narization issues associated with film pattern density variations have been
discussed above. In addition to pattern density effects, there are several other
issues that affect global planarization, especially on the wafer scale.

In Fig. 2.19, which is similar to Fig. 2.5, but on a somewhat larger scale.
The dimensions of the features are near to scale. Metal lines are about 1 pm
high, and the range of asperity heights is 1-3 um. Here, the silica particles
are pictured as irregular, but of course the shape and size distribution is de-
termined by the manufacturing process (see Chap. 7). The asperity heights
in a given process depend upon several parameters, with pad type and con-
ditioner and conditioning process being the most influential.

If we look at the polishing system on a yet larger scale, features of the
pad structure other than the asperity profile appear. In Fig. 2.20, the pores
of an IC1000™ pad are pictured and grooves are also shown. Both of these
features enhance slurry flow between the wafer and the polishing pad (see
Chap. 6). However, pads without grooves are sometimes used.

These local, random variations of the asperities and pore structure appear
on a small scale. The statistical averages of these properties, such as the
averagersasperitysheightzorsthesspecific gravity of the pad (as discussed in
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Fig. 2.18. The normalized oxide removal rate vs. air pressure used to provide the
normal CMP load. Here, T is the slurry temperature, and the oxide removal rate
for each slurry temperature is normalized to its highes value, respectively. In this
experiment, an IC1000 pad was used. From [23]
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Fig. 2.19. Diagram of the elements of the CMP process showing a larger region
than that of Fig. 2.5
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Fig. 2.20. Wafer with ~ 2 um features with asperities of comparable dimensions
and pores of 30-50 um diameters. Also the edge of a pad groove is shown

Chap. 6), do affect the observed polishing behavior. This is the result of the
averaging process of a great many polishing events over large areas of the
polishing pad in all directions.

2.7.1 Polish Rate and Other Variations Introduced by the System

CMP polishing systems have matured to produce consistent, well controlled
processes at all scales, within-die, within-wafer, and wafer to wafer. The gen-
eral approach has been to provide as uniform polishing conditions as possible
at all levels. Because of wafer and table geometries, both the down force and
velocity applied to the wafer are not uniform across the wafer nor over time.
To minimize the effect on the resultant polished film of these variations, table
and carrier rotation are employed. In addition compressible elements, such
as carrier films and bottom pads, are used to provide a more uniform applied
down force. Looking at the wafer and system as a whole, forces are provided
between the back of the carrier film and the platen surface. However, the
polishing process takes place at the interface between the pad surface
and the film being polished.

In polishing machines, the local velocity over time at the pad surface-
film interface is very well determined by the geometry of the machine. The
local pressure, in contrast, is sensitive to any lateral dimensional variations
in the layers of materials between the ideal carrier head surface and the
ideal platen surface. Lateral thickness variations over the wafer and over
all the wafer paths traversed across the rotating platen will create a time
and pattern dependent variation of pressure at the pad surface-film interface
at any specific point or thereafter. In addition, if the elastic constants of the
compressible elements, the carrier film and bottom pad, change with position
or slowly with time as many wafers are polished, these compression changes
will-alsosproduce-non-uniforms-applied-pressure with respect to position and
time.
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The methods to improve the uniformity of applied pressure at the pad
surface-film interface have focused on machine design improvements (see
Chap. 5), and on replacing pads and carrier films when within-wafer non-
uniformity becomes too large during production CMP. Two major design
approaches that have been implemented on new machines and sometimes
retrofitted on older machines are 1) the position dependent conditioning
which is designed to keep the thickness of the polishing pad uniform and
not allow a trough to form in the track of wafer travel, and 2) the fluid
backed wafer carrier, where the local pressure applied across the back of
the wafer is by a fluid, applied either directly to the back of the wafer
or through a thin membrane. Both of these improvements are discussed in
Chap. 5.

A second issue is the edge effect, which is a strong variation in the polish
removal rate as a function of radial position near the edge of the wafer. This
pressure variation and the observed polish rate as a function of radial position
are pictured in Fig. 2.21a and 2.21b from [28]. This effect can be reduced by
varying the bottom pad stiffness and thickness as discussed by Baker. Note
that, while carrier rotation can average out, to a large degree, the leading
edge to trailing edge variation shown in Fig. 2.3, it will not affect the edge
effect since the magnitude of the effect only has radial dependence.
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Fig. 2.21. (a) Model of pad structure that produces the edge effect. From [28].
(b) Model and data for remaining silicon dioxide at the edge of the wafer. From [28]

2.8 Random Effects

When we consider the entire wafer in the CMP system, there are several
longer range mechamsms that can alter the polish rate across the wafer.
induced force that causes the leading
ressure on the pad than the trailing
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edge, resulting in higher polish rate on the leading edge as shown in Fig. 2.3.
This higher pressure on the pad can be reduced by lowering the effective
gimbal point of the carrier, or by avoiding the gimbal effect altogether by
providing pressure uniformly [32] to the back of the wafer by a fluid under
pressure.

In the initial description of the pads, wafer and carrier films, the soft
bottom pad and carrier film were required to make the applied pressure at
the wafer-spolishing pad interface more uniform. The soft pads and carrier
film improve the pressure uniformity, but since they act as springs they do not
eliminate it. Referring to Fig. 2.2, dimensional variations in all the elements
(wafer, pads, and carrier film) and elasticity variations in the bottom pad
and carrier film all can lead to local pressure variations across the wafer at
the wafer-polishing pad interface.

The effects of the variations in elasticity of the bottom pad and the thick-
ness variations of both pads are reduced because of the averaging effects of
table and carrier rotations. However, carrier film thickness and elasticity vari-
ations and wafer thickness variations are not reduced by this averaging and
so lead to local polished film variations.

2.9 Slurries with Particles Other than Silica

Though silica-based slurries are primarily used for CMP of silicon dioxide
and other dielectrics, other particles can also be used. As noted earlier, ceria,
Ce0s, is known from glass polishing experience to be much more effective
than silica , in terms of polishing rate, at polishing a glass film. This naturally
has led to its evaluation as a CMP polishing abrasive.

The data for polishing with ceria abrasives [33] shows that indeed that,
per abrasive particle, ceria polishes planar surfaces much more effectively
than does silica. As shown in Fig. 2.22, the polish rate for planar silicon
dioxide surfaces is higher with a slurry containing 0.5 wt% ceria than for
silica based slurries containing 13 wt% silica. Ceria behaves differently than
does silica for structured surfaces however. For a structured surface such
as an ILD surface, silica based slurries polish the high areas at a rate that
is higher than the planar rate. For ceria based slurries, this effect is much
less pronounced, and sometimes the initial polish rate can be lower than
the rate for planar surfaces [33]. However, this effect appears to be sensitive
to the type of ceria used, as well as to certain additives for some slurries.
Ceria slurries are also very sensitive to the nature of the silica film being
polished. Diffferent depostion conditions can lead to a very different polishing
characteristics [35, 36].

Another abrasive that has been tested for polishing silicon dioxide is man-
ganese sesquioxide, MnsOg3 [34]. However it has not been extensively investi-
gatedyandthoughrsomeninitialidatasisiinteresting, the observed polish rate vs.
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Fig. 2.22. Polish rates for two silica slurries with 13 wt% silica compared to a ceria
slurry with 0.5 wt% ceria. The rotation rate is 40 rpm. From [33]

abrasive concentration is very non-linear, as shown in Fig. 2.23. This abra-
sive is used as a slurry in an alkaline pH range, but if the wafer is cleaned in
an acidic solution, the residual particles are dissolved, thus simplifying the
post-CMP cleaning of the wafers.
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Fig. 2.23. Polish rate dependence of Mn; O3 slurry (@) compared to a silica slurry
(A). Note the very large polish rate as a function of concentration in the low con-
centration region. From [31] ((©2003 IEEE)
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2.10 Non-ILD Non-Metal CMP

2.10.1 Shallow Trench Isolation (STT)

The maturity of CMP technology aided the rapid introduction to semicon-
ductor manufacturing of Shallow Trench Isolation (STI) technology [37]. As
discussed in Chap. 10, this technology replaces LOCOS (LOCal Oxidation of
Silicon) as an isolation approach. STI allows much tighter packing of tran-
sistors, thus increasing the number of transistors per unit area, with design
rules being equal. As lithography dimensions, and their associated design
rules, become smaller the relative advantage of STI vs. LOCOS becomes
greater.

The standard approach to the CMP of an STI structure is shown in
Fig. 2.24. The silicon substrate has a thin silicon dioxide buffer layer and
a CVD silicon nitride layer on top of it. This stack is patterned and etched,
with shallow trenches etched into the silicon substrate. The silicon nitride
areas are where the active transistors will be placed. The structure is then
filled with silicon dioxide, usually deposited with a technique called high
density plasma (HDP). This deposition approach is able to fill very small
trenches without leaving voids.

The CMP step is to remove all the silicon dioxide from the top of the
silicon nitride, while polishing as little of the silicon nitride as possible. Then,
in the overall process sequence the nitride is removed and the buffer silicon
dioxide layer is etched off with hydrofluoric acid. The transistor gate oxide is
then formed and polysilicon is then deposited as the gate electrode material.

CMP of the silicon dioxide-silicon nitride system has its unique consider-
ations. When a standard silica based slurry is used, the silicon dioxide polish
rate, for the same CMP conditions, is about three times greater than that
of silicon nitride. This helps control the variation of the post-CMP thickness
both within the die and within the wafer. Because of severe integration re-
strictions, as discussed in Chap. 10, a very tight control on the remaining
silicon nitride thickness is critical. This is because the structure and shape
of the edge of the transistor at the substrate-trench interface determine the
electrical performance of the transistors. If there is much variability in the
shape of the gate electrode edge, then the transistor performance and process
yield will degrade.

The CMP step is to remove all the silicon dioxide from the top of the
silicon nitride, while polishing as little of the silicon nitride as possible. Then,
in the overall process sequence the nitride is removed and the buffer silicon
dioxide layer is etched off with hydrofluoric acid. The transistor gate oxide is
then formed and polysilicon is then deposited as the gate electrode material.

The behavior of CMP when polishing patterned wafers with variable den-
sity affects the STI process as it does the ILD process. Isolated raised features
are polished quickly and dense areas are polished more slowly. This means
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Fig. 2.24. Shallow Trench Isolation formation, including deposition and definition
of poly Si gate. Starting with silicon nitride-buffer silicon dioxide films, the active
areas are defined and the trenches are etched (a,b). After filling the trenches with
silicon dioxide (here, HDP oxide), the oxide is planarized with CMP (c¢,d). Then
the silicon nitride is removed, and the buffer silicon dioxide is also removed. Finally,
the gate oxide is deposited and the poly-Si gates are formed (e,f)




2 CMP Technology 35

that the nitride layer on an isolated feature is exposed and polished for longer
times than is the nitride layer on a feature in a dense area.

Clearly, WIWNU and WIDNU of the remaining nitride and oxide thick-
nesses need to be controlled very tightly. The WIWNU issues are similar to
those for ILD processing but the WIDNU issues are different. One major
direction to minimize the WIDNU is to minimize the density variations so
that, within a planarization length or so, all areas of the die have the same
density pattern of silicon dioxide above the silicon nitride layer. In this way,
the die itself will have less contribution to the variation in the time to clear
the silicon dioxide from the silicon nitride.

Several approaches have been proposed to make the silicon dioxide density
nearly uniform across the die. A reverse mask step is an approach that several
groups have pursued [38]. This sequence is pictured in Fig. 2.25. Here, after
the silicon dioxide is deposited, a reverse mask of the STI pattern, with
features made slightly smaller than the STI mask itself, is patterned and the
exposed silicon dioxide etched away. This leaves a fence of silicon dioxide
around the edge of each feature but the total amount of oxide above the
silicon nitride is sharply reduced.

A second approach is to make the density of STI structures as uniform
as possible. This can be done by inserting dummy structures into the STI
mask pattern. These structures are not to be anything more than isolated
islands of conducting silicon. The dummy structure size and shape should
approximate the active areas of most of the chip; usually this means minimize
size transistors. This averaging by the use of dummy structures can only
be approximate but it certainly can minimize the extremes of local pattern
density variation [39, 40].

Another way to improve the performance of the CMP module is to make
the slurry very selective. Slurry selectivity is the ratio of the polish rate of
one film compared to another at the same CMP operating conditions. Here,

a) b)
reverse-maske
Si0; Si0,
Nitride Nitride
Si bulk Si bulk

Fig. 2.25. The effect of reverse, or counter, mask etch back to reduce the amount
of silicon dioxide over thesiliconmitride prior to STI polish. From [34]
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selectivity means rate selectivity, the ratio of the removal rates of silicon
dioxide and silicon nitride. As noted above, for standard alkali-based silica
slurries this selectivity is about 3:1. By using appropriate additives, very
high selectivities, greater than 100:1, can be obtained [41]. These very high
selectivity slurries can substantially reduce the non-uniformity of remaining
silicon nitride across the die and wafer.

The use of high selectivity slurries is standard in metal CMP (see Chap. 3),
and there are a number of unique effects that occur. Recess, or dishing, is one
effect that occurs when the more slowly polishing layer is exposed. At that
point the faster polishing layer continues to polish creating a dished area next
to the slower polishing layer. For STI polishing this effect is very important
and needs to be minimized [42].

Recess will affect the geometry of the gate electrode at the silicon-trench
interface and needs to be controlled as tightly as the amount of nitride re-
moval. Recess is influenced by the polishing operating conditions, most im-
portantly the overpolish time required to clear the silicon dioxide from all
the nitride structures [43, 44].

2.10.2 Polysilicon Polish

Silicon, including polysilicon, can be polished easily with basically the same
types of polishers, and similar pads and slurries, that are used to polish silicon
dioxide. In general, for the same polishing conditions, polysilicon (or poly-
crystalline silicon) deposited by LPCVD systems polishes more quickly than
does silicon dioxide. However, with appropriate additives to the slurry, the
rate selectivity between polysilicon and silicon dioxide can be made greater
than 100:1 [45]. Using such slurries, several polysilicon CMP steps have been
used. One is to polish polysilicon plugs, or vias, removing the layer of polysil-
icon on top of the ILD and leaving the plug filled with polysilicon |7, 46].
Another step that has been used is for polishing polysilicon to smooth it for
subsequent processing [47].

In addition to these more widely used steps, there also have been inte-
gration sequences that have used polysilicon CMP in the formation of STI
structures as well as interconnect structures.

2.10.3 Low K Dielectrics

With successive generations of semiconductor processed, the dimensions
shrink but the materials also change. Copper is replacing aluminum because
it has a lower resistivity. Also, dielectrics with lower permittivity, or dielectric
constant (K), will replace silicon dioxide. Copper CMP and its associated is-
sues are addressed in Chap. 3. The integration issues associated with different
low K dielectrics are discussed in Chap. 10. In addition to the different low K
dielectrics that are available, there also are several options for integration
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approaches for the low K dielectrics. Some of these approaches employ thin
barrier layers which are used as etch stops and CMP stopping layers.

One of the first generation lower K dielectrics to be integrated into a pro-
duction semiconductor process was fluorinated silica glass, or FSG [48, 21]).
The permittivity of undoped silica is about 3.9, and by doping with fluorine
a reduced permittivity of 3.5-3.6 can be achieved. There are reliability issues
which limit the fluorine concentration in the silica. The CMP removal rates
for these glasses are at or slightly above those of undoped silica for the same
CMP process conditions.

The dielectric materials that are used for permittivities lower than that
of FSG behave, in general, very differently from silica. There are new mate-
rials being developed continually to provide improved performance of those
already available. Types of materials include spin-on homogeneous organic
based materials, such as SILK™ [49] and silsesquioxanes [50, 51]. A sec-
ond group of materials being investigated closely include the CVD deposited
carbon-doped silicas, with Black Diamond™ [52] and Coral™ being two
commercially available materials. Another large group of materials are the
porous materials where pores, or voids, are contained in the bulk of the mate-
rial [53, 54]. Materials with voids have produced very low permittivities, some
below 2.0, but are generally mechanically weak and are difficult to polish.

Most of the integration approaches for incorporating these low permittiv-
ity materials into the back end structure use, as noted, stop layers and the
CMP process does not see the low K material. However, all materials have
to be robust enough not to degrade under the pressure of the polishing pro-
cess, and also must maintain good adhesion to their surrounding materials.
Adhesion of many of these low permittivity materials is a significant issue.

At present, copper is being integrated into semiconductor processes, and
the integration of low permittivity materials is lagging in its implementation.
This lag is largely due to the many difficulties that have been encountered
in integrating any low permittivity material beyond FSG into a multi-level
metal process.

2.11 Conclusion

CMP of silicon dioxide was the initial application and is still the largest
application of CMP in the semiconductor industry. A majority of the char-
acterization of CMP processes has been on silicon dioxide processes. For this
reason, the initial focus of the book has used these processes as the baseline.
In addition, the characterization and evaluation of the consumables, pads and
slurries, as well as polishing tools, has focused on silicon dioxide polishing.
Almost from the beginning of its application to semiconductor processing,
CMP has been used for metal polishing as well as for dielectrics. It has also
becomean-enabling.technology-for-the introduction of copper as an inter-
connect metallization, since copper cannot be etched in a practical way in
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semiconductor technology. The treatment of both the technology and mod-
eling of metal polishing build upon, but are quite different from their silicon
dioxide CMP counterparts.

For the above reasons, the book has been organized with the silicon diox-
ide CMP technology as the first technology chapter. The following chapters
have addressed metal CMP technology and models, and then the hardware
of the CMP process, pads, slurries and polishing tools. Finally, other key ar-
eas are addressed, including topography evolution and modeling, post-CMP
cleaning, and overall process integration.

The application of CMP in semiconductor processing was introduced in
the late 1980’s, and is now a critical technological component in driving
improved chip performance. Only in the past few years, though, has the
scientific basis for the technology begun to receive much interest. At present,
the number of publications focusing on a detailed understanding is small but
is growing quickly. It is hoped that this book will provide a background that
will enable the reader to be able to read the current literature and understand
the science and technology of CMP as it evolves in the near future.
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3 Metal Polishing Processes

D.R. Evans

3.1 Metal Polishing Processes

In a broad sense, metal polishing is an extremely ancient technology that has
long been used to make beautiful objets d’art as well as utilitarian objects.
However, within the context of modern microelectronics it is a much more
narrowly defined technology that is invariably used to fabricate “damascene”
structures. The origin of this terminology is obscure, however for integrated
circuit fabrication damascene means microscopic, inlaid metal features that
serve as “wiring” to connect individual electronic components, e.g., transis-
tors, previously formed in an underlying semiconductor substrate (usually
a single crystal silicon wafer). Of course, the overall objective is fabrication
of functional devices such as microprocessors or memories. Naturally, to serve
this purpose metal wiring must be inlaid in some insulating material (typi-
cally a silica based glass) with appropriate provision made for interconnec-
tions between wires and the substrate and between the wires themselves. In-
deed, in the case of complex devices such as microprocessors or sophisticated
logic circuits, several layers of both horizontally and vertically interconnected
damascene structures must be fabricated to form a “multilayer interconnect”
in order to accommodate required connections between tens of millions of
components.

To preface subsequent discussion, one observes that fabrication of a sim-
ple, single layer damascene structure requires three basic steps. The first of
these is etching a recessed image of the desired pattern into the substrate.
This is illustrated in Fig. 3.1 for a small section of the substrate.

Within the context of CMP, the details of patterning and etching pro-
cesses are irrelevant. However, one expects that at the present state of the
art this will be done using deep UV photolithography and advanced dry
etching [1]. Naturally, the second basic step is metal deposition. In principle,
deposition of a single uniform and homogeneous metal layer would be ideal.
In practice, more complicated processes involving deposition of two or more
layers of different metals are generally required to obtain adequate adhe-
sion between the metal layer and underlying substrate, to prevent diffusion
of metal contamination to the underlying semiconductor, etc. In addition,
metal:depositionsprocessesrarergenerally not perfectly uniform and may have
poor step coverage or pattern dependence. All of these issues affect subse-
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quent metal removal processes and will be discussed in detail subsequently.
However, for conceptual purposes, deposition of a single uniform metal layer
is illustrated in Fig. 3.2.

Again, precise details of the deposition process itself are unimportant. At
present, physical vapor deposition (PVD), chemical vapor deposition (CVD),
and electrochemical deposition (ECD) are all used by various manufacturers.
The third and final basic step is removal of metal “overburden” lying outside
of damascene structures. An ideal finished damascene structure is shown in
Fig. 3.3.

Now, a perfect metal removal process would correspond to some form of
“micro-machining” or “micro-milling” which achieves complete metal over-
burden removal simultaneously at all points of the substrate surface. Such
a process could be visualized as due to the action of a perfectly stiff, smooth,
and planar toolpiece that is in exact alignment with the substrate surface.
Of course, CMP is quite different from this and is only a distant approxima-
tion to such a hypothetical process. For example, polishing pads are quite
flexible and have surface structure that is commensurate with damascene
feature dimensions. In addition, slurry particle sizes are often also of simi-
lar dimension. One consequence of these and other differences between CMP
and micro-machining is a strong dependence of metal removal rate on feature
pattern density, which, as is discussed elsewhere, can result in serious diffi-
culties. In contrast, pad flexibility obviates the need for precise alignment of
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pad and wafer surfaces, which would be quite difficult at best in any practical
implementation.

Within the context of previous comments, it is useful to explore in more
detail some of the basic phenomena specific to metal polishing processes.
First of all, in any interconnect scheme, provision must be made for “off
chip” connections. This requires the inclusion of “bond pads” in the circuit,
usually around the periphery. Naturally, bond pads must be large enough to
permit external wire connections and typically are square features having an
edge length of about 100 um. Figure 3.4 provides a schematic illustration of
typical bond pad placement.

Here, the large gray center square represents the circuit “core”, which con-
sists of a complex array of device structures. The small peripheral squares
represent bond pads connected to the circuit by wiring runs (gray line seg-
ments). Now, it often happens that the metal removal rate is much larger
than the collateral dielectric removal rate. In this case, metal removal con-
tinues within a bond pad after all metal overburden has been removed in the
surrounding field. Furthermore, dielectric is usually removed slowly from the
field. Because, the pad is deformable, metal removal tends to be greater in
the center of bond pads. Naturally, this is due to the local increase of pres-
sure as is discussed in detail elsewhere within this volume. Indeed, if such
“overpolishing” is sufficiently severe, metal can be completely removed in the
pad centers as illustrated in Fig. 3.5 by an optical micrograph.

This phenomenon is known as dishing and is not just limited to bond
pads, but occurs in any similar large feature. Associated removal of dielectric
material in the field area is known as field loss. Again, due to pad deformation
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Fig. 3.5. Dishing of Bond Pads

and local pressure increase, field loss tends to be larger in proximity to bond
pads or similar large features. Of course, corresponding phenomena also occur
in dielectric polishing, however due to the fundamental differences in material
properties and usage of metals and insulators it is of particular importance
in metal polishing.

A closely related phenomenon is dielectric erosion. A simple way to vi-
sualize erosion is to consider a large metal feature, such as a bond pad,
surrounded by a relatively large field area. If instead of a solid rectangle or
other figure, this feature is made up of a dense array of much smaller metal
features, then the feature as a whole tends to behave as if were a solid area
of metal even though some dielectric is present between the features. The
amount of dielectric removed corresponds to erosion. Clearly, this behavior
is also a result of pad deformation and local pressure increase and can oc-
cur even if metal/dielectric selectivity is large. From this point of view, the
metal and dielectric behave as a composite material. Hence, the effect of high
metal /dielectric selectivity is an effective reduction of the composite removal
rate in comparison to the removal rate of the pure metal itself. In practice,
this results in a strong dependence of erosion on metal/dielectric feature den-
sity. Within this context, if pure metal corresponds to 100% feature density
and pure dielectric to 0% feature density, then dishing can be identified with
erosion in the limiting case of 100% density. Conversely, disregarding back-
ground field loss, erosion disappears in the case of 0% density. Of course,
as well as feature density, erosion also depends on process and consumable
parameters, relative feature sizes, etc [2]. Erosion and dishing are illustrated
for various approximate feature densities in Fig. 3.6.

For any quantitative process characterization and control either within-a-
wafer or wafer-to-wafer, measurements of dishing and erosion must be made
on identical features within different dice or wafers. These features may be
specially designed for this purpose or they may be part of a functioning
circuit, however it cannot be overemphasized that such measurements must
be consistently made to be useful.

One approach to minimization of both dishing and erosion is use of a slurry
formulation that removes metal and dielectric materials at nearly the same
rate, i.e., a non-selective slurry. Unfortunately, this can only increase field
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Fig. 3.6. Dishing and erosion for approximate feature densities of 100, 70, 40, 5,
and 0%

loss and, thus, represents a fundamental trade-off between final planarity
and material thickness uniformity. In addition, non-selective slurries tend to
have low removal rates and, thus, a typical implementation involves a two-
step polish. The first step employs a slurry having a high metal removal rate,
which generally also implies selectivity toward removal of metal. The bulk of
the metal overburden is removed in this step, which is followed by a second
non-selective polish to remove the remaining metal in the field and a small
amount of the underlying dielectric material. Obviously, the advantage to
this approach is achievement of a very planar surface. However, as observed
above, since some dielectric material is intentionally removed, finished metal
and dielectric thickness and associated capacitance and resistance can be
difficult to control.

An additional phenomenon often encountered in metal polishing is sur-
face recession or just recess. Similar to dishing, recess can be understood
as a degradation of final planarity arising after complete removal of metal
overburden. However, unlike dishing, recess affects features regardless of size.
While, the source of recess is not entirely clear in every case, it can be gen-
erally attributed to purely chemical attack or corrosion of the metal surface,
either during overpolishing or perhaps during post polish cleaning and rins-
ing. As illustrated in Fig. 3.7, recess is characterized by a small, but sharp
vertical step at the edges of metal features. In contrast, dishing and erosion
are characterized by gradual changes in vertical dimension and relatively
smooth topography.

Although undesirable, for a single layer damascene structure such depar-
tures from planarity may be manageable. However, as multilayer interconnect
is built up, departures from planarity tend to combine causing severe diffi-
culties in fabrication of upper layers. This may be partially addressed by
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relaxing design rules for upper layers, but nevertheless it is clear that there
will always be a strong motivation for achievement and control of planarity.

3.2 Evolution of Damascene Surface Morphology
During Polishing

Irrespective of exact process details, for descriptive purposes an overall pol-
ishing process for fabrication of a metal damascene structure can be sep-
arated into several phenomenological stages. Within this context, Fig. 3.8
illustrates typical, initial metal morphology. The schematic on the left shows
metal /adhesion-barrier layers on top of a patterned dielectric layer. Of course,
the identity of these layers is immaterial for the present description, provided
that adhesion and other aspects of mechanical and electrical integrity re-
main adequate. The optical micrograph on the right shows a top down view
of a patterned wafer after initial metal/barrier deposition, but before any
polishing.

As is evident from the photograph, the unpolished metal layer is quite
grainy. (For convenience, this has not been represented in the schematic cross
section.) Although, the underlying pattern is not distinct, it is still visible and
in this case consists of four 100 um bond pads and associated connections.
Of course, initial metal surface morphology is quite variable and is highly
material and process dependent.

Polishing can be said to be in “early stage” from initial pad/wafer con-
tact until all original metal surface has been removed, including “down” areas
at the bottoms of features. Of course, this assumes that metal thickness is
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Fig. 3.9. Early stage polishing

greater than damascene feature depth. Indeed, this condition is generally re-
quired to achieve sufficient planarity. (A practical “rule of thumb” is that
at a minimum, metal thickness must be one and a half to two times larger
than damascene depth, although this becomes problematic in the case of very
shallow features.) Thus, in early stage polishing the pad essentially contacts
only high or “up” areas of the pattern. (In photolithographic terminology, for
a positive photoresist process, these correspond to dark areas of the original
pattern.) This situation is illustrated by Fig. 3.9. Clearly, the bond pad pat-
tern has become quite distinct and it is obvious that all of the original surface
roughness has been removed in up areas. However, graininess remains visi-
ble in down areas. Indeed, the surface between patterns is quite smooth and
has a specular, mirror-like appearance. Since, surface roughness is removed
rapidly once substantial contact is made with the pad, it is clear that the down
areas have not been appreciably polished. Furthermore, there is no evidence
of chemical etching in the down areas. Of course, this is just what is required
for acceptable CMP. Clearly if chemical etching occurs to any significant
degree, it will be very difficult to obtain a final, planarized metal surface.
Naturally, early stages of polishing are followed by an “intermediate
stage”, during which the wafer surface remains entirely covered by metal.
In this case, the polish has not broken through to underlying barrier or di-
electric layers, but it has passed the original level of down areas so that the
surface is nearly planar, at least locally. This stage of polishing is illustrated
by Fig. 3.10. Clearly, the bond pad pattern has nearly disappeared. (Indeed,
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this particular micrograph was chosen because the patterning is still barely
visible.) Microscopic examination of metal surfaces at this stage of polishing
generally reveals an entirely featureless field, which is very difficult to bring to
a sharp focus. Now, it is important to note that this does not mean that the
surface has become perfectly planar. Long range non-planarity due to pat-
tern density differences still remains. Moreover, shorter range non-planarity
arising from corner rounding will also be present and is easily observed by
profilometry. What is absent, having been removed by polishing, are sharp,
vertical feature edges.

It comes as no surprise that “finish polishing” denotes the situation from
breakthrough of the metal layer to underlying material at some point in the
field until the field is entirely cleared of overburden with metal remaining
only in damascene features. This situation is illustrated by Fig. 3.11. Here,
the schematic cross section shows barrier metal exposed at feature edges. In
normal polishing this is expected because of local pressure distribution in
proximity to patterned features. This is also made evident in the micrograph
by darkening at the edges of the bond pads. Of course, the more planar the
polished surface becomes during the intermediate stage of polishing, the less
important this effect will be. Indeed, if the metal surface could be rendered
perfectly planar before all of the metal overburden is removed, finish polish-
ing as such would not occur and the process would proceed directly from the
intermediate stage as defined previously, to the process “endpoint”. Obvi-
ously, such a situation is highly desirable and is one of the ultimate goals of
any CMP process.

Of course, conclusion of finish polishing should define the ideal process
endpoint. This designation is somewhat complicated by the barrier-adhesion
layer since endpoint could be defined as complete removal of metal in the field
or, alternatively, as complete removal of metal and barrier-adhesion layer. For
the purposes of the present discussion, the former definition is adopted. In
this case, the barrier-adhesion layer can be regarded as a “polish stop” as
illustrated by Fig. 3.12. Here, it has been assumed that the particular metal
polishing chemistry used is highly selective between metal and the barrier
metal. Thus, the micrograph shows that, as desired, metal remains in the
patterned featuresybutrhasibeemremoved from the field to expose the barrier-
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adhesion layer. In this case, metal/barrier selectivity is sufficiently large so
that the barrier layer is essentially intact everywhere in the field; however,
there is just a subtle hint of thinning around feature edges. Obviously, an
additional process step to remove the barrier metal is required. This can
be accomplished by selective etching or by additional CMP, perhaps using
a different chemistry or the same chemistry under different process conditions.
In principle, if selective etching is used, the metal surface will be slightly
raised above the field. Clearly, this is opposite of the situation described
previously for surface recession. In practice, this situation is difficult to realize
because barrier/adhesion layers are typically very thin and surface recession
and/or dishing and erosion are of larger magnitude. Of course, if the barrier
layer is removed using an additional CMP step, the metal surface should not
be raised above the field.

Alternatively, if the primary polishing chemistry is not selective between
the metal and the barrier—adhesion layer, then the barrier—adhesion layer can
be removed in the field along with the metal at the end of finish polishing. In
this case, the dielectric material itself can serve as a polish stop. Of course,
the resulting morphology should be essentially the same as that generated
using a separate barrier removal step and is shown in Fig. 3.13. Here, both
metal and barrier-adhesion layers have been removed in the field and the
interference color characteristic of the field dielectric thickness is visible in
the area surrounding metal features. In the black and white micrograph this
causes an enhancement in visual contrast relative to the previous micrograph
for which the barrier layer was left intact.
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In practice, endpoint is not reached simultaneously everywhere on the
wafer surface. Obviously, this is caused by a non-uniform, within-a-wafer
removal rate. In addition to removal non-uniformity due to differences in fea-
ture density, non-uniformity can arise from many additional sources such as
non-uniform backside pressure, metal thickness variation, slurry or polishing
solution distribution over the wafer, etc. Thus, some overpolishing beyond
endpoint is invariably required. Naturally, in any practical CMP process, the
effective process stage will vary locally due to feature density as well as all
other sources of non-uniformity. As a consequence, dishing, erosion, and reces-
sion will appear to some degree depending on the exact nature of the removal
process. This is shown in Fig. 3.14 and represents the end state of a practical
metal polishing process. However, if overpolishing is not too severe, as shown
in the optical micrograph the metal pattern remains intact.

As a practical matter it is very difficult to optimize all stages of polishing
using a single step process in which the same process conditions are used
from initial removal through overpolishing. Typically, a multistep [3] process
implemented on separate polishing stations is used. Naturally, a high removal
rate with good planarity is desirable for the first step. Commonly, the first
step is terminated during intermediate stage polishing with metal still cover-
ing the entire wafer surface. Alternatively, the first step may be terminated
during finish polishing if due care is taken to prevent the onset of dishing and
erosion. The second step polish (sometimes called “soft landing”) is optimized
to achieve and maintain a high degree of planarity. Generally, this requires
that the primary metal removal rate is low. At the current stage of technolog-
ical development there are a number of approaches to second step polishing.
As mentioned previously, one might use the barrier layer as a stopping layer.
In this case a third, separate barrier removal step would then be required.
Of course, loss of planarity can occur and must be avoided during barrier
removal. More commonly, the second step is optimized to remove metal and
barrier layers at nearly the same rate, i.e., there is no selectivity between
metal and barrier layers. In this case, the dielectric material itself can be used
as a stopping layer. Even so, loss of planarity may still remain problemati-
cal. Again, as mentioned previously, a completely non-selective process that
removes metal; barrier; and dielectric all at the same rate can be used to main-
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tain planarity and can be implemented during the second step or as a separate
third step. However, this comes at the cost of increased loss of dielectric in
the field and more difficult control of final dielectric and metal thickness.

3.3 Specifics of Tungsten and Copper Polishing

The first full-scale application of metal CMP in semiconductor device man-
ufacturing was for fabrication of tungsten plugs in association with standard
etched aluminum alloy interconnect. The fundamental motivation was ef-
ficient filling of via holes between interconnect levels using a non-selective
tungsten CVD process, which has much better conformality, i.e., step cover-
age, than does conventional PVD of aluminum alloy {4,5]. This interconnect
scheme actually preceded the implementation of tungsten CMP. In the earli-
est implementation, the tungsten overburden was removed using an isotropic
plasma etch process [6,7,8,9]. To avoid excessive etching in contact or via
holes, this required that the tungsten deposition was sufficiently thick so that
the effective tungsten layer thickness above via holes was equivalent to the
thickness in the field. At a minimum, deposition thickness on the order of half
of the dimension of the most critical via hole is necessary. Thus, in the mid to
late 1980’s, when tungsten plug technology first became widely implemented,
a typical deposition thickness was 0.5-0.8 pm. Clearly, this required removal
of a substantial amount of metal. Of course, subsequent, device and intercon-
nect scaling has allowed tungsten deposition thickness to be reduced. Unfor-
tunately, it was found that in a manufacturing environment plasma etch rate,
uniformity, and selectivity were difficult to control and that “edge stringers”,
recessed plugs, keyhole defects, etc. were common. As an alternative, selective
tungsten CVD was widely investigated to obviate the need for the “etchback”
process [10, 11, 12, 13]. Unfortunately, despite its promise, selective tungsten
CVD did not meet stringent requirements for defectivity and yield necessary
for wide implementation into integrated circuit manufacturing.

The advent of dielectric CMP to planarize interconnect levels immedi-
ately opened the possibility that tungsten plugs could be fabricated us-
ing CMP rather than plasma etch back. Early results indicated that CMP
was capable of superior performance with low defectivity and good circuit
yield [14, 15, 16, 17]. Furthermore, implementation of tungsten CMP into
a manufacturing environment was found to be reasonably cost effective and
straightforward, even as a retrofit [18]. Of course, a prior dielectric planariza-
tion is required so that the substrate surface is substantially flat prior to
tungsten plug fabrication. Obviously, this is essentially a single layer dama-
scene structure. Although circuit manufacturers are reluctant to disclose pro-
cess details, a few have been published. For example, in early work a typical
down force used for tungsten CMP was 5 to 8 psi [19]. Likewise, proprietary
slurry.chemistries,were typically usedsshowever, these same workers indicate
that tungsten to oxide selectivity can exceed 150 :1. Of course, this selectivity
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cannot be realized in densely patterned areas. (An absolute tungsten removal
rate was not given.) As CMP process equipment and consumables have ma-
tured, the trend has been toward higher removal rates at lower down force.
A typical production process might operate at a down force of 3.5 psi or less
with a removal rate in excess of 400 nm/min [20]. Tungsten to dielectric se-
lectivity has decreased in importance due to advanced hardware for endpoint
detection and uniformity control.

Subsequently, tungsten plug technology has been extended to device con-
tact holes as well interconnect via holes. Assuming a planarized pre-metal
dielectric, fabrication of tungsten plugs in contact holes is illustrated in
Fig. 3.15.

For simplicity, details of device isolation and self-aligned diffusion or sili-
cidation schemes are not shown. Of course, the process sequence begins by
patterning and etching of contact holes. As is standard practice, this is fol-
lowed by deposition of a thin titanium nitride barrier layer followed by tung-
sten CVD. (The barrier layer is required to prevent a catastrophic interaction
between the silicon substrate and tungsten hexafluoride during tungsten de-
position.) Tungsten plugs are formed by removal of the tungsten overburden
in the field by CMP.

Conventional aluminum alloy interconnect is subsequently fabricated by
PVD and etching. Obviously, the planarized plug/dielectric surface eliminates
stringent requirements for conformality of the aluminum alloy deposition.
This is followed by interlevel dielectric deposition and planarization. As is
illustrated in Fig. 3.16, at this point, via holes are opened and the overall
process including tungsten CMP is repeated to fabricate a second layer of
interconnect.

Contact Hole
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Channel /

Pre-metal Dielectric D

Cover D

i Silicon Substrate

Gale Blectrods Source and Drain
Diffusions

Tungsten Plug
[ Pre-metal Dielectric
Cover Dielectric D
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Fig. 3.15. Contact hole tungsten plugs
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Fig. 3.16. Interconnect fabrication

Here, dark gray indicates contact and via hole tungsten plugs. In state-
of-the-art interconnect schemes, plug and interconnect fabrication may be
repeated six or more times.

Various methods have been used for endpoint detection in tungsten CMP.
Historically, both spindle and platen motor drive currents have been used
to provide an indication of polishing endpoint [21]. Unfortunately, although
simple, this method is strongly affected by electrical noise and variation in
consumables. Alternatively, observation of platen temperature during polish-
ing using a suitable infrared sensor [22] has been used for endpoint detec-
tion [23, 24]. Although the temperature rise is relatively small, for a given
slurry it is found to be proportional to the tungsten removal rate and reason-
ably repeatable [25]. Even so, at the present optical reflectometry represents
the state-of-the-art for endpoint detection [26]. These issues are discussed in
more detail elsewhere in this volume.

As shown in the Appendix, the Pourbaix diagram for tungsten strongly
suggests that a neutral to acidic slurry chemistry should be used for CMP.
(Clearly, tungsten is an acidic passivating metal with soluble tungstate an-
ions produced at high pH.) Indeed, tungsten polishing was first implemented
using a ferricyanide-phosphate chemistry at a pH from 5.0 to 6.5. Later, due
to chemical hazards this was replaced by acidic ferric nitrate (pH ¢ 1.5-2.5)
as oxidizer. Alumina was generally used as abrasive. However, various stud-
ies [27] have shown that this chemistry is highly corrosive and contaminating
both to equipment and substrates and has almost uniformly been replaced
by less acidic media (pH 22 3.0-4.0) with hydrogen peroxide, or persulfate or
iodate ion as an oxidizer [28]. In addition, abrasives other than alumina have
also been investigated [29].

A persistent difficulty with tungsten CMP is residual metal left on the di-
electric surface after polishing. Such defects are colloquially called “puddles”.
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Fig. 3.17. Tungsten puddle

Obviously, a puddle can lead to undesirable electrical short circuits [30, 31]
and, typically, as illustrated in Fig. 3.17, is caused by a low relief depression
in the dielectric surface.

Moreover, although the depth of the depression may be slight, it is found
that tungsten is often very difficult to remove and requires an unacceptable
amount of overpolishing, which results in erosion of via hole arrays, dishing of
large features if present, and a collateral large background field loss. Clearly,
this exacerbates the situation for subsequent interconnect layers since low
relief depressions are typically the result of previous metal dishing and di-
electric erosion as well as other process steps. (Indeed, surface recession is
a particularly troublesome cause of puddle formation due to associated sharp
vertical steps.) These issues may be addressed either by improvement of di-
electric polishing processes prior to plug formation or modification of the
tungsten polishing process itself.

Tungsten is also quite chemically active as is indicated by half cell poten-
tials summarized in the Appendix. As a consequence, formation of hydrous
oxide layers is sometimes observed. This must be avoided or the hydrous ox-
ide removed after CMP to prevent high via hole series resistance. Generally,
adjustment of pH during polishing to higher values and/or treatment with an
alkaline cleaning solution after CMP should serve to alleviate this problem.

In addition, it is undesirable to open “keyholes” or to roughen the metal
surface during tungsten CMP. In the case of keyholes, aqueous media pene-
trates vertically into the via hole at the “seam” left by CVD resulting in ox-
idation and/or corrosion, thus degrading via hole resistance. Concomitantly,
the surface of the metal may be significantly roughened. In either case, the
problem is generally a consequence of direct chemical etching by the slurry.
Ideally, the static chemical etch rate for any tungsten slurry should be zero.
However, in practice because tungsten is quite chemically active, static etch
rates of a few nanometers to a few tens of nanometers per minute can oc-
cur {32]. Clearly, keyhole formation itself is more an issue with the CVD
process, however it can become an issue with CMP if the CVD process can-
not be modified to eliminate the keyhole and completely fill via holes.

With the successful implementation of tungsten CMP, the advent of cop-
per as an interconnect metallization using a damascene structure became
practical [33]. Furthermore, although many attempts have been made to etch
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copper conventionally, this has been uniformly unsuccessful for application to
integrated circuit manufacturing [34]. Therefore, for the current state-of-the-
art it would seem that CMP is an absolute necessity for fabrication of cop-
per interconnect. Within this context, manufacturers have adopted various
schemes for copper integration. The most conservative approach is the use of
copper interconnect in upper wiring layers for power buses and long transmis-
sion lines while retaining conventional metallization in lower layers as a local
interconnect. Since copper is a highly undesirable contaminant in the silicon
substrate, this approach insures a large margin of separation. However, it has
the disadvantage of requiring processing equipment for both conventional and
copper damascene processing. Alternatively, damascene copper interconnect
can be used for all circuit wiring. In this case, tungsten plugs are fabricated
in device contact holes as usual; however, this process is followed by dielectric
deposition rather than the usual aluminum alloy PVD. As described earlier,
an image of the interconnect layer is then etched into the dielectric. This is
followed by deposition of refractory barrier metal, typically a composite layer
of tantalum and tantalum nitride. A thin seed layer of pure copper is then
deposited on top of the refractory barrier metal. This seed layer is necessary
for subsequent electrochemical deposition of copper. At present, both bar-
rier and seed layers are generally deposited by PVD. The bulk of the copper
layer is deposited by electroplating or electrochemical deposition, i.e., ECD.
In a broad sense, ECD is a naturally more conformal deposition method than
vapor coating methods. This can be simplistically understood by considera-
tion of characteristic length scales, e.g., mean free paths, in liquid and gaseous
media. Moreover, recent advances in copper ECD technology have resulted
in “bottom up” filling processes which are in a sense “super-conformal” as
indicated by the absence of seams and keyholes typical of conformal or sub-
conformal processes. In any case, as shown in Fig. 3.18, copper deposition is
followed by copper CMP resulting in a copper damascene structure.

It is clear that at this point that copper damascene and tungsten plug
fabrication are conceptually quite similar. Of course, polishing chemistry and
process conditions must be specific to each metal. Moreover, for subsequent
fabrication of upper wiring layers, tungsten plugs are not necessary and the
dual damascene method may be used. In a dual damascene process, images of
both via holes and interconnect wiring are etched in dielectric materials before
any metal is deposited. Although integration issues are complex (especially
if a low dielectric constant insulator is used) and will not be discussed in
detail here, it is evident that a choice must be made between “via first” and
“trench first” process schemes [35]. In the case of via first processing, via
holes are patterned on the planarized dielectric surface and partially etched
through the dielectric layer. This is followed by patterning and etching of
the wiring. In this case, it is critical that all photoresist is removed from the
partially etched via holes since via etching must be completed at the same
time that. the wiring dimage.is,etehedsIn a trench first process scheme, the
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Fig. 3.18. Copper damascene fabrication

wiring is patterned and etched first. Hence, via holes must be patterned and
etched on a non-planar surface. In either case, the result is an image of the
interconnect wiring etched in the dielectric layer with via holes open to the
underlying interconnect layer. Of course, patterning and etching is followed
by metal deposition and CMP as shown in Fig. 3.19.

Here, both interlevel and intralevel dielectric layers are indicated since
to maximize the performance of copper metallization low dielectric constant
materials should be used as intralevel dielectric to minimize fringing capaci-
tance.

Intralevel Dielectric

Interlevel Dielectric

Pre-metal Dielectric

Silicon Substrate

damascene fabrication
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The aqueous chemistry of copper is summarized in the copper Pourbaix
diagram appearing in the Appendix. Clearly, in contrast to tungsten it is
an alkaline passivating metal. In most early work, hydrogen peroxide [36]
was used as an oxidizer for copper polishing. This chemistry typically gave
removal rates in excess of 400 nm/min with reasonable uniformity. However,
it proved very difficult to avoid dishing and especially recess due to static
etching. Representative measurements of residual step heights on patterned
copper wafers after CMP usually were about 100 nm at best and commonly
could be much worse. (This is irrespective of the “beautiful” SEM’s appearing
in the literature and conference presentations.) This is easily observed in
a typical series of profilometer traces as shown in Fig. 3.20. In addition, the
relation of between the static etch rate of copper and its removal rate during
a representative CMP process is shown in Fig. 3.21 as a function of hydrogen
peroxide aliquot (relative volume of commercial 30% peroxide solution).
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At the present, hydrogen peroxide is still used albeit at lower concentra-
tion and iodate ion is also under investigation for use as an oxidizer. While it
would seem that alkaline chemistry could be used to polish copper, it turns
out that this is not the case. A simple Pourbaix diagram does not indicate
the degree to which a metal cationic species undergoes complexation. In par-
ticular, it is well known that copper forms a series of soluble complex cations
with ammonia at high pH. The formation of these complexes is so thermo-
dynamically favored that copper oxides and hydroxides are readily dissolved
by ammonia. In addition, copper forms soluble hydroxo complexes with the
hydroxide ion itself. Again, this tends to promote metal dissolution at high
pH. Of course, in the acidic range, positively charged, soluble copper ions,
i.e., cations, are favored and while attempts have been made to polish copper
in dilute nitric acid, it is not likely that this is practical. Therefore, copper
polishing chemistry is typically held close to a neutral pH. Fortunately, tri-
azoles such as BTA are very effective corrosion inhibitors for copper. These
can be added to the chemistry to suppress dissolution at almost any pH. This
allows a much wider range of optimization for the slurry chemistry [37]. As
in the case of tungsten, alumina is commonly used as an abrasive for cop-
per polishing. However, for “soft landing” processes as described previously,
colloidal or fumed silica may be used instead. The motivation for this is the
reduction of “scratch” defects and the optimization of selectivity between
dielectric, barrier metal and copper.

In contrast to tungsten, copper polishing is complicated by both the cop-
per deposition process and the choice of barrier metal [38]. In early stages of
development, MOCVD was the most attractive alternative for copper depo-
sition because of its extremely good step coverage [39, 40, 41]. Unfortunately,
copper layers deposited by MOCVD tend to incorporate fluorine and carbon
contamination, which increases resistivity and degrades adhesion to barrier
layers. Furthermore, after a period of experimentation, development of copper
interconnect settled on tantalum and/or tantalum nitride as the most widely
used choice for barrier layer material [42, 43]. It turns out that adhesion
of copper to tantalum/tantalum nitride is particularly difficult to achieve.
Indeed, adhesion of copper to tantalum/tantalum nitride can be achieved
reliably only by copper deposition using advanced PVD. Of course, coverage
and filling characteristics of PVD are not ideal for deep submicron structures.
Therefore, it became obvious that a combination of PVD followed by a con-
formal deposition process is required for fabrication of damascene copper
interconnect. One might have thought that this conformal deposition pro-
cess would be MOCVD, however as observed previously, ECD was found not
only to have excellent conformality, but superior purity as well [44, 45, 46].
Therefore, ECD has now become the standard copper deposition process.

However, ECD does present some issues that are relevant to copper CMP.
It was found early on that ECD copper is extremely pure and undergoes sub-
stantialygrainygrowthpatiroomptemperature for up to a few days after deposi-
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tion [47, 48, 49]. After this time, the material is stable. Although specific in-
formation is sparse to nonexistent in the literature, polishing characteristics,
in particular removal rate, can be expected to be affected by this recrystal-
lization. Obviously, a simple solution to this is moderate heat treatment after
ECD but before CMP. A more severe problem is related to enhancements in
ECD associated with bottom up filling [50]. Bottom up filling is desirable
to prevent void formation in small, high aspect features, however it leads to
substantial thickness variations of the copper overburden. In particular, cop-
per is thick over dense arrays of minimum dimension features and is thinner
in the field or over larger features. This presents a severe problem for CMP.
Clearly, unless overall planarization is very efficient and rapid, a thicker cop-
per deposit over small features requires that large features and the field area
are substantially overpolished. This can result in severe dishing and field loss.

In addition, specification of a particular barrier metal thickness inside
of damascene features generally requires a much thicker deposit outside of
features. This is an inherent limitation of PVD and can be understood by
observing that the same material lux must cover a larger area, i.e., bottom
and sidewalls, inside a feature than outside. Obviously, this effect becomes
increasingly severe for high aspect features and is independent of step cover-
age modification due to the presence of ionization or some other scheme. The
difficulty for CMP is that this thick barrier layer must be removed with min-
imum dishing or recess of copper. This suggests that CVD may be required
for barrier deposition in the future. Moreover, since tantalum and tantalum
nitride are difficult to deposit by CVD, alternative barrier materials may be
necessary [51].

In general, copper polishing using conventional slurries and pads is nearly
always subject to some residual non-planarity. Indeed, it has been found dif-
ficult to improve this except by non-selective polishing as a final process step.
As observed previously, this makes dielectric and metal thickness much more
variable and difficult to control. Recent development of copper polishing us-
ing fixed abrasive pads [52] or with no abrasive [53, 54] at all appears to offer
a substantial improvement. In the case of fixed abrasive pads, alumina abra-
sive is incorporated into the pad material itself. Instead of slurry, a chemical
solution is introduced to the wafer surface during polishing with this pad.
Unfortunately, to date fixed abrasive pads have not been adopted for robust
CMP manufacturing. Even so, planarization performance is often superior to
conventional pads and slurries. This can be explained at least heuristically
by the confinement of abrasive action to a relatively fixed plane.

Abrasive free polishing is similar conceptually, except that the fixed abra-
sive pad is replaced with a conventional pad [565]. At least in the case of
copper, the conditioned pad structure itself acts as a mild abrasive. Thus,
for an optimized chemistry, substantial copper removal rates of the order 500
nm/min are obtained without any conventional abrasive at all. In addition
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to superior planarization performance, there is virtually a complete absence
of any scratch defects.

For completeness it should be noted that endpoint detection issues in
copper polishing are quite similar to those for tungsten polishing. Again, the
state-of-the-art is represented by in-situ reflectometry [56].

3.4 Metal Polishing Chemistry

In broad terms, chemical mechanical polishing of metals is quite similar to
that of the common dielectric materials. Indeed, within this general context,
the same type of equipment used for dielectric polishing can also be used for
metal polishing. Of course, in practice individual polishing machines are usu-
ally assigned to only one type of process, which, among other things, allows
better process control and eliminates most cross-contamination. However,
there is really no fundamental difference in hardware design. Furthermore,
temporarily disregarding differences in chemistry, this is generally true for
consumables such as polishing pads and carrier inserts as well. Indeed, car-
rier design, pad and insert properties, etc. affect both dielectric and metal
removal in much the same way. This is to be expected since, as discussed
elsewhere, microscopic interactions between abrasive particles, substrate and
pad surfaces have many common features irrespective of materials. Thus,
one finds that metal removal rates during CMP follow Preston’s Law [57]
at least approximately, that variations in local polish rates depend on fea-
ture density in much the same way both for metals and dielectrics, and that
global planarization is similarly affected by pad flexibility and compressibil-
ity. Of course, these observations are of a very general nature and the “devil
is in the details.” Indeed, one should not uncritically attempt to predict the
characteristics of metal CMP based on a prior knowledge of dielectric CMP.
There are important differences. For example, the removal rate of silicon
dioxide is highly dependent on pad conditioning for CMP using conventional
alkali/silica slurries, e.g., Cabot SS-12, Rodel ILD 1200, etc. In contrast, con-
ditioning is typically much less important (or at least of a different nature) for
metal CMP. Additionally, high removal rate selectivity between overburden
and underlying materials is encountered much more commonly in metal CMP
processes. Although such a situation may be desirable since it allows the un-
derlying material to act as a polish stop, it may also introduce difficulties in
fabrication of an adequately planarized surface.

Metal polishing does differ from dielectric polishing in that it requires an
oxidizing chemical environment. This is not necessary for CMP of dielectrics
because these materials are generally semiconductor or metal oxides or ni-
trides and, as such, are already fully oxidized. In both metal and dielectric
CMP, material removal is thought to occur by chemical formation of a “soft”
modifiedssurfacelayerswhichsissthensremoved by action of an abrasive during
simultaneous dynamic contact of the polished surface, abrasive particles, and
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polishing pad. Ideally, in both dielectric and metal CMP, formation of the
modified layer, either by hydrolysis or oxidation, is self-limited. That is to
say, a suitable chemical environment for CMP should not cause any signifi-
cant chemical etching of the surface. Indeed, there should be no substantial
material removal without the action of the abrasive and pad. Within the con-
text of classical corrosion, this implies that during metal CMP the surface
should be effectively passivated. This combination of surface passivation and
abrasion is the essence of the Kaufman model, which was first proposed to de-
scribe tungsten polishing [58]. Other workers have extended this model [59].
However, more recent work by Stein [60] and others [61, 62] indicates that the
Kaufmann model suffers from serious limitations. To be specific, a simplistic
picture of passivation and abrasion of the metal surface cannot account for
all of the material removed during CMP. Even so, the overall picture of metal
polishing as the result of mechanical interaction of an abrasive and pad with
a chemically modified metal surface remains generally accepted.

It is still most common for free solid abrasive (typically aluminum oxide
or silicon dioxide for metal CMP) to be dispersed in an aqueous solution con-
taining the appropriate oxidizing chemistry, either as a suspension or a true
colloid, to form a slurry. Conventional metal polishing then follows. A more
recent development is incorporation of abrasive properties into the polish-
ing pad itself. In this case, during the polishing process slurry is replaced
by a polishing solution containing only the chemistry. This situation can be
realized either by impregnation of pad material with the same free solid abra-
sives customarily used in slurries (so-called “fixed abrasive” technology) or
by use of either the inherent or a modified pad microstructure without in-
corporation of additional abrasive (so-called “abrasive free” technology). In
any case, as material is removed from the metal surface, the modified surface
layer must be rapidly regenerated by the chemistry. In this way, aggregate
metal overburden is removed and a planarized surface is formed.

In all types of chemical mechanical polishing, the interaction of both abra-
sive particles and pad materials with the material to be removed is typically
considered to be mechanical in nature. Under this assumption, chemical mod-
ification of a polished surface is controlled primarily by species dissolved in
the liquid component of the slurry and subsequent removal of the modified
layer is due to mechanical action of the pad and abrasive. Indeed, it is the
chemical reactivity of the liquid that provides the fundamental distinction be-
tween chemical mechanical and merely mechanical polishing in which abrasive
is suspended in an inert liquid. Of course, this is an oversimplification and it
is not really possible to separate chemical and mechanical effects so neatly.
For example, at high pH, surfaces such as silicon dioxide are modified by hy-
droxylation, but this is not the case at lower pH. However, it has been found
that many metal oxide abrasives efficiently polish quartz glass under neu-
tral or even acidic conditions. Furthermore, the morphology of the resulting
surfacesissinconsistentwith-grosssmechanical abrasion, i.e., surface fractures,
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scratching, and other types of abrasive mechanical defects are essentially ab-
sent. Corresponding situations also exist for metal polishing. Therefore, as
suggested by Cook [63], the abrasive itself may possess some sort of “chemical
tooth” that participates directly in material removal. This further suggests
that during contact between the abrasive and the polished surface, perhaps
pressure induced oxidation/hydration followed by adhesion of contacting sur-
faces results in material removal. However, the detailed removal mechanism is
not well understood even for a relatively simple case such as glass polishing.
Moreover, for metal polishing this situation is further complicated by the pos-
sibility that solid abrasives, e.g., cerium or manganese dioxides, might even
react directly, perhaps as oxidizing agents. Now, if in addition to oxidizers,
for various purposes buffers, surfactants, and/or complexing agents are also
added to the slurry or polishing solution, the removal chemistry may become
very complex indeed. Therefore, since chemistry plays such a central role in
metal polishing, it is useful to review some basic concepts.

3.5 Acid—Base Equilibria

By definition, aqueous solutions are formed when various substances are dis-
solved in pure water. Dissolution may involve only dispersion of electrically
neutral molecular species, e.g., water soluble organic compounds such as sug-
ars or alcohols or non-condensable gases such as O and N, or it may involve
simultaneous dissociation and dispersion of electrically charged ionic species,
e.g., inorganic salts and organic or mineral acids. In any case, dissolved molec-
ular or ionic species are identified as solutes with water acting as the solvent.
Furthermore, as a useful informal convention or “rule of thumb”; a given
volume of a classical aqueous solution should contain at least roughly ten
times more solvent, i.e., water, than any solute. If the solution becomes more
concentrated than this, then its character is likely to deviate drastically from
that of a classical aqueous solution. (Indeed, substantial deviation from ideal
behavior is generally observable even at much lower solute concentrations.)

Now, at reasonable temperatures, pure water undergoes partial dissocia-
tion or autoprotolysis to form equal amounts of aqueous hydrogen and hy-
droxide ions. Of course, these ionic species are electrically charged and are
conventionally represented as HY and OH~. Autoprotolysis is customarily
represented as a chemical equilibrium:

H,O=H' + OH™ K, =101,

Here, K, is the autoprotolysis equilibrium constant, which at 300°K has
a standard value of 10714M?/L2. In passing, it should be noted that while
conceptually useful, the primitive hydrogen ion, H*, has no real physical ex-
istence in.aqueous.solutions.Alternatively, the hydronium ion, H3O0*, which
explicitly indicates solvent interactions, is often used instead of H' as a more
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realistic description of the chemistry of aqueous media. Even so, there is re-
ally no conclusive evidence for the existence of H3O1 as a definite aqueous
species. Indeed, it is a common consensus that the structural nature of aque-
ous hydrogen ions is even now only imperfectly understood. Therefore, within
the present context, it is convenient to ignore such issues and continue with
the primitive usage of H.

Since in pure water equal amounts of hydrogen and hydroxide ions are
formed by dissociation, the concentrations of each species must be 107 molar
(i.e., moles/liter) under equilibrium conditions. This motivates the standard
definition of pH:

pH = —log;o[H"].

Here, [H"] denotes the molar concentration of hydrogen ions. Likewise, [OH ]
denotes the hydroxide ion molar concentration and, although not used as
commonly, pOH can be analogously defined, thus:

Clearly, due to the autoprotolysis equilibrium, pH and pOH cannot be inde-
pendent, but must be related by the simple additive formula:

pH + pOH = 14.

Obviously, for pure water pH and pOH are equal and, thus both have a value
of 7. This defines the condition of neutrality.

By definition, a classical or Brgnsted acid is any chemical compound that
dissociates to form equivalent concentrations of hydrogen ions and “specta-
tor anions” when dissolved in water. Likewise, a Brgnsted base dissociates
in water to form equivalent concentrations of hydroxide ions and “spectator
cations”. Both Brgnsted acids and bases can be classified as strong or weak.
By definition, strong acids and bases are essentially dissociated completely
when dissolved in water. Examples of strong acids are the common mineral
acids such as hydrochloric, nitric, or sulfuric acids and examples of strong
bases are the common caustics such as sodium or potassium hydroxide. In
contrast, weak acids or bases do not dissociate completely. Therefore, in ad-
dition to spectator and hydrogen or hydroxide ions, a solution of a weak acid
or base also contains a substantial concentration of the undissociated parent
species. These concentrations are dependent on temperature and are deter-
mined by a material specific thermodynamic equilibrium constant. Acetic
acid and aqueous ammonia, i.e., ammonium hydroxide, are common exam-
ples of a weak acid and a weak base.

3.6 Buffering

In metal CMP it is generally desirable, among other things, to control pH in
a relatively narrow range to allow for better control of the removal chemistry.
‘This is-accomplished-by-buffening-On the acidic side of neutral (pH < 7),
a buffer system is set up as a mixed solution of a weak acid and a salt of the
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same weak acid, e.g., acetic acid and sodium acetate. Similarly, on the basic
side (pH > 7), a buffer system is formed by a solution of a weak base and
a corresponding salt, e.g., ammonium hydroxide and ammonium chloride.
Strong acids and bases cannot be used as buffering agents.

To understand how a buffer controls pH, one must consider dissociation
equilibria of weak acids or weak bases. In the case of a weak monoprotic acid,
this equilbrium can be represented as follows:

HA = HT +A™.

Here, A~ denotes the spectator anion formed when a molecule of the
weak acid, HA, dissociates. In chemical terminology, A~ is identified as the
conjugate base of the acid, HA. Naturally, hydrogen ions are also formed by
dissociation of HA. Thus, the corresponding equilibrium expression has the
form:

HJ[A7]

Ka= [HA]

Here, [HA] is the concentration of remaining undissociated acid, [A7] is the
conjugate base concentration, and K, is the acid dissociation equilbrium
constant for HA. For aqueous solutions, these constants are extensively tab-
ulated in standard reference literature. By definition, K is small, i.e., < 1,
for a weak acid. Thus, for a solution of the pure weak acid the pH is given
by the formula: .
) (PKa — log;o[HA]).

In close analogy to pH, pK, is just defined as — log,, K. Clearly, this expres-
sion is obtained by combining the reaction stoichometry with the equilibrium
expression. Furthermore, since HA is only slightly dissociated, [HA] can be
taken as just the nominal concentration determined from initial mixing con-
ditions.

Now suppose that in addition to the pure acid, HA, a significant concen-
tration of the conjugate base, A, is independently added to the solution.
This can be done either by direct addition of a salt containing A~ or by
adding a strong base to the solution to partially neutralize some of the weak
acid. Again, an expression for pH can be obtained from the reaction stoi-
chometry and the equilibrium expression:

pH =

pH = pK, +logyg (%) .

The important feature to observe in this formula is that pH is determined
by pK, and the ratio of A~ and HA concentrations. Clearly, if the concen-
trations of A~ and HA are exactly equal, then pH and pK, are also equal.
More to the point, if additional acid or base is either added to or chemi-
cally generated within the solution, in order to maintain equilibrium A~ is
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converted to HA by excess acid or HA is converted to A~ by excess base,
respectively. Provided that the amount added is not too large, the concen-
tration ratio remains relatively close to unity. Since the dependence on the
concentration ratio is logarithmic, this means that pH is maintained within
a relatively small range about pK,. A buffer system will continue to main-
tain a stable pH until substantially all of either A~ or HA is consumed by
excess acid or base, respectively. By definition, the amount of excess acid or
base that can be absorbed by a buffer determines buffer capacity. Of course,
an entirely analogous treatment can be formulated for a weak base. There-
fore, a buffer system can be obtained for any given pH value by a judicious
choice of a weak acid or base having an optimum value of the dissociation
equilibrium constant.

In passing, one should recall that any weak acid (or base) has a corre-
sponding conjugate base (or acid). Therefore, conjugate acid and base dis-
sociation constants are not independent, but are formally related since the

Table 3.1. Selected Acid Equilibrium Constants

Acid/Base System Ka pK. Charge
state®
Acetic acid/Acetate 1.76 x 1075 4.75 0
Ammonium/Ammonia 5.59 x 1071°  9.25 +1
Benzoic acid/Benzoate 6.46 x 107> 4.19 0
Citric acid/Dihydrogen Citrate 7.24 x 107* 3.14
Dihydrogen Citrate/Hydrogen Citrate 1.68 x 1079 4.77 -1
Hydrogen Citrate/Citrate 4.07 x 1077 6.39 -2
Oxalic Acid/Hydrogen Oxalate 5.90 x 1072 1.23 0
Hydrogen Oxalate/Oxalate 6.40 x 107° 4.19 -1
Pthallic acid/Hydrogen Pthallate 1.3 x 1073 2.89 0
Hydrogen Pthallate/Pthallate 3.09 x 10°¢  5.51 -1
Tartaric/Hydrogen Tartrate 1.04 x 1073 2.98 0
Hydrogen Tartrate/Tartrate 4.55 x 107° 4.34 -1
Hydroxylammonium/Hydroxylamine 9.33 x 1077 6.03 +1
Ethylammonium/Ethylamine 1.56 x 107'*  10.81 +1

Ethylenediammonium/Aminoethylammonium 1.94 X 107 10.71 +1
Aminoethylammonium/Ethylenediamine 2.73 x 1078 7.56 +2

Note: The suffix “-ium” denotes cationic species, the suffix “-ate” denote anionic species, all
names denote neutral molecules.
* Charge state is for the acidic species; the conjugate base will have one unit of charge less (e.g.,

acetate has a charge of 1, ammonia has a charge of 0, etc.).
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product of the two is exactly the autoprotolysis constant, K,. Hence, litera-
ture compilations are often given in terms of acid constants only, since cor-
responding base dissociation constants can be trivially obtained from them.
Furthermore, for acids that can dissociate more than once, e.g., phosphoric
or pthalic acid, independent dissociation equilibrium constants are associated
with each dissociation reaction. Selected acid constants are given in Table 3.1.

3.7 Oxidation—Reduction Reactions

As observed at the outset, for metal CMP an oxidizing chemical environment
is required. Now, in colloquial usage, the term oxidation means chemical
combination of a given material with oxygen, generally from the atmosphere.
This is usually thought of in terms of combustion of fuels or tarnishing or
rusting of metals. However, in a chemical sense, oxidation has a very pre-
cise meaning. To be specific, a chemical element or compound is oxidized
when it undergoes a net loss of valence electrons. Therefore, when a metallic
substance, e.g., copper, is oxidized, neutral metal atoms lose electrons and,
thus, take on a net positive charge. This might seem no different than simple
ionization and, indeed, simple aqueous metal ions having the full net charge
are often formed by oxidation. However, oxidation processes generally occur
within a complex chemical environment in which the metal may be closely
associated with other chemical species and in this way the net charge may
be “hidden”. Therefore, to cover all situations, the term oxidation state is
introduced. By definition, a pure elemental metal is said to have an oxida-
tion state of zero. Upon oxidation, this changes to a positive value, which
corresponds numerically to the hidden net charge irrespective of the actual
charge of the relevant chemical species.

Naturally, an inverse process called reduction must exist which involves
a net gain of valence electrons. To relate this terminology to colloquial us-
age, a metal atom is oxidized when it loses valence electrons to atmospheric
oxygen to form metal oxide, but since oxygen gains electrons from the metal,
it is reduced. (Of course, in the presence of not just oxygen, but also water
or carbon dioxide, hydroxides and/or carbonates may be formed as well.)
Similarly, within the context of metal CMP, the oxidizer species contained
in the slurry or polishing solution undergoes reduction when the metal sur-
face is oxidized. In general, since free electrons do not appear as a stable
species in an aqueous environment, oxidation and reduction processes must
always occur simultaneously such that electron transfer is exactly balanced.
Hence, the overall process including both oxidation and reduction is called
an ozidation-reduction reaction. This is commonly abbreviated to just “redox
reaction.” Clearly, a general characteristic of an oxidation-reduction reaction
is the transfer of valence electrons between chemical species to increase the
oxidationstate-of onesspeciesrandtordecrease the oxidation state of the other.
This does not happen in acid-base reactions, which involve only dissociation



3 Metal Polishing Processes 67

of acidic or basic compounds in water (or other solvents) to form dissolved
species.

3.8 Half Reactions

Now, for the description of oxidation-reduction processes, it is generally con-
venient to divide an overall reaction into two explicit “half-reactions”; one
of which involves the oxidized reactant and the other of which involves the
reduced reactant. Of course, free electrons must now formally appear as tran-
sient reactants or products in these half-reactions, even though they do not
exist physically in an aqueous environment. By definition, a reduction half-
reaction has free electrons as a reactant species and an oxidation half-reaction
has free electrons as a product species. Clearly, the overall reaction is obtained
by combining oxidation and reduction half-reactions such that the same num-
ber of electrons occur as reactants and products and, hence “cancel out.” Fur-
thermore, it is obvious that any oxidation half-reaction becomes a reduction
half-reaction (and vice-versa) if designations of reactants and products are in-
verted. Therefore, as a matter of convention, oxidation-reduction chemistry
can be summarized exclusively either in terms of formal reduction or for-
mal oxidation half-reactions. Indeed, both conventions are commonly in use,
however, in recent years reduction half-reactions have become the preferred
description. Thus, a generalized reduction half reaction can be represented
as follows:
Xox + ne” — Xieqd-

Here, X,x and X..q denote oxidized and reduced species, respectively. Of
course, the preceding half-reaction implies reduction of one equivalent (i.e.,
some consistent quantitative chemical unit of measure such as moles, mole-
cules, or atoms) of X, to one equivalent of X,eq and involves the transfer of
n equivalents of electrons. Furthermore, X x and X,eq may not correspond
to just a single species, but rather may represent several species in aggre-
gate. Indeed, in aqueous solutions solvent species, i.e., water and hydrogen
or hydroxide ions, commonly appear as reactant and product species in half-
reactions. Usually, they are not themselves oxidized or reduced, but are re-
quired to maintain overall charge and mass balance. As a consequence, any
half-reaction that includes solvent species interacts with acid-base equilibria
that might be present and, therefore, is generally dependent on pH.

3.9 Electrode Potentials

Association of a numerical electrode potential with any particular half-
reaction _serves to quantify oxidation-reduction chemistry. These values are
generally determined experimentally and as in the case of acid dissociation
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constants, extensive compilations of electrode potentials appear in the ref-
erence literature. Historically, oxidation-reduction chemistry was studied in
connection with battery technology. In a battery, oxidation and reduction
processes proceed on two independent electrodes immersed in an aqueous so-
lution or electrolyte, which are physically separated by a membrane (or some
other means). As a consequence of the separation, electrons transferred in
the overall chemical reaction appear as electrical current flowing through an
external circuit. The open circuit potential developed by a battery is a pro-
portional measure of the thermodynamic free energy change of the overall
reaction. Furthermore, the overall free energy change can be separated into in-
dependent contributions from oxidation and reduction processes. As a matter
of convention, these are expressed as equivalent electrical potentials, i.e., elec-
trode potentials. Of course, as with many thermodynamic quantities, these
potentials must be evaluated relative to some fixed standard. By convention,
this is the potential of the standard hydrogen electrode or SHE, which con-
sists of an inert platinum electrode immersed in a unit normal acid solution,
i.e., pH = 0, under one atmosphere of hydrogen gas at 300°K. Clearly, the
reduction half-reaction associated with SHE can be written as follows:

1
I‘I+ +e — EHQ

Here, one unit of aqueous hydrogen ion is reduced to one half unit of hydro-
gen gas. While it is not always realizable physically, the electrode potential
appropriate to any half-reaction can be envisioned hypothetically as the open
circuit potential generated by a battery made by combining SHE and an elec-
trode on which the desired half-reaction is occurring. Therefore, this implies
that the standard electrode potential of SHE is exactly zero. In addition, the
standard reduction potential for any particular reduction half-reaction is de-
fined as the corresponding electrode potential one expects to observe under
conditions that all aqueous species are of unit concentration, i.e., unit molar,
all gaseous species are at a pressure of one atmosphere, and the temperature
is 300°K.

As a practical matter, standard reduction potentials serve to quantify
the ozidation strength of a particular chemical species. In general, oxidizers
appear as reactants in reduction half-reactions, such that the more positive
the corresponding reduction potential, the stronger the oxidizer. For example,
fluorine gas is the strongest oxidizer known and appears in the corresponding
reduction half reaction:

1
§F2 +HT +e” > HF.

The corresponding standard reduction potential is 2.9178 V. Similarly, hydro-
gen peroxide, which is a commonly used oxidizer for metal polishing, appears
in the half-reaction:

H>0, + 9H™ + 2¢ — 2H50.
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In this case, the standard reduction potential is 1.776 V. Obviously, hydrogen
peroxide is not as strong an oxidant as fluorine, but it still has considerable
oxidation strength.

Now, as mentioned previously, standard reduction potentials have been
extensively tabulated. Furthermore, these are customarily arranged in nu-
merical order (either ascending or descending) to define the electrochemical
series. In principle, an oxidizer corresponding to a more positive reduction
potential should be able to oxidize reduced species appearing as a product
in a reduction half-reaction having a less positive reduction potential. In the
preceding example, this means that fluorine gas should be able to oxidize
water to hydrogen peroxide according to the overall reaction:

F2 + QHQO — 2HF + H202.

Of course, a relevant half-reaction for metal polishing is reduction of aqueous
tungstate ion to metallic tungsten:

WO?2~ +8H' 4 6e~ — W + 4H,0.

The corresponding standard reduction potential is found to be about 0.05 V.
Clearly, hydrogen peroxide can be expected to oxidize metallic tungsten ac-
cording to the formula:

W + 3H,05 — WO~ + 2H,0 + 2H ™.

This overall reaction is actually observed since an aqueous solution of hydro-
gen peroxide is known to dissolve metallic tungsten at an appreciable rate.

Of course, standard conditions (unit concentrations, etc.) are only rarely,
if ever realized in practice. Thus, it is desirable to obtain electrode poten-
tials for actual conditions if at all possible. In principle, if E° and E are
defined respectively as the standard reduction potential and the correspond-
ing reduction potential adjusted to non-standard conditions, then this can be
accomplished by means of the Nernst equation, which for a generic reduction
half-reaction, takes the form:

RT (A
E=E"+—1 ).
B +nFn<Ared>

Here, R is the perfect gas constant, T is absolute temperature, F' is Faraday’s
constant, and n is the stoichometric coefficient of electrons in the reduction
half-reaction. By definition, A, and A,.q denote “aggregate activities” of
oxidized and reduced species, i.e., Xox and X,eq, respectively. In practice, it
is convenient to convert natural logarithms to base 10 logarithms:

A
E=E°4 7] ox )
+n 0810 <Ared>
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In addition, effective thermal potential, o, is defined as (In10)R/F and has
a nominal value at 300°K of 59.159366 mV (or mV per equivalent).

Asis usual, Ao and A,eq are obtained by taking the product of individual
chemical activities each raised to the power of its corresponding stoichometric
coefficient. Thus, for the tungstate/tungsten half-reaction appearing previ-
ously, one can write:

Agr. AB,
E=E° ¢ Zlog,, [ O _THT )
6 "\ AwAf,o

It is evident that in this case the value of n must be 6. Now, activities
of dissolved species correspond closely to and for most purposes can be esti-
mated as molar concentrations. Furthermore, since chemical effects of water
and/or solid materials such as metallic tungsten, are constant as long as
any amount remains present, the corresponding activities are conventionally
defined to be unity. Therefore, it follows that,

E=E"+ %loglo ((WO3T)H']®) = E° + %loglo[WOi*] - %‘PpH.

Of course, as the electrode potential, F, becomes more positive, oxidation of
metallic tungsten to tungstate ion becomes more difficult. Clearly, this implies
that in the absence of competing effects, the presence of aqueous tungstate
ion tends to suppress oxidation of metallic tungsten. In contrast, when the
tungsten overburden is cleared from the substrate surface the tungstate con-
centration in the slurry must fall. It is evident from preceding considerations
that this tends to promote tungsten dissolution in patterned features. At
least in some cases, this may account for anomalously large rates of metal
loss sometimes observed for particular patterned features. Furthermore, such
issues are not limited to CMP, but may arise in other aqueous processes such
as cleaning after CMP or other process steps. In addition, such effects are not
limited to tungsten and can be observed for other types of metal polishing,
most notably copper.

If for convenience, one assumes that all species except hydrogen ions are of
unit activity, i.e., unit concentration, one atmosphere gas pressure, condensed
phase, etc., then Nernst’s equation can be expressed generally in terms of pH
only:

E = E° + L1og,,[H]"™ = B — “EpH,

Here, ny is the stoichometric coefficient of hydrogen ion in the reduction half-
reaction. By convention, ny is taken to be positive if H appears as a reactant
and negative if H' appears as a product. Clearly, this general expression is
consistent with the particular result obtained for the tungstate/tungsten half-
reaction.

In passing, it should be mentioned that in the absence of complexing
agents;ymetalssthateformesurfacesoxide or hydroxide layers in alkaline me-
dia enter solution as soluble aguo cations. (An aquo cation is formed when
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a simple “bare” metal ion complexes with some number (usually six) water
molecules.) However, some metals form surface oxide layers in acidic media.
In this case, instead of aquo cations soluble ozo anions may be formed in
alkaline media. (An oxo anion is formed by a central metal atom strongly
bonded to some number (usually four) oxygen atoms and is characteristic of
high metallic oxidation states.)

3.10 Complexation

In the preceding discussion, only metal, metal containing compounds (oxides
or hydroxides) and ions, and solvent species, such as hydrogen or hydroxide
ions and water molecules, have been considered as chemically active. All other
species have been treated as inactive spectators. Of course, this is a gross
oversimplification. In particular, very many metal containing complexes are
known to exist and can form in aqueous media. By definition, a metal com-
plex is a chemical species that has a metal atom in a central position to which
various ligand species are chemically bonded. The metal atom is usually in
one of its common oxidation states, although complexes are known for almost
any oxidation state (including zero). Since, the central metal atom is elec-
tron deficient due to oxidation, typical ligand species are electron donating
molecules or ions. The number of ligands is called the coordination number
and is typically four or six, but different coordination numbers are possible
depending on the particular metal. Typically, the ligands form a regular ge-
ometrical arrangement around the central metal atom. For a coordination
number of 6, this is a regular octahedron. For a coordination number of 4,
both tetrahedral and square planar arrangements can occur.

To illustrate this further, one can consider the nature of the hypothetical
aqueous species, M?*, introduced previously. At first glance, it might appear
that this just represents a metal atom that has lost two valence electrons.
Indeed, simple atomic ions can and do exist in gases and plasmas, but as
mentioned previously in aqueous solution they commonly form aquo cations,
which in the present example consists of molecular water ligands coordinated
with a central M atom in an oxidation state of two. Assuming the most
common coordination number of 6, aqueous M1 corresponds to the structure
shown in Fig. 3.22.

3
o

Fig. 3.22. Aquo cation corresponding to M?T
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N

Fig. 3.23. Ligand exchange with an aquo cation

Here, the metal atom is represented by the central light gray sphere,
and oxygen and hydrogen atoms by dark gray and black spheres, respec-
tively. Since water molecules are uncharged, the cationic aquo complex,
[M(H50)6)?", has an overall charge of positive two.

In general, water is a relatively weak ligand. Indeed, there are many other
aqueous species that complex much more strongly than water. Therefore, if
such a species is present, it may displace water from the simple aquo com-
plex to form a different, more stable complex. This reaction is illustrated
pictorially in Fig. 3.23.

Here, the checkered sphere represents an alternative complexing species,
perhaps a halide or pseudohalide ion, which displaces a water molecule from
the aquo complex. Clearly, if the ligand is a sufficiently strong complexing
agent, all of the water molecules may be displaced to form a complex con-
taining only the central metal and the alternative complexing species. If,
as above, the coordination number is 6, then complete ligand exchange is
represented in Fig. 3.24.

Clearly, if the ligands are anionic species such as halide ions, the complex
is no longer cationic, but becomes anionic with an overall charge of nega-
tive four. Even so, the central metal atom remains in its original oxidation
state, which in this case is 2. Of course, if the ligand species is not so strong
a complexing agent, then not all of the water may be displaced. This results in
a series of complex species related by the appropriate equilibria. Furthermore,
these equilibria are usually pH dependent. Indeed, this situation becomes es-
pecially complicated if one of the ligand species is the hydroxide ion, and
hydrozo complexes are formed (as often happens in alkaline solutions). In
this case, the equilibrium between aquo and hydroxo complexes can just as
well be considered as an acid-base equilibrium as a complexation equilibrium.

Fig. 3.24. Complex formed by complete ligand exchange
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Some examples of common complexing agents are, as mentioned, aqueous
anionic species such as halide ions, i.e., fluoride, chloride, bromide, and iodide,
pseudohalide ions, e.g., cyanide, thiocyanate, etc., and various carboxylate
anions. Furthermore, there are a number of neutral species such as ammonia
and amines, which also can form strong complexes. Furthermore, there is
a particularly interesting group of complexing species called chelating agents.
(The resulting complexes are often called chelates, which is derived from
the Greek word for “claw”.) Typically, these are large organic molecules or
ions that coordinate more than once with a metal atom. One of the most
common of these is EDTA (ethylenediaminetetraacetic acid), though many
others are known. This particular compound contains two amine and four
carboxyl functional groups in every molecule. Each one of these functionalities
can complex with the central metal atom, hence one single molecule of EDTA
can satisfy sixfold coordination entirely by itself.

In general, complexation results in dissolved metallic species that are ther-
modynamically more stable than simple aquo ions. Therefore, in an oxidative
environment this tends to promote dissolution of the metal and reduce the
effect of any passive surface layer. For metal CMP, complexation can be gen-
erally expected to increase the removal rate, though precise effects are difficult
to predict. Complexing agents can be added intentionally to the slurry or pol-
ishing solution as might be the case with phthalates or EDTA, or they may be
formed as byproducts of oxidation-reduction, e.g., halide ions. Furthermore,
amines or carboxylic acids can act as both buffering and complexing agents.

Again, for completeness one should observe that aquo and hydroxo com-
plexes are formed in water if the oxidation state of the metal is relatively
low, typically 4 or less. If the oxidation state is higher, e.g., 6 as is the usual
case for tungsten, then the metal atom is so highly electron deficient that
oxo anions are formed instead. Now, it can happen, usually for an oxidation
state of 5, that an oxo cation is formed, which has characteristics of both oxo
and aquo or hydroxo species. Not surprisingly, the chemistry becomes quite
complicated; however, such situations are generally not important in metal
CMP as currently practiced and, thus will be ignored.

In a typical oxo anion the central metal atom is very strongly bound to
three or four oxygen atoms. In the most common case of four, these invari-
ably form a tetrahedral arrangement. As is indicated on the right hand side
of Fig. 3.25, hydrogen atoms can also be bound to oxygen atoms; usually

@ %
Sg® e®

Fig. 3.25..0x0 anion



74 D.R. Evans

one or two, but this bonding is weak and these hydrogens are highly acidic.
(In principle, an electrically neutral acid containing the oxo anion can be
formed, however, these are often unstable.) Examples of common oxo anions
are chromate and permanganate. (Obviously, for CMP, tungstate is of par-
ticular importance.) Although oxo anions have some similarities to typical
complex species, they are usually not considered to be true complexes be-
cause the “oxide ligands” are so strongly bound to the central metal atom
that they do not undergo ligand exchange reactions to any appreciable de-
gree. Clearly, this means that common complexing agents cannot displace the
oxygen atoms to form bonds with the central metal atom. Thus, within the
context of metal CMP, if the dissolved metallic species is primarily an oxo
anion, complexing agents can be expected to have little effect.

3.11 Surfactants and Inhibitors

In addition to oxidizers, buffers, and complexing agents, surfactants and in-
hibitors are also usually incorporated into polishing chemistry. By definition,
a surfactant is a dissolved chemical agent that reduces the surface or inter-
facial tension of a liquid phase, typically water, in contact with some second
phase. In general, the second phase can be a solid, liquid, or gas. In broad
terms, this phenomenon is caused by accumulation of surfactant molecules
at the liquid surface.

As a practical matter, surfactants are found to affect wetting of a lig-
uid phase to a solid phase quite dramatically. Classically, wetting behavior is
described by the geometry of a liquid drop resting on a solid surface. Further-
more, if one ignores any effect of gravity, i.e., the drop is relatively small, the
drop shape can simply be taken to be that of a partial sphere. Phenomenolog-
ically, if wetting is poor, the drop “balls up” or “beads” and liquid is readily
shed from the solid surface. In contrast, if the surface is well wetted, the drop
“spreads” and liquid is not easily removed. Within this context, wetting be-
havior is conveniently described in terms of droplet contact angle, 8, which
is illustrated by Fig. 3.26.

liquid drop

solid surface

Fig. 8.26. Definition of contact angle
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Clearly, if € equals 7, i.e., 180°, then the droplet touches the surface only
at a single point, hence the liquid does not wet the solid at all. In contrast,
if 8 equals 0, then the liquid completely wets the solid surface. Naturally,
partial wetting occurs for values of 8 between 0 and 7. Various methods are
used for contact angle measurements, but all should give similar results.

If, as is usual, one assumes that when the liquid and solid materials are
not in contact with each other, they are in contact with the atmosphere
under standard conditions, then contact angle is determined by the values of
air-solid, air-liquid, and liquid-solid interfacial tensions. This relationship is
quantified by Young’s relation [64]:

S —VSL
YL

Here, v5 and «y, are air-solid and air-liquid surface tensions, respectively, and
s, is the liquid-solid interfacial tension. Generally, ys and -y, are positively
valued, but gz is not necessarily positive and may become negative if the
liquid strongly binds to the solid surface. Physically, interfacial tension is
identified with the thermodynamic free energy of formation per unit area of
interface. Therefore, an interface having a high interfacial tension is more
difficult to form than one having a low interfacial tension. This is further
made evident by explicit consideration of Young’s relation. Clearly, if vgy, is
indefinitely large and positive, then the right hand side of Young’s relation
becomes less than —1, hence, # is mathematically undefined. This means that
a stable interface between the liquid and solid cannot be formed. In the case
of water, such a solid surface is said to be hydrophobic and water de-wets from
the surface under normal conditions. Conversely, if vgz is indefinitely large
and negative, then the right hand side of Young’s relation must be greater
than 1. This means that not only is the liquid-solid interface stable, but that
a liquid drop tends to spread indefinitely across the solid surface. Indeed,
spreading will continue until the liquid forms an adsorbed molecular mono-
layer. In this situation, bulk characteristics of the liquid phase are essentially
lost. Of course, for water such a solid surface is said to be hydrophilic. Again,
in a strict mathematical sense, # is undefined, however, in practice contact
angle is usually taken by definition to be 0 for a strongly hydrophilic surface.
Similarly, @ is formally taken to be 7 for a strongly hydrophobic surface. Ob-
viously, if sy has intermediate values, then 6 is between 0 and 7 and the
solid surface is at least partially wetted.

As stated at the outset, the effect of a surfactant dissolved in a liquid
is reduction of interfacial tension. Ideally, the surfactant concentration is so
low that other physical properties of the liquid remain essentially unaffected.
A large number of materials are now known that can act as surfactants when
in dilute aqueous solution. However, the classical example remains that of
ordinary soap, which is usually a sodium salt of a fatty acid, i.e., a long
aliphatic.chain carboxylic.acid-Historically, fatty acids for soaps are derived
from animal fats. More recently, corresponding alkali sulfates and sulfonates

cosf =
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or alkyl ammonium halides have been formulated as synthetic detergents.
The main advantage of detergents over soaps is that unlike soaps, detergents
do not form solid precipitates with alkaline earth and transition metal ions.

Irrespective of exact chemical formulations, compounds that act as aque-
ous surfactants have common structural characteristics. To be specific, they
have a polar “head” group that has strong affinity to water due to dipole-
dipole or ion-dipole interactions, but which is also attached to a relatively
long (typically, eight or more carbon atoms), non-polar hydrocarbon chain
or “tail”. Thus, the polar head of a surfactant molecule is strongly solvated
in aqueous solution, much like any other aqueous ionic species. However, the
tail is not solvated readily and is similar to a non-polar hydrocarbon “oil”
in its interaction with water. Clearly, if the head and tail groups could be
separated as distinct chemical species, one would expect the head to remain
dissolved, but the tail to separate into a separate phase. However, since head
and tail groups are combined within a single chemical species, as illustrated
in Fig. 3.27 surfactant molecules accumulate as a monolayer at solution in-
terfaces with solvated head groups oriented into the bulk of the water and
tails oriented outward.

Here, surfactant head groups are represented by filled circles, tail groups
by irregular line segments, and the interface by the straight solid line. Now, it
can happen that if the surfactant concentration is sufficiently large, a phase
separation does occur. In this case, surfactant molecules form small globules
called micelles that have head groups at the surface and tails in the interior.
The chemical nature of the head group serves to classify surfactants as an-
ionic, cationic, zwitterionic, or nonionic. These classifications are summarized
in Table 3.2. By definition, anionic and cationic surfactants form negative and
positive ions, respectively. Thus, the solution must also contain correspond-
ing aqueous counterions such as alkali metal or ammonium cations (Na™,
K+, NHJ, etc.) or halide anions (C17, Br™, etc.). In contrast, a zwitterionic
surfactant combines anionic and a cationic groups within a single molecu-
lar species and, therefore, does not require separate counterions. Non-polar
surfactants do not form aqueous ions even though they are solvated by water.
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Fig. 3.27. Action of a surfactant
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Obviously, accumulation of surfactant molecules at solution interfaces can
be expected to change interfacial free energy, that is to say surface tension.
Furthermore, polar liquids, e.g., water, generally have significantly higher sur-
face tensions than non-polar liquids, e.g., hydrocarbons, silicones, etc. There-
fore, since non-polar tails of surfactant molecules are oriented outward, the
corresponding interfaces are modified and take on some of the characteristics
of those formed by pure non-polar liquids. Hence, surface tensions of aqueous
media containing surfactant are significantly lowered in comparison to solu-
tions containing no surfactant. This results in better wetting, formation of
emulsions, as well as other associated phenomena. Of course, the degree of in-
terface modification depends directly on surfactant concentration. Within the
context of CMP, surfactants change the interaction between abrasive parti-
cles and the solution. This allows for better particle suspension and collateral
reduction of particle agglomeration. This is particularly important for copper
CMP since copper is soft and easily scratched.

As do surfactants, inhibitors also modify interfaces. However, the relevant
modification is now not a reduction of surface tension, but reduction of some
particular surface chemical reaction rate. Within the context of metal pol-
ishing, this typically means inhibition of oxidation of the metal surface, i.e.,
inhibition of corrosion. It can happen that the same chemical species acts
both as a surfactant and as an inhibitor. However, more commonly these
are different species. Generally, the common characteristic of corrosion in-
hibitors is that under favorable conditions they are adsorbed onto the metal
surface to form a protective coating. Naturally, the structure of this coating
is dependent on inhibitor concentration, electrochemical potential, pH, etc.
One of the most widely known corrosion inhibitors is benzotriazole (BTA)
and related derivatives, such as tolyltriazole (TTA, 5-methyl benzotriazole).
These compounds are characterized by a five member triazole ring consisting
of three nitrogen and two carbon atoms fused with a six member benzene
ring. Molecular structures for BTA and TTA are given in Fig. 3.28. In ad-
dition to triazoles, other amines or amino acids can also serve as corrosion
inhibitors.

In the case of copper and BTA, Vogt et al. [65, 66] have given a detailed
description of copper corrosion and inhibition of corrosion by BTA in acidic
media. In this work, rather direct observations of atomic scale surface struc-

BTA TTA
H H
Nt\ N:\
//N: //N:
N: H;C N:

Figm3:28xStructure of triazoles
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ture have been obtained by scanning tunneling microscopy (STM). Now, in
the absence of BTA, for copper dissolution in sulfuric or hydrochloric acids,
a pronounced difference in surface morphology was observed. This difference
was attributed to complexation of oxidized copper by chloride ions, i.e., for-
mation of the complex ion CuCly~, in hydrochloric acid. According to Vogt
et al., when BTA is directly adsorbed to copper the triazole group binds
to the surface with the benzene ring oriented outward toward the solution
and the ring plane nearly perpendicular. Of course, at low concentrations
surface coverage must be incomplete. Clusters and chains of BTA molecules
were observed by STM. As concentration is increased, a monolayer is formed
and at even higher concentrations a relatively thick multilayer incorporating
a small amount of oxidized copper is precipitated. Formation of the BTA
layer is self-limiting and, hence, the copper surface is protected from further
chemical attack. Clearly, the overall result is similar to natural passivation of
a metal surface by the formation of an impermeable oxide layer. Indeed, the
BTA layer can be considered as an artificial passivation. It was also found that
the presence of chloride ion reduced the effectiveness of a complexing species
such as chloride ion can reduce the effectiveness of a corrosion inhibitor.

3.12 The Future of Metal Polishing

No discussion of metal polishing could be complete without some prognosti-
cation as to future trends. It seems clear that tungsten and copper polishing
will continue to be mainstream fabrication techniques for the foreseeable fu-
ture. Within this context, equipment and consumables will be improved to
support these processes. Although it has not been discussed previously, there
continues to be a small amount of interest in damascene aluminum fabrica-
tion. However, aluminum is difficult to polish owing to the intrinsic softness
of the metal and hardness of the oxide. In addition, dry etching processes for
aluminum are well established and appear to be extendable to the required
dimensional tolerances. Therefore, it is not likely that aluminum CMP will
ever become a widely implemented process.

Of more importance is noble metal polishing for advanced nonvolatile
memory device fabrication [67, 68]. Of particular interest are platinum and
iridium. These metals are required as electrodes for perovskite materials such
as PZT (lead zirconium titanate), etc. Currently, there is considerable interest
in CMP of these metals because, as is the case with copper, they are nearly im-
possible to etch cleanly and anisotropically. Unfortunately, due to their gen-
eral chemical inertness, they are also difficult to polish. However, reasonable
results have been obtained with various proprietary slurries and removal rates
as high as 200 nm/min have been observed. In addition, CMP of noble metal
oxides is also of interest since these materials are also used in this application.

A closely related-area-is.damascene gate fabrication. This technology is
being driven by fundamental limitation of device performance due to carrier
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depletion of doped polysilicon gate electrodes [69, 70]. At present there are
many candidate metals for this application. However, this choice becomes
complicated in a dual metal gate scheme, because for the p-channel devices
a metal with a high work function is required. This severely limits possibilities
and one is again forced to consider the noble metals such as platinum and
iridium. In contrast, for n-channel devices a relatively low work function is
required and many metals are applicable. Even so, optimization of CMP for
such a process presents a serious challenge.
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4 Metal CMP Science

David Stein

4.1 Introduction

Tungsten CMP slurry chemistries are more reactive than oxide CMP slur-
ries. Abrasive in a pH controlled fluid is not able to remove the tungsten
metal, presumably due to the hardness and the relative inertness of tung-
sten. To overcome these difficulties, an oxidizer is incorporated in tungsten
CMP slurries. Kaufman et al. [1] introduced the first widely accepted model
of the tungsten CMP process; a part of that work included a model for the
removal of tungsten during CMP. The model involves the formation, due to
the oxidizing nature of the slurry, of a blanket tungsten oxide film (passivated
layer) hypothesized to be softer than the un-passivated metal. Figure 4.1 de-
picts the model. According to this model, mechanical abrasion from the slurry
and the polishing pad, where the pad contacts the tungsten film, removes the
passivation layer. The bare metal, when re-exposed to the oxidizer, immedi-
ately oxidizes. The abrasion-passivation process is hypothesized to continue
until a material that does not passivate and/or does not lend itself to me-
chanical abrasion (a stop layer) is reached. This mechanism requires that all
tungsten removed be in an oxidized state.

The constituents of the aqueous polish slurry used by Kaufman were
potassium ferricyanide (an oxidant), ethylene diamine (a possible complexant
for tungsten), and potassium dihydrogen phosphate (a buffering agent, slurry
pH = 6). The proposed etching reaction was

W + 6Fe(CN)g % 4 4H,0 — WO3 ™ + 6Fe(CN)g* + 8H'. (4.1)
The competing passivation reaction was proposed as
W + 6Fe(CN)g % 4 3H,0 — WO3 + 6Fe(CN)g* + 6H™. (4.2)

The authors suggested that the relative rate of each process was dependent on
pH and table rotation rate due to the hydrogen ion formation and transport
rates.
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1- Passive film formation:
W + 3H,0 - WO, + 6H" +6e

2- Abrasion removes
passive film

Removal occurs by
repetition of steps 1 and 2

w

Fig. 4.1. The model proposed by Kaufman for tungsten removal during CMP.
From [1]

4.2 Tungsten Experimental Data—
Chemical and Electrochemical

The mechanism described above requires that all tungsten removed during
the CMP process be in an oxidized state. The oxidation of tungsten in so-
lution can be studied using electrochemical techniques. The electrochemical
behavior of tungsten in hydrogen peroxide solutions had been investigated
prior to the development of CMP applications [2]. Tungsten dissolves without
inhibition in hydrogen peroxide and the rate of dissolution is proportional to
the peroxide concentration. However, the dissolution rate does not increase
with the addition of HNOj3, HF, HySO,, H3POy, acetic acid, or NaOH. The
proposed dissolution mechanism is

2WO, + 6H205 — HoW504; + 5H,0 (44)
3HaW-041 4+ TH20 — 2HoW3045 + 8H20- . (4.5)

The long-term stable tungsten species in solution as a function of W potential
and solution pH are shown in a Pourbaix diagram [m1](see Appendix). The di-
agram considers only water species and the concentration of tungsten species
is constant at 10™* M. These diagrams describe the system at equilibrium;
they do not give any information about rates of change on species concentra-
tionssinsthe systemsThe-lines-labeleds“a” and “b” represent the stability of
water. Below a pH of 4 the non-soluble oxide WOj is stable. Above a pH of
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4 the soluble oxide WO3~ becomes stable. Pourbaix mentions that tungsten
forms numerous complexes that are not indicated on the diagram such as the
hydrochloric complexes with trivalent tungsten and the cyanide complexes
with pentavalent tungsten. The tungstates of the alkali metals are soluble
while other tungstates are not. Also shown in the Appendix are the general
regions of tungsten passivation (WO3) and corrosion (WO3 ™), as well as the
solubility of WO3™ as a function of pH (the line labeled “4” is the solubility).

Kneer et al. [3] have investigated the electrochemistry of chemical-vapor
deposited (CVD) W in aqueous solutions of interest in W CMP. They obtain
polarization curves of CVD W in solutions of pH 2 and 4, with and without
5% hydrogen peroxide, which are shown in Fig. 4.2.

Their investigation was not performed under polishing conditions. The
authors suggest that an existing surface oxide may affect the dissolution of the
tungsten. They studied the electrochemical characteristics of an anodically
grown W film. These results are shown in Fig. 4.3.

The values of the corrosion current, icory, measured without hydrogen per-
oxide are much lower than those measured with hydrogen peroxide. Figure 4.4
shows the values of 4cop;y Obtained. Note that a current density of 10 pA cm ™2
is equivalent to a blanket removal rate of tungsten of 1 A min—'. They found
that tungsten readily dissolves in hydrogen peroxide solutions at a pH of 2 or
4 and only a thin oxide film, less than 50 A thick, was present on the surface
after drying (measured ez-situ by X-ray photoelectron spectroscopy). They
proposed that this oxide could easily have been formed during the cleaning
and drying process used before the sample was placed into the high vacuum
chamber of the XPS system. Figure 4.5 shows the XPS spectra obtained
from W samples immersed for 48 hours. This data indicate that W, WO,
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Fig. 4.2. Polarization curves of tungsten obtained without abrasion insolutions
with and without HoOs at pH 2 and pH 4. From [3]
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Fig. 4.3. Polarization curves of tungsten obtained without abrasion insolutions
with and without H202 at pH 2 and pH 4. From [3]
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Fig. 4.4. Values of icorr Obtained from the polarization curves. Adapted from data
presented in [3]

and WOj are present on the surface of each sample. They concluded that
tungsten does not form a passive film in the solutions containing hydrogen
peroxide. Thus the abrasion-passivation model proposed by Kaufman et al.
was not applicable to CMP with hydrogen peroxide-based slurries.

In another study Tamboli et al. [4] obtained similar XPS data. Tung-
f solutions of KIO3 and H2O, at a pH
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Fig. 4.5. The XPS spectra obtained from W samples immersed for 48 hours.
From [3]
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Fig. 4.6. The potentiodynamic polarization scans obtained in solutions of KIO3
and H>O; at a pH of 4. From [4]

of 4. Figure 4.6 shows the potentiodynamic polarization scans obtained. The
authors note that W in both solutions shows a passivation regime (the indi-
cated decrease in current density) but that the passivation regime for the W

order of magnitude greater than the
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current density of the passivation regime in KIO3. XPS spectra were taken on
samples polarized at 0.5, 1.8, and 3.0 V with respect to a saturated calomel
reference electrode (SCE). Figure 4.7 shows the variation in ratio of total
oxygen content to tungsten content with polarization potential. The total
oxygen content of the sample polarized in KIOj3 increases due to the growth
of the oxide and additional chemisorbtion of OH groups. The total oxygen
content of the sample polarized in HoOs does not increase with applied po-
tential, a trend that is contrary to the assumption that the change in current
density shown in Fig. 4.7 is a passivation regime. Instead, the authors believe
that what was initially assumed to be a passivation regime is actually a mass-
transfer limited dissolution of tungsten oxide. At lower potentials the oxide
growth is low enough that there is no interference of the direct dissolution of
the W by the HoO5. This study does not investigate the nature or quantity of
oxide that may grow on the surface of tungsten that is undergoing polishing.

Kneer et al. [5] also studied the re-passivation of W after polish. Fig-
ure 4.8 shows open circuit potential (OCP) lines as a function of polishing
time for samples with an anodically grown tungsten oxide film. During pol-
ishing (starting at time 0) the OCP drops as the passivating film is removed.
The OCP reaches a steady state when the passivating film has been removed
and only bare metal is exposed to the slurry. They then stopped polishing
and allowed a natural passivating film to reform on the tungsten. This re-
sulted in an increase in the OCP. Note that the increase in OCP is large for
the slurries without hydrogen peroxide and very small for the slurries con-
taining hydrogen peroxide. This supports the conclusion stated above that

3.5

3 /—'\. (a)

2.5

2

1.5

O/W Ratio
in Oxide form

1

0.5

0 1 2 3 4
Potential vs. SCE

Fig. 4.7. The variation in ratio of total oxygen content to tungsten content with
polarization potential. From [4]
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Fig. 4.8. Open circuit potential (OCP) lines as a function of exposure time for
samples with an anodically grown tungsten oxide film. From [3]

the slurries containing hydrogen peroxide form little or no passivating film.
Polishing began again after a stable OCP was obtained. The natural passive
film that formed was removed much more quickly than the grown passive
film as indicated by the quick return of the OCP to the steady state value
during polish.

Kneer et al. also measured the corrosion current density of W during
polish in various slurry chemistries. The highest corrosion rate measured is
30 Amin~!. The authors compared this number to typical values obtained
during commercial utilization of CMP and concluded that, “[the corrosion
rate] is miniscule when compared to the [removal| rates of 150 to 600 nm/min
obtained under commercial CMP conditions. On this basis, it appears that
the chemical oxidation and dissolution of CVD tungsten is not the primary
removal mechanism in CMP.”

Stein et al. [5, 6] measured the corrosion rate of tungsten with and without
polishing and compared the electrochemically measured rates to the polish
rate determined by weight loss of the same sample. Polish conditions in the
experimental apparatus (pressure, speed, and slurry composition) were de-
signed to be as close to commercial CMP as possible. Corrosion rates were
calculated using a fit of the DC polarization data to the Butler—Volmer equa-
tion and relative corrosion rates were calculated from AC impedance spec-
troscopy data.

Figure 4.9a and 4.9b shows representative Tafel plots obtained by Stein et
al. Figure 4.9a is data taken under static conditions (no polishing). Tungsten
etch rates measured for each sample using weight loss are shown for the basic
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Fig. 4.9. (a) and (b). Representative Tafel plots. (a), top, is data taken under static
conditions (no polishing). (b), bottom, shows representative Tafel plots obtained
during polish. From [6]

persulfate-based etchant solutions. Etch rates for the four acidic slurries as
well as the basic potassium iodate solution were below measurement limits
indicating that a protective passive film had formed. The expected (since
the corrosion rate increases) increase in the open circuit potential (OCP)
and apparent corrosion current (icorr) @s a function of oxidizer concentration
is visible for the persulfate-based solutions. The oxidizer-less (buffer only)
slurry exhibits the lowest apparent ico,;, which is several orders of magnitude
less than that of the other solutions or slurries. The OCP and apparent ¢corr
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of the pH 3.9 buffered persulfate- and iodate-based slurries are similar. The
OCP of the ferric-based slurries is much higher than the OCP of any of the
other solutions or slurries. These trends are expected since they reflect the
relative strengths of these oxidizers.

Figure 4.9b shows representative Tafel plots obtained during polish. The
tungsten removal rate due to polish is shown for all of the slurries. There are
slight changes under polishing conditions but the changes are small.

Figure 4.10 is a plot of the i o, vs. the tungsten polish rate. The polishing
pressure was varied between 4.5 and 7.5 psi, and the speed between 0.35
and 1.18 ms™!. The values of icrr measured during polish are 1 to 2 orders
of magnitude lower than expected by complete oxidation. The calculated
oxidation rate, based on the values of .o, does not account for the vast
majority of the tungsten removed during polish, in direct contradiction with
the passivation and abrasion mechanism of removal.

Figure 4.11 depicts the inverse of the calculated value of the charge trans-
fer resistance (R;) determined from AC electrochemical impedance spec-
troscopy during polish vs. the measured removal rate. R is inversely pro-
portional to the corrosion current. The change in R, as a function of removal
rate is strongest for the ferric slurry and weakest for the persulfate slurry,
which is consistent with the trend in i.o., seen in Fig. 4.10. Figure 4.11 also
shows calculated R.; values obtained during etch in the high pH solutions.
R, values during etch are much lower than those obtained during polish. The
measured values of R, during polish are 1 to 2 orders of magnitude higher
than expected based on the proposed mechanism. These data corroborate
the data and conclusions drawn from the values of i.., depicted in Fig. 4.10,
i.e. the measured i.or, values are far too low to be consistent with a simple
corrosion-abrasion model for tungsten CMP.
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94 David Stein

10* ———rrrry

Palish

10° 3

7
5?\

Etch [al

100 MR | PR T | Lo sl
10° 10’ 10° 10° 10*
Removal rate (A min™)
Fig. 4.11. Inverse of the calculated value of the charge transfer resistance (Rcs)

determined from AC electrochemical impedance spectroscopy during polish vs. the
measured removal rate. From [6]

(mAcm?)

polishing solutions

open = OCP
ﬁllled = polemi?stalic

experiment type: ]

0 500 1000 1500 2000
Removal rate by weight loss (A min™)

Fig. 4.12. The calculated values of icorr (both averaged and calculated from Tafel
plots) vs. the measured removal rate. From [6]

Stein et al. also measured the tungsten removal rate with and without
polish at various constant overpotentials. This potentiostatic control can be
used to force or suppress the oxidation of the metal. Figure 4.12 shows the
calculated values of icorr (both averaged and calculated from Tafel plots) vs.
es of icorr for both the basic persul-
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fate solution and buffer-only polish correlate well with the i.o expected for
a given removal rate. The values of i.or measured during polish with the
ferric-, iodate-, and persulfate-based slurries were much less than expected
from the measured removal rate. The additional removal due to forced oxi-
dation follows the expected trend of direct proportionality between ico,y and
oxidation rate. Most important to note, however, is that the removal rate
during polish did not significantly change when a cathodic potential (-0.5V
with respect to the OCP) was applied to the system. Cathodic potentials can
suppress blanket oxidation of metal (similar to the sacrificial anode method
of corrosion protection). These results further support the conclusion that
blanket oxidation and passive layer formation do not play a significant role
in the mechanism of tungsten removal during CMP.

Osseo-Asare et al. [7] investigated the role of tungstate ion on the elec-
trochemical behavior of tungsten in potassium iodate solutions. Figures 4.13
and 4.14 show the combination of the cathodic polarization curve of 103
on W and the anodic polarization curve of W at a pH of 2 and 4. The au-
thors invoke mixed potential theory to suggest that the intersection of these
2 lines represent the rate of “W dissolution under CMP conditions.” At pH
= 4 the intercept current density for 10-3 M KIOj3 is lower than for 107!
M KIOs; hence the authors conclude that the concentration of KIO3 will
affect W removal rate at pH = 4. At pH = 2 the intercept current density for
103 M KIO; is the same as 107'M KIOj; hence the authors conclude that
the concentration of KIO3 will not affect W removal rate at pH 2. This con-
clusion would only be valid if the passivation and abrasion mechanism was
the dominant method of material removal during tungsten CMP. Note also
that the maximum current density shown translates to a removal rate less
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Fig. 4.13. The combination of the cathodic polarization curve of I0®~ on W and
the anodic polarization.curve.of W.at.a pH of 2. From [7]



96 David Stein

41 10'MI0;

2
™~

log i (Alem?)
&

-9 T T T
-700 -300 100 500

E (mV) vs SCE

Fig. 4.14. The combination of the cathodic polarization curve of I03- on W and
the anodic polarization curve of W at a pH of 4. From [7]

than 1 A min~!. Gaffney et al. [8] measured the W CMP removal rates under
similar conditions. Figure 4.15 shows the polish rates obtained. From these
two sets of data it is apparent that the tungsten removal rate is dependent
on KIOj3 concentration at both pH 2 and 4.

While it is clearly necessary to have an oxidant chemistry for tungsten
CMP, the quantative matching of tungsten oxidation rates to tungsten CMP
rates is very poor. Most electrochemical data implies a CMP rate that is over
one magnitude lower than is observed. Thus, the actual removal mechanism
must be more complex than simple oxidation and abrasion.
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Fig. 4.15. The polish rates obtained from conditions similar to those in Figures
13 and 14. From [8]
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4.3 Tungsten Experimental Data —
Role of Slurry Particle

Tungsten CMP slurries in practice have required abrasive particles. In com-
mercial use, both silica and alumina have been both widely employed. Silica
abrasives produce lower rates but also create lower surface damage. However,
since high CMP removal rates are important in practical CMP, alumina-based
tungsten slurries are also widely used and have been very extensively studied.

Bielmann et al. [9] investigated pH 4 K3Fe(CN)g slurries containing 2 to
15wt% alumina (Al;Os) particles of various sizes. Figure 4.16 shows the
particle size distribution of the aluminas used. The smallest mean particle
size was (.25 pm and the largest was 10.0 pm. Figure 4.17 shows the removal
rate as a function of solids loading and particle size. Removal rate increases
with solids loading but decreases with particle size. Figure 4.18 shows the
roughness of the polished tungsten (measured using 5mm x 5mm AFM
images). The roughness is independent of the particle size used. No scratches
were noticed on any sample except the one polished with the 10 mm alumina.
The authors conclude that, “the removal rate mechanism is not a scratching
type process, but is related to the contact surface area between particles and
polished surface controlling the reaction rate.”

Stein et al. [10] measured tungsten polish rates using various colloid parti-
cle species as abrasives. Table 4.1 shows the size (similar for all), phase, and
species of each colloid studied. Figure 4.19 shows the tungsten polish rate
using chemically identical slurries and process parameters. The polish rate
is very dependent on the colloid phase and species. The alumina-based col-
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Fig. 4.16. The particle size distribution of various alumina particles used for tung-
sten CMP slurries. From [9]
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Fig. 4.18. The roughness of the polished tungsten (measured using 5mm X 5mm
AFM images). From [9]

loidal slurries, in general, showed the highest polish rates. The yttrium-based
colloid showed the lowest polish rate.

Babu and coworkers have studied the role of the slurry particulate in both
W and Cu CMP. The majority of their work has been on Cu CMP, which is
discussed below. For comparison they also investigated W CMP. Ramarajan
et al. [11] obtained alumina particles of varying bulk density. They made
slurries containing the different aluminas and chemistries. Figure 4.20 shows
the W polish rate in water and 0.1 M Fe(NOs)s containing slurries made with
these aluminas. The polish rate of tungsten is essentially zero without the
st bulk density of 3.2g/cc, the polish
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Table 4.1. The size (similar for all), phase, and species of each colloid studied.
From [10]

Colloid Metal Manufacturer Brand name Major Size
phases (A)

1 yttrium Nyacol - * 100

2 zirconium Nyacol - Baddeleyite 500

3 cerium Nyacol - Cerianite 200

4 aluminum Nyacol - Bohmite 500

(AIO(OH))

5 cerium Nanophase Nanotek Ceria Cerianite 300
aluminum Nanophase Nanotek Alumina v-Al; O3 300
aluminum Moyco Planar W Gibbsite -

(A(OH)s),
’Y*Alz 03
8 aluminum Solution MET202 0—Al> 03 500
Technology Gibbsite
0-Al;03

g

Palish rate (A min™)
g
@

8
¢

&
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Colloid species

Fig. 4.19. The tungsten polish rate using chemically identical slurries and process
parameters. From [10]

rate was independent of bulk density. They assumed that the particle bulk
density was proportional to the “hardness/elastic modulus” of the particles.
From the data shown and the hardness/elasticity assumption they conclude
that a chemical aspect of the removal process is the rate-limiting step.

Stein et al. [12] measured the roughness of post-CMP tungsten as a func-
tion of CMP process parameters (pressure, velocity, and platen temperature).
Figure 4.21 shows AFM scans of the post-CMP tungsten surfaces. The post-
CMP roughness was found to be inidependent of process parameters. TEM
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Fig. 4.21. AFM scans of the post-CMP tungsten surfaces. From [12]
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investigations also indicated that the intragranular morphology of post-CMP
tungsten was independent of process parameters and could not be distin-
guished from samples etched in HoOs.

Stein et al. measured the friction between an individual alumina particle
and a CVD tungsten surface using lateral force microscopy (LFM) [12]. LFM
is a type of atomic force microscopy (AFM) that measures the lateral deflec-
tion of a tip that is in contact with the sample as the tip is scanned across
the sample. In this study, an alumina particle was glued to the tip and the
measurements were taken in solution. Figure 4.22 shows the friction force
as a function of KIO3 concentration and applied pressure. The friction force
is independent of KIO3 concentration but is dependent on applied pressure
and pH. Elsewhere, Stein et al. [13] also investigated the effect of alumina
and KIO3 concentrations on the tungsten removal rate. Figures 4.23 and 4.24
show the tungsten removal rate and recorded process temperature as a func-
tion of alumina loading in the slurry (at a constant KIOs concentration of
0.1 M). Both the polish rate and process temperature increase to a steady
state value with increasing alumina loading (as well as polish pressure and
velocity). Figures 4.25 and 4.26 show the tungsten removal rate and recorded
process temperature as a function of KIO3 concentration in the slurry (with
constant alumina loading of 5 weight percent). The polish rate increases with
KIO;5 concentration, pressure, and velocity. However, the process tempera-
ture remained constant regardless of KIO3 concentration. Using a process
energy balance the authors determined that the process temperature is con-
trolled by friction and that any heat generated by chemical reaction is so
small that it cannot be detected. This conclusion is in agreement with the
conclusion drawn from the in-situ lateral force microscopy measurements.
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Fig. 4.22. The friction force (reported as AFM trace minus retrace deflection) as
a function of KIO3 concentration and applied pressure. From [12]
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Fig. 4.24. The recorded process temperature as a function of alumina loading in
the slurry (at a constant KIOs concentration of 0.1 M). From [13]

Another observation from Fig. 4.17 as well as Fig. 4.23 is that the polish
rate saturates and depends only weakly upon solids content above a level
of 1-2wt% of alumina. This contrasts significantly with the case of silica
concentration in glass polishing (see Chap. 3), where the polish rate is linear,
or nearly so, with concentration to well over 10 wt% concentration.
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Fig. 4.25. The tungsten removal rate as a function of KIO3 concentration in the
slurry (with constant alumina loading of 5 weight percent). From [13]
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Fig. 4.26. The recorded process temperature as a function of KIO3 concentration
in the slurry (with constant alumina loading of 5 weight percent). From [13]

4.4 Conclusions on Mechanisms on W CMP

The passivation and abrasion model has been the usual starting point for
research into the removal mechanisms at play during tungsten CMP. Electro-
chemical experiments have been carried out to determine what role is played
by metal ox1dat10n durmg CMP. Several experiments have shown that either
: e pa : A or that the rate of metal oxidation
r than the CMP removal rate. Many
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of these experiments have been carried out under CMP conditions. Thus the
passivation and abrasion mechanism is most likely not the removal mecha-
nism for W during CMP. This statement naturally elicits the question “if the
oxidation rate of the metal cannot account for the CMP removal rate, what
is the purpose of the oxidizer?” Tungsten removal will not occur without it.
Several models have been put forth but no consensus has been reached. These
models are discussed at the end of the chapter.

The role of the particle in W removal has also been studied. The size
of the particle, to an upper limit, only affects the removal rate. The upper
limit may be the transition between polishing and grinding mechanisms. The
particle size does not affect the surface finish (roughness) of the polished
tungsten. Friction between the particle and the surface is dependent on the
pH of the solution and the applied pressure but not on the concentration of
oxidizer. Recent thinking suggests that the role of the particle is more than
just mechanical abrasion. The surface chemistry of the particle may play
a role in the removal mechanism. This most likely occurs in synergy with the
chemistry in the slurry. Abrasive-free “reactive liquid” CMP systems exist
for Cu CMP, as will be discussed below. W removal could possibly occur
without an abrasive although there is, as yet, no data to support this. Hard
pad asperities or surface chemistry may replace the silica or alumina abrasive
in the reactive liquid system for Cu but for W a pad that fills the role of the
abrasive has not yet been found.

4.5 Copper Experimental Data —
Chemical and Electrochemical

As with W CMP studies, the study of Cu CMP begins with a review of the
appropriate Pourbaix diagram. A simplified Pourbaix diagram for Cu and
Cu ions in aqueous solution is shown in the Appendix. As with W CMP
investigations, the limitations of the Pourbaix diagram to Cu CMP studies
becomes readily apparent (see Appendix).

In an early work, Steigerwald et al. [14] investigated Cu CMP using
Al;Og3-based slurries with various chemical reagents. Figure 4.27 shows the
copper polish rate as a function of reagent. The samples were polished on
a metallographer’s wheel. Polish rates from 0.25 to greater than 1.5 mm min !
were obtained. These polish rates are exceptionally high compared to cur-
rently observed CMP removal rates on standard CMP tools. The difference
is most likely due to the differences between the metallographer’s wheel and
a commercial CMP tool. Figure 4.28 shows the same data plotted as a func-
tion of slurry pH. Except for NH,Cl the polish rate decreased as pH in-
creased. The anomalous behavior of the NH4Cl slurry was believed to be
due to the electrochemical potential of the Cu in that solution. The authors
measuredsthe-potential-as—tmV-vs:SHE. At a pH of 4.8 and this potential,
the Pourbaix diagram indicates copper is immune to corrosion. The authors
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Fig. 4.28. This figure shows the same data as Fig. 4.27 but plotted as a function
of slurry pH. From [14]

state, “Because of the immunity to corrosion, mechanically abraded copper
does not dissolve in solution. Consequently, much of the abraded material
redeposits onto the surface, and the efficiency of the mechanical abrasion
decreases, yielding the reduced polish rate”. They focused their studies on
a HNOj based slurry. Figure 4.29 shows the polish rate for these solutions.
From this data the authors conclude that “the dominant removal mechanism
ispmechanical abrasion,of the surface followed by chemical dissolution of the
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Fig. 4.30. The potentiodynamic curves obtained with and without abrasion in
HNOj3 slurry. From [16]

abraded surface”. This work was extended to include the effects on oxide and
polymer inter-level dielectrics [15].

Carpio et al. [16] investigated variations of NH4OH and HNOj slurry
chemistries containing silica and alumina abrasives using D.C. polarization
and A.C. impedance spectroscopy electrochemical techniques. Figures 4.30
and 4.31 show the potentiodynamic curves obtained with and without abra-
sion in HNO3 and NH,OH slurries and Table 4.2 shows the values of E oy
n in figures. HNQj is a strong copper
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Fig. 4.31. The potentiodynamic curves obtained with and without abrasion in
NH4OH slurry. From [16]

Table 4.2. The values of Fcorr and icorr calculated from Figs. 4.30 and 4.31.
From [16]

Solution Abrasion Abrasion No abrasion No abrasion
Eeore (V) Teore (MAcm™)  Eeore (V) Teore (mAcm™2)

HNO3 1wt.% -0.0563 1.254 0.0556 1.408

5wt.% —0.022 11.15 —0.0467 6.101

NH4OH, 1wt.% —0.6997 0.1026 —0.3985 *

5wt.% —0.668 0.3304 -0.4925 0.0864

KMnOy, 3wt.%  —0.485 1.238 -0.274 0.1182

etchant and this is evident in the data shown. The values of E.orr and dcorr
do not significantly shift with abrasion and a corrosion current deunsity of
1mA cm™2 corresponds to Cu removal rate of 3.7 A s~!. In contrast to the
behavior of HNO3, NH,OH forms a passivating layer of the surface of the
Cu without abrasion. With abrasion the value of E.y;, drops approximately
300mV and the value of 4., increases from 0.0864 to 0.3304 mA cm 2. The
authors note that the copper oxide passivation layer does not provide com-
plete protection against corrosion and that the slurry pH needs to be as low as
possible to enhance the selectivity between Cu and oxide polish rates. Their
data also indicate that silica based slurries (stable at higher pH) do not pol-
ish Cu as well as alumina based slurries. Silica based slurries are typically
stable at higher pH values (in general, this increases oxide removal rates and
lowersiselectivity)nTherauthorsistaterthat a passivation type mechanism will
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only work for CMP in slurries above pH = 6, which is too high for alumina
suspensions to be stable. Thus alternative chemistries were investigated.

KMnO4 was studied as a possible oxidizer for use in an alumina slurry.
Figure 4.32 shows the potentiodynamic curves obtained with and without
abrasion in an unbuffered 3% solution of KMnQO,. The removal of a passiva-
tion layer is clearly seen by the decrease in E.. and increase in i, with
abrasion. However, very low polish rates (less than 500 Amin~') were seen
under both acidic and basic conditions hence this oxidizer was declared to
have “limited application in copper CMP slurries”. Figure 4.33 shows the
data obtained from acidic and basic solutions of HoO5. The data is noisy
perhaps because the authors used a platinum mesh counter-electrode (H2O5
spontaneously decomposes on platinum). HoOs attacks copper without abra-
sion yet an unexplained drop in FE.o, is seen with abrasion. Figure 4.34
shows potentiodynamic sweeps obtained with addition of BTA to a HNOg
based slurry. The addition of benzotriazole (BTA, a corrosion inhibitor) was
investigated because in other similar work it is an additive to slurries to pre-
vent Cu corrosion in recessed areas. With addition of BTA, the value of icopr
without abrasion appears to be approximately one order of magnitude less
than with abrasion while without the addition of BTA the value of i...r with
and without abrasion are similar.

Luo et al. investigated the CMP of Cu in both acidic and alkaline so-
lutions [17, 18, 19]. The investigation in acidic media was carried out in
solutions of Fe(NOj3)s that contained varying concentrations of BTA and
ethylene glycol (used to stabilize the alumina abrasive). The addition of BTA
reduced the zeta potential of the particles and therefore the settling rate of
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Fig. 4.34. Potentiodynamic sweeps obtained with addition of BTA to a HNO3
based slurry. From [16)

the slurry particles in suspension increased. The zeta potential was believed
to have been reduced by the adsorption of BTA onto the surface of the alu-
mina, which resulted in some charge neutralization. The addition of very high
molecular weight poly ethylene glycol (PEG) decreased the settling rate of
the alumina suspension. The settling rate was hypothesized to have decreased
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due to steric repulsion of the alumina particles by the adsorbed PEG groups
on the particle surfaces.

The Cu removal rate and corrosion current increase with Fe*t concentra-
tion and decrease with BTA concentration. Figure 4.35 shows the increase
in both removal rate and ¢y (no abrasion). Figure 4.36 shows the decrease
in removal rate and i.r with BTA concentration. The authors note that
the addition of PEG to the slurry was slightly detrimental to the corrosion
resistance provided by BTA. They also obtained polish rates and ¢corr values
as a function of PEG concentration. The value of 7., jumps with the initial
addition of PEG but remains constant with increasing PEG addition. The
Cu removal rate increases steadily with PEG addition. The authors conclude
that Cu CMP can be performed in acidic media using a corrosion inhibitor
but a balance between the BTA and PEG concentrations must be maintained.

CMP of copper in acidic media offers the benefit of high polish rate selec-
tivity between copper and oxide films; however, the strongly acidic and oxi-
dizing nature of the slurry can be detrimental to the polish tools and waste
disposal systems. These issues were a motivation to study copper CMP in
alkaline alumina abrasive ammonia containing slurries. Figure 4.37 shows the
polish rate of the copper films as a function of ammonia concentration in the
slurry. There is an initial increase from 130nmmin~—' at 0 wt % ammonia
to 210 nmmin~! at 0.3 weight % ammonia. The polish rate remains roughly
stable above ammonia concentrations of 0.3 weight % though there is a slight
increase from 3 weight % to 6 weight %. Note that copper has a significant
polish rate in a slurry containing only water and alumina (no oxidizers or
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Fig. 4.35. The increase in both removal rate and écorr (n0 abrasion) with Fe?t
concentration. From [18]
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Fig. 4.38. The polarization curves obtained on the copper during polish. From [19]

pH adjusters). Figure 4.38 shows the polarization curves obtained on the
copper during polish. The corrosion current densities are calculated to be
around 1 nA cm ™2 which corresponds to a corrosion rate at least an order of
magnitude less than the CMP removal rate. The authors attribute most of
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the CMP removal rate to a purely mechanical mechanism since the copper
corrosion rate is insignificant compared to the CMP removal rate.

The effect of adding an oxidizer, NaClO3, was also studied. Figure 4.39
shows the effect of added NaClO3. The polish rate increases significantly
(from 250 nm min~! to 450 nm min~!) until a concentration of 0.1 M NaClO3
is reached at which point the polish rate decreases. Polarization data indicate
that the corrosion current densities during polish with the NaClOz-containing
slurries do not go above 2nA cm~2. Based on these data the authors believe
the removal mechanism is still predominantly mechanical in nature though
they do not explain how the increase in NaClOj3 concentration has such
a marked effect on the CMP removal rate. The copper CMP removal rate
in other ammonia-containing salts NHyNO3 and (NH,4)2SO, is also studied.
Figure 4.40 shows the polish rates in slurries containing these salts. The pol-
ish rates at low pH levels and high pH levels are similar but around a pH of
10 the polish rates vary significantly. The authors believe that the oxidizing
power of NO3~ and dissolution inhibition from SO4?~ may be responsible
for the differences.

Table 4.3 demonstrates the effect of BTA on the static corrosion rate of
the copper film and the CMP removal rate. The polish rate is only slightly
negatively impacted by the addition of BTA while the corrosion rate drops
by over a factor of 4. Table 4.4 shows the selectivity between the copper CMP
removal rate and silicon dioxide CMP removal rate. The highest selectivity
is 18:1, too low for commercial use. This low selectivity is generally observed
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Fig. 4.40. The polish rates in slurries containing NH4sNO3 and (NH4)2SO4 salts.
From [19]
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Table 4.3. The effect of BTA on the static corrosion rate of the copper film and
the CMP removal rate. From [19]

Copper polish rates and dissolution rates in various media

NH4OH concentration (%) 03 15 3 3 3 3
BTA concentration (M) 0 0 0 0.001 0.005 0.01
Polish rate (nm/min) 212 207 214 229 210 200
Maximum dissolution rate (nm/min) 13 30 29 8 3 3

Ration of copper polish rate to the
maxiumum dissolution rate 16 7 7 29 70 67

Table 4.4. The selectivity between the copper CMP removal rate and silicon diox-
ide CMP removal rate. From [19]

Slurry formulation Selectivity
0.3% NH4OH, pH 10.5 9:1
1.5% NH,OH, pH 11.1 11:1
3% NH4OH, pH 11.3 11:1
0.5 M (NH4)2S04, pH 6.5 16:1
0.5 M (NH,4)2SO4, pH 9.2 6:1
1 M NH4NOs, pH 6.0 18:1
1 M NH4NOs, pH 8.6 8:1
3% NH4OH, 0.001 M BTA 11:1
3% NH4OH, 0.005 M BTA 9:1
3% NH,OH, 0.01 M BTA 10:1

in the basic regime, and thus alkaline Cu CMP slurries are not considered
commercially viable products.

Keleher et al. studied the corrosion of copper by hydroxyl radicals [20] and
Hariharaputhiran et al. studied the formation and role of hydroxyl radical
(*OH) formation in HoO5 and amino-acid based Cu slurries [21] (these refer-
ences are related and will be discussed together). The authors noted that the
*OH radical (uncharged species as opposed to OH™ ion) is a much stronger
oxidizer than HyO3 and may cause the majority of Cu corrosion that occurs
during CMP. *OH radical concentration was measured using UV absorption
at 440 nm in solutions containing p-Nitrosodimethylaniline (PNDA) which is
an *OH trapping agent. Figure 4.41 shows the decrease in absorbance over
time as the PNDA reacts with the *OH in solution. The authors measured
the kinetics of the conversion of PNDA to PNDA-OH and were able to de-
termine the initial *OH concentration in various slurries which are shown in
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Fig. 4.41. The decrease in absorbance over time as the PNDA reacts with the *OH
in solution. From [20]

Table 4.5. Although the addition of HyOy and H505 with glycine increases
the *OH concentration from 0.01 * 10'4 M to 0.5 * 1014 M, the addition of
90 uM Cu?T ions to a solution of H,Oy and glycine significantly increases the
*OH concentration to 2.1 * 1014 M

BTA is added to Cu CMP slurries to inhibit the corrosion of recessed
regions while the protruding areas polish. Table 4.6 shows the Cu dissolution
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Table 4.5. The initial *OH concentration in various slurries. From [20]

Pseudo-first-order

rate constant [*OH] x10™
(k x 10%) [1/min] [M]

Solution composition T =21°C T =50°C T =21°C
1. PNDA only 0.1 0.1 0.01
2. PNDA + H,0,?* 3.5 8.6 0.5
3. PNDA + H202* + glycine® 2.9 34.2 0.4
4. PNDA + H20,* 2.5 27.1 0.3

+ Cu®" (90 uM)
5. PNDA + H30,* + glycine® 15.8 68.8 2.1

+ Cu®*t (90 uM)
6. PNDA + Hy02® + glycine? 19.0 80.1 2.1

+ Cu®t (180 uM)
7. PNDA + H20,* + glycine® 28.0 88.9 3.7

+ Cu?* (270 uM)
22wt % HzO0z. 0.01 M glycine.

Pseudo-first-order rate

Amino acid present constant (k x 10%) [*OH] x10'*
in solution® (1/min) M]

1. No amino acid 2.4 0.32

2. Arginine 2.5 0.33

3. Phenyl alanine 4.2 0.56

4. Glutamine 6.1 0.81

5. Glutamic acid 6.6 0.88

6. Glycine 13.8 1.84

7. Serine 15 2

8. Cysteine 24.7 3.4

* 2wt % H202 + 50 uM copper acetate + PNDA + 0.013 M amino acid.

rate in a fixed concentration HoOs and glycine solution containing varying
concentrations of BTA. The Cu dissolution rate dramatically decreases with
addition of BTA thus the authors conclude that the effect of BTA is not
suppressed by the enhanced *OH concentration. The authors were concerned
that BTA could quench the *OH concentration. Figure 4.42 shows the effect
of BTA addition on *OH concentration. The addition of BTA at these con-
centration levels decreases the *OH concentration only 15% from the *OH
concentration in a PNDA, HyOs, glycine, and Cu?* based solution. The ad-
dition of BTA does decrease the polish rate by a factor of 2 and remains
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Table 4.6. The Cu dissolution rate in a fixed concentration H2O2 and glycine
solution containing varying concentrations of BTA. From [21]

Dissolution Dissolution
rate at rate at
natural® pH pH 8.4
Solution Composition (nm/min) (nm/min)
1. 5wt % H202 in DI water 0.02 0.05
2. 1wt % glycine in DI water 0.29 0.31
3. 5wt % Hz02 + 1wt % glycine 162+ 4 231+7
(0.13M) in Di water
4. 5wt % Hz202 + 1wt % glycine 246 + 8 290 + 7

+ 0.125 wt % Cu(NOgs); in DI water

5. 5wt % HaOy + 1wt % glycine 394 + 35 (no data)®
+ 1wt % Cu(NOg3)2 in DI water
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Fig. 4.43. The static Cu corrosion rate and Cu CMP removal rates in slurries of
varying H2O2 concentration. From [22]

essentially the same with further addition of BTA. The authors do not spec-
ulate as to the role the *OH species could possibly play in the removal of Cu
during CMP.
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Fig. 4.44. The XPS spectra of samples before and after polish and also after static
corrosion. From [22]

Hirabayashi et al. investigated Cu CMP slurries containing glycine and
hydrogen peroxide [22]. Figure 4.43 shows the static Cu corrosion rate and
Cu CMP removal rates in slurries of varying HoO5 concentration. Both cor-
rosion rate and polish rate decreased with increasing HyO, concentration at
constant glycine concentration of 0.1 wt %. With greater than 5wt % Hy0,
the corrosion rate is immeasurable but the polish rate still remains at 100
to 400 A min~'. Figure 4.44 shows the XPS spectra of samples before and
after polish and also after static corrosion. The surface before CMP shows
almost no copper oxide formation. The sample that underwent CMP shows
a small amount of copper oxide but the authors believe this to be due to oxi-
dation that occurred during cleaning, drying, and transfer to the XPS sample
chamber. In a test to evaluate static corrosion, the surface grew a 300 A thick
oxidized copper layer. The protective nature of the copper oxide was shown
using dissolution experiments. The authors believe that their data is consis-
tent with the abrasion and repassivation model of metal removal that was
described at the beginning of this chapter.

4.6 Copper Summary

Copper CMP behavior contrasts in several ways with that of tungsten. Cop-
per corrodes in almost all aqueous solutions and its oxides form slowly, and
generally do not passivate the surface in the presence of strong oxidants
needed for CMP. Thus other surface passivation approaches are necessary,
such as the use of BTA or citric acid to suppress attack of the copper surface
away from the plane of polishing.
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In addition, copper CMP technology requirements are, in general, much
more demanding that those of tungsten. In tungsten CMP, a large degree of
post-CMP topography can be tolerated, as the subsequently deposited dielec-
tric layer is planarized before tungsten is deposited. In copper dual-damascene
processing, there is no replanarization before the copper is deposited at the
next level (see Chap. 10). This leads to very stringent post-CMP topography
requirements for copper CMP.

Typical commercial copper CMP is a two or more step process. The first
step(s) is (are) designed to remove copper overburden and stop on the barrier
material. The first step slurry is designed to be highly selective to the Cu
barrier materials (TaN, TiN or WN). This slurry is generally acidic in nature
to provide the high selectivity to the barrier and dielectric materials. There
are several approaches for the second step slurry design. In one group, with
selective second step slurries, the slurry removes the residual copper and
barrier material, but stops on the dielectric. These slurries are usually acidic.

In the second approach, the residual Cu overburden, the barrier material,
and small amount of dielectric are removed using a slurry with selectivities
among the three materials (copper, barrier, dielectric) being within a fac-
tor of two or so of unity. This type of slurry is generally slightly basic. All
copper slurries will contain an oxidizer such as hydrogen peroxide, a corro-
sion inhibitor such as BTA, and additional species such as glycine and poly
ethylene glycol. Alumina or silica can be used as the solid constituent of the
slurry. The decision of which material to use is made based upon polish rates
and with an understanding of the colloidal stability of the particulate at the
slurry pH.

4.7 CMP Removal Models

Preston [24] developed an empirical expression to predict material removal
rate from polish pressure and relative velocity between the part surface and
the surface of the polishing pad. The Preston equation is given as

RR = KPV, (4.1)

where RR = removal rate, K is Preston’s coefficient, a constant which is
dependent upon the specific polishing system (see Chap. 2), P is the applied
pressure between the part being polished and the polish pad, and V is the
relative velocity between the surface being polished and a point on the polish
pad. Note that, for most CMP systems, the motions are not linear so there is
usually some variation in the local velocity as a function of time and position
on the polish surface.

The Preston Equation (4.1) is discussed in Chap. 2 for the case of dielectric
polishing. For metal CMP as practiced, there are often several differences in
how well actual polishing behavior follows the Preston model.
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As noted, tungsten was the first metal extensively polished using CMP. In
addition, the first modeling efforts (Kaufman, et al. and others) were directed
to tungsten CMP. There have been two types of models which have been
developed which appear to fairly well describe the tungsten CMP process
and these are covered here. Following the discussion of these two models,
copper CMP will be considered.

4.8 Tungsten Model of Paul

Paul used standard reaction engineering techniques to model the passivation
and abrasion mechanism presented at the beginning of the chapter [25]. He
specifically modeled the removal mechanism of tungsten CMP but the author
states that the model is applicable to any metal CMP process in which the
passivation and abrasion mechanism holds. Tungsten forms an oxide slowly
then forms a stoichiometrically incomplete oxide at a faster rate. The forma-
tion of the oxides can be described with the reactions:

W + Oz < Woz — Wozn. (4.2)

The general mechanism is given by three steps. First is the formation of
the oxide (in the case of tungsten there is the formation, in series, of two
oxides but for simplicity only one will be discussed). This is given as

M + C < MCx, (4.3)

where M is the material being removed (e.g. W or Cu) and MC* is the
material-chemical complex. The second step is the removal of the oxide,
which can occur by abrasion as well as dissolution (these were considered
as independent phenomenon). The dissolution reaction is given by

MCx — MCaq + M, (4.4)

where MCagq is the aqueous dissolution product and M is a new, un-oxidized
metal site. This reaction is assumed to be overall first order and the reaction
rate constant (kD) includes the strength of the oxidizer in the slurry. The
abrasion reaction is given by

MC * +A — MC-A + M, (4.5)

where A is the abrasive and MC-A is a material oxide-abrasive complex.
This reaction is also assumed to be first order and the reaction rate constant
(kM) includes terms for pressure, velocity, and abrasive diameter. The rate
of formation of the MC* complex is assumed equal to zero at steady state.
The mechanical abrasion process.requires an abrasive component in the
slurry. The action of the abrasive is modeled by active sites on the pad that



4 Metal CMP Science 121

the abrasive can occupy. The fraction of occupied sites is proportional to
the number of available sites and the concentration of abrasive in the slurry.
The rate at which abrasives leave is simply proportional to the number of
abrasive sites on the pad occupied. Combining these gives the number of
effective abrasives on pad area A as

Na = Ac,[A]/([A] + KA), (4.6)

where ¢, is the site density on the pad, [A] is the concentration of abrasives in
the slurry, and K is the pad-abrasive equilibrium constant. Using the assump-
tions given and combining the above equations written in terms specifically
for W CMP the rate of material removal per work piece area is given by

R = (Rq+ Rpm)/0A = (kg + kmc,0A)0/d2,, (4.7)

where the R’s are the individual reaction rates for the dissolution (D) and
mechanical abrasion (M) reactions, A is the fraction of pad sites occupied
by abrasive particles, and theta is the fraction of surface sites covered by
the MC* complex. The dependence on the concentration of chemistry in the
slurry [C] is contained in theta while the dependence on particle concentration
[A] is contained in 8A. The rate given above can be transformed to show the
specific dependence on [C] or [A] as shown in the following equations

R = 6:[C/([C] + B2); (4.8)
expressed as [C] dependence, and
R = B3 + Ba[A]/([A] + B5); (4.9)

expressed as [A] dependence.

The expressions for each beta are shown in Table 4.7 for the general case
and the case where the rate of dissolution of MC* is insignificant (kp = 0).
Paul states, “It is helpful to note that all of the 3; have the form of a prod-
uct of chemical and mechanical terms divided by their sum. This form forces
a balance between the chemical and mechanical processes.” Both rate ex-
pressions show an increase in removal rate as a function of concentration
(chemistry or abrasive, respectively) and asymptotically reach a maximum
polish rate limit as concentration increases. The removal rate approaches
zero as [C] approaches zero and approaches (33 (the static corrosion rate) as
abrasive loading approaches zero.

Different sets of tungsten polish rate data obtained from the open liter-
ature were used to explore the developed model [26]. Figure 4.45 shows the
polishing rate as function of chemical concentration for three different polish
pressure and rotation rate settings. The rate initially increases rapidly with
chemical concentration then begins to approach an asymptote. The fitting pa-
rameters, G and, Govary-moenotonically with the pressure and rotation rate.
Figure 4.46 shows polish rate as a function of solids loading of the slurry.
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Table 4.7. The expressions for each beta for the general case and the case where
the rate of dissolution of MC* is insignificant (kp = 0). From [25]

General formula kp =0
B k2 (kD + koMCPQAPU) kz(koMCpeAP’U)
d%v(kg + kp + k‘OMCPQAP’U) d%v(kz + koMCPQAPU)
ﬁ kp + komcepa Pv komcpOa Py
2 K1 (k2 + kp + komcpfa Pv) K1 (k2 + komcpa Pv)
kpk2 Fox
: _ fpRalox 0
Ps 4%, (kp + k2Fo
3 k2 Fox k2 Fox(komcp) P k2 Fox (komcep ) Py
“ (ko + ko Foxy day (kp + k2Fox + komepfaPv)  diy(kaFox + komcpfa Pv)
Bs Kp(kp + Fox) Kpk22Fox
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Fig. 4.45. The polishing rate as function of chemical concentration for three dif-
ferent polish pressure and rotation rate settings. From [26]

Again, the polish rate is low with low abrasive loading and increases to an
asymptote as abrasive loading increases. The fit of the data show that (3
equals zero implying that the static corrosion rate is negligible. The fit also
shows that (3, and B increase monotonically with pressure and rotation rate.
Figure 4.47 shows polish rate as a function of abrasive loading for five dif-
ferent sizes of alumina. The data fit again shows 33 is zero. In this case (4
and (5 vary with particle size (pressure and rotation rate were not included
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as factors in the original study). In all cases Paul’s model visually appears to
fit the data well.

4.9 Tungsten Model of Stein et al.

Taking another approach to metal polish modeling, Stein et al. [13] mod-
eled the removal phenomena they reported using a heuristic surface reaction
mechanism for illustrating possible fundamental processes that could occur
during tungsten CMP. They assumed that the slurry colloid has sites (S) that
will interact with the tungsten (W) to perform removal. The sites may be
active (S,) or inactive (S;). Inactive sites are sites that participated in the
removal of tungsten from the surface. Inactive sites are converted to active
sites by the slurry chemistry (KIO3, HT). They assumed that all transport,
adsorption, and desorption steps are rapid compared to the surface kinetics.
The representative reaction on the colloid surface is

S, + KIO, + H* }:3 S, (4.10)

where ks and k,, are the forward and reverse reaction rate constants. The
representative reaction on the tungsten surface is

Sa+VVI;:“—‘fSi, (4.11)

where k¢ and k., are the forward and reverse reaction rate constants, and

[colloid],,

kwe = ki Pve——2.
£ PwttV [colloid]

(4.12)
Contact mechanics predicts that the area of contact between the colloid and
the tungsten is proportional to the polish pressure (P). The numerical value
of applied pressure assumes that the colloidal particle packing factor is unity,
i.e. that the load per particle is independent of colloid concentration. The
[colloid], /[colloid] term is introduced to correct for packing factors below
unity. [colloid], is the colloid concentration at which further increases in col-
loid concentration do not increase the polish rate. The number of alumina
sites that a particular tungsten atom could contact per unit time is directly
proportional to the colloid velocity (v). The total number of surface sites is
proportional to the colloid species concentration

k. [colloid] = S, + S;, (4.13)

where k. is the constant of proportionality that includes the differences in site
density-between-colloid-speciessand=phases. By taking reaction (4.11) to be
at equilibrium, reaction (4.10) to be rate limiting, and assuming k., < kar,
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the best fit of the experimental data is obtained. With these assumptions,
the rate of tungsten removal is given by

kPv

PR = TPy’ (4.14)
where ) b .
b katkwik® [colloid]”™ " [KIOs]” [H] (4.15)
kwT
and , )
s KL.¢ [colloid], (4.16)

ky: [colloid]

and a, b, and c are the apparent species reaction orders. Equation (4.14) pre-
dicts that the polish rate at low polish pressures and velocities is a function
of the colloid species, colloid concentration, potassium iodate concentration,
hydrogen ion concentration, polish pressure, and polish velocity. At high pol-
ish pressure and polish velocity, the polish rate should be dependent only
on the colloid and slurry chemistry. Equation (4.14) also predicts that the
polish rate in KIO3 and colloid concentration limiting cases is a function of
the concentrations of the limiting species.

Equation (4.14) also suggests that the reverse reaction of (4.11) proceeds
at a significant, but slower rate than the forward reaction, since (4.14) was
derived assuming the reaction of (4.11) was at equilibrium. This indicates
that redeposition of tungsten from the colloid to the surface must be possi-
ble. Redeposition might be predicted from the mechanism for two reasons.
First, redeposition might actually be occurring, as it does during glass polish-
ing. Second, the strict limitations and simplifications placed on this heuristic
model may prevent a more accurate description of the interaction between
the colloid and the tungsten.

Figure 4.48 shows three polish rate data sets presented in Stein’s work.
These data show the polish rate in potassium iodate limited and alumina
limited slurries as well as the polish rate in high concentration potassium
iodate and alumina slurry. The data shown are fit to (4.14). The high R?
values obtained indicate that (4.14), in a purely empirical form, describes
the unlimited and iodate limited data with good accuracy.

As a heuristic model, (4.14) can be investigated using the values of k¥’ and
k"”. Equation (4.16) predicts k' for the unlimited slurry should be larger than
k' for the iodate limited slurry, regardless of the apparent reaction order.
The unlimited data has a &' of 83.3, and k' for the iodate-limited slurry is
45.9. Thus, the fit data shows the expected trend in k’. k" is independent of
potassium iodate concentration, hence the unlimited and potassium iodate
limited data sets shown should have similar values of k”. These data sets are
well modeled using a k” of 0.003. The alumina limited slurry should have
ank’ significantly greater,than,0.003since, for this slurry, [colloid],/[colloid]
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Fig. 4.48. Three polish rate data sets and the constants determined from them.
From [13]

is approximately 10. The best fit k" for the alumina limited case is 0.0198,
hence the data shows the expected trend in k.

Figure 4.49 shows polish rate versus potassium iodate concentration data

taken from another work of Stein et al. [13]. An exponential fit to these
data was performed to determine the apparent reaction order b. The best fit
to all three curves occurs using the same value of b occurs when b = 0.32.
Equation (4.16) predicts that the ratio of k' for the KIOj limited slurry
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Fig. 4.49. Polish rate versus KIO3 concentration data and the model constants
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(0.25M) to the unlimited slurry (0.1 M) should be approximately 0.64. The
fit value of k" is 45.9 for the KIO3 limited slurry and 83.3 for the unlimited
slurry, so the ratio is 0.56. Thus, the heuristic model predicts the polish rate
response data well.

4.10 Copper Model of Babu et al.

Babu and coworkers have proposed a removal mechanism that is an extension
of the Preston equation [27]. Figure 4.50 shows the Cu CMP removal rate
as a function of table speed for 2 slurries. Figure 4.51 shows the Cu CMP
removal rate as a function of downforce for the same two slurries. The first
is a commercially available slurry that requires the addition of H2O2. The
second slurry was made using 5wt. % 100nm «-alumina in a solution of
0.1M Fe(NO3); and 0.005 M BTA. The scatter in the removal rate data was
attributed to substrate wafer roughness.

The Preston equation is typically used as a first approximation to mathe-
matically describe the removal rate of a CMP process. Note that the Preston
equation does not include a term for an intercept with the y-axis (removal
rate) for either or both P or v equal to zero. The best linear fit of the data
shown in Figs. 4.50 and 4.51 indicate a non-zero intercept.

The authors explore two extensions of the Preston equation that might
account for the non-zero intercept and then propose possible mechanisms for
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Fig. 4.50. The Cu CMP removal rate as a function of table speed for 2 slurries.
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Fig. 4.51. The Cu CMP removal rate as a function of downforce for the same 2
slurries. From [27].
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Fig. 4.52. The Cu CMP removal rate as a function of table speed at constant ap-
plied downforce (these experiments were performed using a small bench-top polisher
to conserve materials). From [27]

the extra term(s). The first extension of the Preston equation is

RR=K(P+ Py){(v+wvy) = KPv+aP +bV + R.. (4.17)

This equation predicts that the removal rate is proportional to applied pres-
sureseven-at-zerowvelocity=Theauthors cite unpublished data to indicate that
this is not true. The second extension of the Preston equation is given by
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Fig. 4.53. The value of R, as a function of Fe(NO3)s concentration. From [27]

RR = (KP+ B+ R,=KPv+ Bv+R,, (4.18)

where K, B, and R, are constants. The authors interpret the constant Rc
as representing the removal rate solely due to chemical effects. Figure 4.52
shows the Cu CMP removal rate as a function of table speed at constant
applied downforce (these experiments were performed using a small bench-
top polisher to conserve materials). Rc was determined from the intercept of
each linear least squares fit line. It is evident that the value of Rc depends
significantly on the slurry chemistry. Figure 4.53 shows the value of Rc as
a function of Fe(NOs)s concentration. Previous work has shown that the
static corrosion rate of Cu in the presence of Fe?* ions is between 60 and
100 nm min~! for Fe3* concentrations between 0 and 0.15 M Fe?*. The value
of Rc ranges between approximately 30 to 900 nm min~—! during CMP. The
authors attribute the increase in the value of Rc to the “interaction of electric
double layer and the reduction of copper surface hardness.” The reduction of
surface hardness was thought to occur through stress- induced corrosion.

4.11 Model Summary

The models presented above represent the second generation of theoretical
investigation into removal mechanisms at play during metal CMP. First gen-
eration models, such as the Preston equation and its derivatives represent
only mechanical removal. These models do not fit the experimental data well.
The second-generation models, specifically those for tungsten CMP, take into
account-mechanical-as-well-as-chemical effects as well as the interactions be-
tween the two. The role of the particle as a pure abrasive is dropped and the
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role of the particle as an abrasive and as a player in the chemical effect is
taken up in these new models.

Though the tungsten CMP models require substantial further develop-
ment in order to quantitatively understand the detailed chemical interactions
at the tungsten surface, the copper CMP models are even less developed. The
highly complex chemistry of copper and its oxides contributes to the challenge
of developing a detailed model, since the reactions of interest must consider
the suppressor and other chemistries introduced into the slurry.

The models needed for new generations of copper slurries will continue
to be even more difficult to formulate since increasing complex slurry for-
mulations are being developed for both first and second step copper slurries.
Especially in copper CMP, the needed technology is moving well ahead of
a detailed model of the actual physics and chemistry taking place in the
process.

In summary, though the second generation models represent quite and
advance from the first generation, an accurate molecular level description of
the CMP removal processes(s) has still not been found.

4.12 Future Trends

Two new processes for metal CMP are on the horizon. The first is abrasive-
free Cu CMP. This can be done either using a special pad that incorporates
the abrasive into the polymer or by using specially designed reactive liquid
systems and standard (non-abrasive, polyurethane only) pads. Most effects
of process parameters when using abrasive-impregnated pads do not vary
from traditional abrasive slurry-based CMP, though the consumable sets are
distinctly different. For instance, when the polish pressure or rotation rates
are increased, the polish rate increases. When the wafer carrier is set to the
same or similar rotation rate as the platen, the within-wafer non-uniformity
is lowest.

In contrast to abrasive-impregnated pad technology, reactive liquid Cu
CMP does not use abrasive material at all [28], [29]. In this technology a spe-
cially formulated liquid and a regular polyurethane pad are used to remove
the Cu overburden. The potential advantages are a reduced defect level and
improved final topography control. Also, waste disposal can be substantially
simplified. Some of the differences between standard, abrasive-based Cu CMP
and reactive liquid CMP are that significant variations between carrier and
platen rotation rate can decrease removal rate non-uniformity and that pad
groove profiles become a very important factor in removal rate. This not yet
well understood. However, the technology is very promising and should be the
subject of strong development in the near future. The second challenge (or
opportunity) on the horizon for metal CMP is for the removal and planariza-
tionsof noble;metalsy(seesChapters;10)such as gold, platinum, ruthenium, and
iridinm [30]. These materials will be used in non-logic IC technologies such
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as DRAM and FeRAM. These materials pose unique challenges for CMP be-
cause of the difficulty of oxidizing or otherwise chemically reacting with these
materials.
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5 Equipment Used in CMP Processes

Thomas Tucker

Chemical mechanical planarization is an enabling technology for fabrication
of leading edge semiconductor devices. Originally considered to be “dirty”
and incompatible with cleanroom processes, CMP has evolved into a critical
process technology that includes not only the planarization step, but the
post-CMP cleaning process as well. It is used not only in back end of the
line interconnect processes, but is also used for critical process steps in the
fabrication of transistors and other key device elements — where control of
contamination is crucial if the device is to be functional. The evolution of
dry-in dry-out CMP equipment platforms has been key to the introduction of
CMP processes in mainstream semiconductor manufacturing beginning with
the 0.35 um technology node. If CMP is a key enabler in the manufacture of
advanced semiconductor devices, then evolution of equipment platforms has
enabled the use of CMP processes consistent with high volume manufacturing
in a clean room environment. Going forward, automated process control for
CMP will lead to further improvements in manufacturability, stability and
predictive process results.

Equipment used in CMP processing evolved from tool sets used for pro-
duction of polished semiconductor substrates. While silicon polishing requires
a larger number of tools in order to meet the semiconductor industry’s needs
for starting wafers, the number of tools is dwarfed compared to the number
used in advanced semiconductor processes that utilize CMP. As the require-
ments for CMP have evolved, CMP tools have become more sophisticated,
with more features and processing capability incorporated into the toolset.
At least four distinctive generations of tools can be identified, and a fifth is
projected, as summarized in Table 5.1.

5.1 CMP Tool Requirements

The requirements for a robust CMP process are relatively easy to specify,
but more difficult to implement in practice. The primary tool parameters
that need to be controlled are those that determine the interaction between
the wafer and the consumables set.

Toranfirstrapproximationpremovalrate is determined by mechanical abra-
sion (as first described in the Preston equation) and chemical activity. The
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chemical component results in conversion of surface layers into softer by-
products that are more easily removed by mechanical abrasion, or results
in etching of the film surface. In general, etching is undesirable, since it is
more difficult to control and terminate. As a result, the CMP tool is actu-
ally a collection of subsystems, each with its specific purpose for conducting
and controlling the process and the environment associated with the CMP
process.
The major tool sub-systems include:

1. The robotics system provides wafer handling for routing wafers through
the CMP tool to the different process stations in the required sequence.
Pick and place robots, water tracks, and wafer carriers serve as compo-
nents in the wafer transport system.

2. The mechanical drive system controls the surface velocity within one
percent or better of the desired set point under full loads. Any variation
in surface velocity, or deviation from the set point, will directly result
in variations in the removal rate. Separate drive systems are used for
the wafer carrier and for the platen, upon which the polishing pad is
mounted.

3. The down force system is used to precisely control pressure within one
percent or better during the CMP process. Any deviation from the re-
quired load will also result directly in variations in removal rates, and can
potentially impact planarization length and efficiency if the deviations are
sufficiently large. This system includes a mechanism for applying a down
force on the workpiece, and sensors for measuring it.

4. The thermal management system is used to control the tempera-
ture of the CMP process. Because lateral frictional forces and mechanical
abrasion result in material removal, heat is generated during the CMP
process [1]. Oxide CMP processes have been reported to generate temper-
ature rises of 5°C or more, while many metal CMP processes are exother-
mic and result in significantly higher process temperatures. In addition,
frictional forces resulting from interactions between the film surface, pads
and slurries used during metal CMP generally are higher than frictional
forces in oxide processes, which results in greater heat generation [2].
Since chemical activity varies with temperature, it is beneficial to control
the temperature to a desired set point. The temperature control can be
achieved by using recirculating coolant through the polishing platen and
a heat exchanger, or by recirculating coolant through the wafer carrier.
Accurate control of the slurry temperature can also be used to assist in
thermal management during CMP processing. It is desirable to control
the CMP process temperature within 1°C of the setpoint.

5. The pad conditioning system is used to regenerate the polishing pad
at frequent intervals. The pad conditioning restores asperities on the pol-
ishing pad surface, and eliminates glazing, or build-up of polishing by-
products.
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The slurry distribution system is used to deliver slurry, other chem-
icals and rinse water to the polishing platen at the proper locations,
in the proper sequence, and at controlled flow rates. If the flow rate is
too high, the process cost of ownership increases significantly because of
wasted slurry. If the flow rate is too low, slurry starvation may result
in deteriorating removal rate uniformity, and can increase defectivity. In
some instances, it is desirable to utilize point of use mixing as the slurry
components are dispensed on the polishing pad, since the slurry may
be unstable due to settling of the abrasive, or may have a short shelf
life because of loss of the oxidizer with time. This is particularly true
with highly selective slurries used in some shallow trench isolation CMP
processes.

. The wafer cleaning system removes organic, metallic and particulate

contamination from the wafer surface and prepares the wafer for the next
step in the integrated process flow.

. The metrology system provides either in-line or in-situ measurements

that can be used for endpointing the CMP process, for providing data
for use in run-to-run control, or for in-situ measurements used in closed
loop, automated process control.

. The wafer carrier is one of the most critical systems used on the CMP

tool. The wafer carrier ensures that the wafer remains in place during the
CMP process and intra-machine transfers, and determines the pressure
distribution across the face of the wafer during the planarization step.
The waste stream system provides for management of the effluent from
the CMP process.

The air flow system controls the pressure distribution within the CMP
tool, and provides pressure balancing between the fab and the various
CMP modules and subsystems. It is designed so that air flows from the
cleanest area to the most contaminated region (the fab, then to the post-
CMP cleaning module, and then to the CMP station) before it is ex-
hausted from the tool. Depending upon the slurries used in the CMP
process, the air may require treatment before it is discharged into the
atmosphere.

The control system manages the operation of each of the other sys-
tems, stores and controls the process recipes and process sequencing, and
communicates with the fab host computer. It also provides data logging
functions, and can display the operating history of the tool. It also can
be used for diagnostic purposes during maintenance procedures, and can
be used to configure access levels for operators, process engineers and
maintenance personnel.

Kinematics, carrier design, pad conditioning, cleaning and end pointing

technologies are the primary differentiators for commercial CMP tools. Many
different tool configurations have been commercialized. While tools using ro-
tary kinematics are the most common, tools have also been developed using
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orbital kinematics, linear kinematics, planetary kinematics, and variations of
modified back-grinding methods (sometimes referred to as “elliptical” since
the shape of the polishing pad does not need to be circular). The objective
is to try to obtain the same average velocity at every point on the wafer,
while limiting the velocity range across the wafer face. Each of the different
kinematic approaches can achieve the same average velocity profile across the
wafer face, and also can achieve nearly identical velocity ranges of approxi-
mately 15% at some point within the operating space of the tool. However,
the process latitude varies between the different commercial tools, and there
are other factors that must be considered such as throughput, the tool foot-
print, the platen size (which determines the pad size and therefore its cost),
and overall tool reliability. In addition, some platforms enable easier imple-
mentation of in-situ measurements that can be used for endpointing. The tool
architecture directly impacts the sampling rate for measurements because of
the tool design.

The following drawings illustrate elements in a typical rotary CMP plat-
form. Systems based on other kinematic approaches have similar characteris-
tics, although the method of implementation can differ because of constraints
imposed by the actual tool design.

As shown in Fig. 5.1, the wafer is located face down within a wafer carrier.
(In some implementations, the wafer surface is face-up, and the polishing pad
is located above the wafer). The wafer is mounted in the carrier through use
of a load cup, and application of a vacuum facilitates wafer loading and
seating within a retaining ring. The carrier is rotated by a spindle under
a controlled, vertical force that applies pressure across the wafer face against
a polishing pad located on the polishing platen. The carrier spindle provides
passages for pulling a vacuum and for delivery of fluids behind the wafer. In
some cases back pressure is applied behind the wafer in order to control the
pressure distribution across the wafer face. The polishing platen rotates using
a separate drive system. The platen spindle also has passages for providing
coolant flow within the platen in order to control the process temperature.
In addition, other components may use the channels in the platen spindle to
provide electrical connections to various sensors (not shown) which can be
used for in-situ monitoring of the CMP process; optical and electrical slip

Hollow Carmier Spindle i Sety

Waer Carrier v, Fros e
\ I ik — Pad Conditicner
- == | -

+— Polishing Platen

+—— Hollow Platen Drive Spindie e

Fig. 5.1. Elements in a typical rotary CMP tool
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rings may also be mounted on the spindle in order to transmit and receive
electrical signals to or from a separate control system or to the tool’s primary
control system.

As the wafer is rotated at a rate wyg under load F' on a polishing pad
rotating at a rate wp, polishing slurry is dispensed at the center of the pad
at a controlled flow rate. Centrifugal forces distribute the slurry across the
polishing pad, which carries it between the pad and the wafer surface. The
combination of mechanical abrasion from the particles in the slurry and pad
asperities provides a mechanical removal component, while active components
in the slurry control the slurry pH, electrochemical properties, and chemical
reactions occurring on the wafer surface.

As the polishing process proceeds, the asperities on the pad surface are
degraded, leading to a progressive falloff in removal rates. In addition, polish-
ing by-products and other debris can build up on the pad surface. The pad
conditioning mechanism is used to restore the pad’s surface texture and as-
perities, and to remove the accumulated debris. The most common method
used is abrasive pad conditioning, using diamond-embedded end effectors
on a conditioner arm that sweeps across the pad surface as it rotates under
a controlled load. The pad conditioning can be performed in-situ as the wafer
undergoes the CMP process, or it may be performed between wafers, while
the wafer just polished is unloaded and a new wafer is loaded onto the carrier.

Following completion of the CMP process, the wafer is transported to
a separate load/unload station. Pressure is applied behind the wafer, and
the wafer is discharged from the carrier and transported into the post-CMP
cleaning module. A new wafer is placed in the loading cup, the carrier is
lowered over the wafer, and vacuum is applied to seat the wafer within a re-
taining ring on the carrier. The new wafer is transported within the carrier
to the polishing platen, and the process sequence repeats.

Each of the tool designs based on the different kinematic approaches will
be discussed in depth, along with the advantages and disadvantages of each
approach.

5.2 Rotary CMP Tools

The earliest CMP processes were developed using single-wafer rotary polish-
ing platforms originally used for silicon wafer polishing. However, significantly
different requirements were identified early on with respect to machine and
process operating parameters. These differences include:

1. Removal rates for CMP processes are lower than those used in silicon
wafer polishing, and the amount of material removed is typically on the
order of 1 to 2 microns compared to material removal of 10 to 25 microns
in substrate polishing.
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2. Rotation rates during semiconductor CMP processes typically are in the
range of 10-100 rpm, while silicon substrate polishing is typically per-
formed with rotation rates up to 350 rpm.

3. In silicon wafer polishing, the system is designed to produce front and
backside surfaces that are parallel within 0.5 to 2 pm. Some wedging, or
taper, results from the polishing method used; generally, during polish-
ing the backside is used as a reference for polishing the front side. During
CMP, the front surface must be parallel to the polishing pad, which re-
quires a gimballing or other self-leveling mechanism in the carrier, so that
the CMP surface is front-surface referenced. For ILD processes, the re-
maining film thickness must be uniform across the wafer diameter, which
is not achievable if back surface referencing is used. In metal damascene
and STT processes, non-uniform clearing requires over-polishing, leading
to unacceptably high dishing and erosion.

4. Most silicon wafer polishing processes use fixed mounting methods for
attaching the wafer to a wafer carrier using a high quality wax. During
CMP, waxless techniques are used almost exclusively.

5. Silicon wafer polishing is performed using batch processes with multiple
wafers mounted on a metal wafer carrier. During CMP, each wafer is
mounted on a separate carrier.

6. Slurries used in silicon wafer polishing are typically alkali based, with
a pH between 10 to 11. Slurries used in CMP may have a pH as low as
2 for metal processes, and as high as 11 for dielectric processes. Many
CMP slurries have a pH near 7. Materials of construction in a CMP tool
must be compatible over the full pH range of 2 to 12.

5.3 Rotary Kinematics

The kinematics for a rotary CMP process have been described previously in
the literature [3]. Using Fig. 5.2 as a reference, the velocity vector for the
point @ on the wafer surface relative to the polishing pad can be readily
described.

R is the position vector from the center of the polishing platen to the
center of the carrier, Ry is the position vector from the center of the polishing
carrier to point () on the wafer surface, and Rq is the position vector from
the center of the polishing platen to the point Q. The position vectors are
related by the expression

RQ = RCC + RH.

If the wafer carrier rotates about its axis with an angular velocity wp, the
velocity of point (Q with respect to the polishing pad can be described by the
expression

V = —VP aF VH = 7((01) X RQ) + (UJH X RH)
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Fig. 5.2. Rotary kinematic diagram

Substituting for Rq, the expression becomes
V = —(wp X (Ree + Rp)) + (wn X Ry).
Or, by rearranging,
V = —wp X Roc — R x (wpg — wp).

For the case where the carrier and the platen have identical angular velocities,
the second term is zero and the velocity is equal at all points on the wafer
surface, leading to uniform polishing based on the kinematic analysis.

However, other factors confound removal rate uniformity. Because the
inner part of the pad is utilized more than the outer part, frictional forces
generate non-uniform temperatures across the pad surface [1]. In addition, the
inner part of the pad is subjected to more wear, which results in non-uniform
degradation of the asperities in the region of the pad used for polishing.
Grooving and embossed patterns on the pad surface may further impact
polishing behavior. As a result, achieving uniform average surface velocities
is not sufficient to achieve uniform removal rates across the surface because
of these effects.

In the simplest case, the vector R is fixed by the geometry of the pol-
ishing system. If the wafer rotates at the same rate as the polishing platen, or
some integer multiple, points on the wafer will arrive at the same position on
the polishing pad during each revolution (referred to as harmonic polishing).
If any artifacts exist in the polishing pad, they can result in non-uniform
polishing on the wafer. For this reason, the carrier rotation rate is generally
varied slightly from the platen rotation rate in order to average out variations
in the polishing pad-wafer interface. The wafer is also not rigidly mounted
on the carrier, and can rotate and translate within the retaining ring during
the process; the wafer may rotate one or two revolutions within the carrier
during a_process.cycle. In _addition, in order to utilize more of the pad, the
wafer center is generally oscillated over the pad surface. While some systems



5 Equipment Used in CMP Processes 141

oscillate the wafer on the order of +1cm or more from its average position
along a platen radius or perpendicular to a platen radius, many different
oscillation patterns have been employed. Although the velocity of the oscil-
lating movement of the wafer center is small compared to the velocity of the
platen and the carrier at the average wafer carrier center position, the net
effect can be significant because of the change in direction and magnitude
of the vector Rcc. The velocity equation for point @ on the wafer surface
is still valid, but the calculation of the velocity vectors over the wafer face
must take into account the equation of motion of the wafer center. Figure 5.3
shows some of the many variations that have been implemented for changing
the position of the wafer center during CMP processes.

Hocheng and co-workers [4] have discussed the simplest case where the
center of the wafer is oscillated at a constant velocity U along a radius. In
their work, they concluded that in order to maintain velocity non-uniformity
of less than 3%, 3 < wu/wp < 1/3.

While the discussion has been limited to a single wafer being polished on
a polishing platen, other variations of rotary polishing have also been imple-
mented. There is no fundamental limitation on the number of wafers that can
be processed on a platen, other than geometrical constraints and the need to
perform periodic maintenance functions such as pad conditioning. Systems
have been commercialized with up to six wafers per platen. By increasing the
number of wafers that are polished, the floor space utilization of the tool can
be improved, and throughput also increases depending upon the efficiency
of the wafer loading and unloading cycle time. Figure 5.4 shows some of the
basic system layouts that have been commercialized.

CMP processes based on rotary kinematics are used on more than 80%
of the installed base of spindles. In the early development of CMP, processes
of record were established for rotary processes and extensive characterization
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Fig. 5.3. Oscillation methods used during CMP processes
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data was established. Consumables were readily available for rotary platforms
as CMP processes were phased into production. Significant effort has been
expended in optimizing consumables sets for rotary processes.

There are disadvantages with the rotary method, however. If a single
wafer is polished on the platen, the space utilization is poor and the equip-
ment does not scale well. In order to provide for the oscillation range of the
wafer center and to increase the surface velocity for a given rotation rate,
the platen diameter is 2.5 to 3.0 times larger than the wafer diameter. As
a result, the diameter of the platen increases at least two times the increase
in the wafer diameter. For single wafer/platen processes, the platen size for
a 200mm diameter wafer is typically 500 to 550 mm. For 300 mm wafers,
the platen size increases to 750 mm to 830 mm. The average pad utilization
rate is also relatively low, and pad wear is non-uniform. Space efficiency can
be improved by polishing two or more wafers per platen, but at the risk of
greater losses if a catastrophic event occurs, such as wafer breakage in one of
the carriers. For multiple wafer processes, the wafers may not all reach end-
point at the same time, requiring independent control over the down force
on each wafer carrier. Consumables costs are also relatively high, particularly
because of poor utilization of slurry. Because of these constraints, other CMP
platforms based on different kinematics have been developed and are slowly
being introduced into volume production.

5.4 Carousel Systems
One of the alternative kinematic approaches is a carousel motion that is

a derivative of the rotary process, as shown in Fig. 5.5. Wafer carriers are
mounted on a carousel at equal distances from the carousel center, Cg.

Fig. 5.5. Kinematic diagram for carousel polishing system
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The center of the carousel is displaced a distance D from the center of the
platen Cp, upon which the polishing pad is mounted. The polishing platen
rotates with angular velocity wp, the carousel rotates about the displaced
center Cc with an angular velocity wc, and the wafers rotate about their
wafer centers with a velocity wy. The carousel motion effectively moves the
wafers toward and away from the platen center. Since there are three angular
velocities, the kinematic equation for the motion of a point @ on a wafer
surface relative to the polishing pad differs from that of the pure rotary case.
It has been shown [5] that the relative velocity of point Q is

VQ:waRC—wpx(RC+D)+(wc+wH—wp)><RQ,

where R is the position vector from the center of the carousel to the center
of the wafer and Rq is the position vector from the center of the wafer carrier
to the point Q. For the condition

(we+wh ~wp) =10

the instantaneous velocity is the same for all points on the wafer. The velocity
will vary over a range during a complete cycle, however, because the position
vectors Rc and R are time dependent. By adjusting the process parameters,
the velocity range can be reduced to a few percent.

5.5 Orbital Systems

CMP systems using orbital kinematics have also been commercialized. A sys-
tem based on orbital kinematics has several advantages compared to rotary or
carousel systems. If only an orbital motion is used, each point on the wafer
surface has the same relative velocity on the pad surface. Because of the
geometry of the system, the footprint of the tool can be minimized, result-
ing in improved floor space utilization. The system also enables simplified,
through-the-pad slurry delivery since rotary couplings for fluid delivery are
not required. As a result, the amount of slurry required for the process is min-
imized, and it is possible to rapidly change slurry formulations in a multi-step
process. In-situ endpointing is simplified, since flexible cables can replace elec-
trical and optical slip rings. Another advantage is that the size of the system
scales directly with the increase in wafer diameter. Finally, the pad surface
area is more fully and uniformly utilized.

The orbital kinematic system also has some disadvantages. In order to
obtain surface velocities comparable to other kinematic systems, either the
orbiting radius must be large, which increases the tool footprint, or a high
orbiting frequency must be used, which may result in the creation of low
frequency vibrations which can be transmitted to other process tools. Also,
while the pad.area-is-used-moreefficiently, pad changes may be required more
frequently, resulting in lower tool utilization rates. If only an orbital motion is
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used, the pad and wafer will always return to the same relative position during
each orbit, resulting in possible artifacts or non-uniform removal rates on the
wafer surface. For this reason, other motions are typically combined with the
orbital motion, resulting in radial velocity variations across the wafer.

Figure 5.6 shows a typical system based on orbital kinematics. The orbit-
ing axis is displaced a distance Rq from the center of the pad, which travels
with a orbital motion as shown, while the pad is constrained from rotat-
ing. One possible embodiment for creating an orbital motion is described
by Breivogel, et al. [6]; however, orbital motions can also result from other
mechanical designs such as those using gears.

In the event that the wafer does not rotate, the relative velocity of each
point on the wafer surface is the same, and is expressed as

V:(.UOXR().

In order to obtain a surface velocity of one meter per second (achieved in
typical rotary systems), for a system with an orbital radius R of 1.5 cm, the
orbital frequency must be approximately 10.5 cycles per second, or 630 rpm
— a factor of 10 higher than used in typical rotary systems.

In Fig. 5.7, the motion of the polishing platen with respect to the wafer
is shown for orbit positions of 0, w/2, 7, 37/2, and 2x. In the diagrams,
the center of the wafer is represented as an open circle, the orbit center
is represented by a filled circle, and the center of the polishing platen is

Axis Of Wafer

Rotation

Orbit Axis
{DH 3
=%
MR,
Center Line
Of Platen

Fig. 5.6. Orbital kinematic system

Figm5:79Orbitalymotionswhenstheswafer center, platen center, and orbit axis are
not coincident
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represented by a filled circle with a line through it. The center of the wafer,
the center of the pad, and the orbit center do not coincide. If they are located
as shown, the motion of the wafer does not fully utilize the pad surface and the
area used is asymetrical with respect to the pad center. During the orbiting
motion, the center of the polishing platen will be co-linear with the orbit
center and the wafer center twice per revolution. If the platen center passes
between the orbit center and the wafer center, the diameter of the polishing
pad will be smaller than if the center of the wafer passes through the line
connecting the orbit center and the platen center.

The most efficient orbital design occurs when the orbit axis passes through
the wafer center. When this geometry is used, the diameter of the platen is
minimized, and the wafer motion with respect to the pad center is symmet-
rical as shown in Fig. 5.8, which shows orbit positions of 0, 7/2, w, 37/2,
and 27. As a result, smaller diameter polishing pads can be used. However,
the wafer is susceptible to non-uniform polishing because the wafer and pad
always return to the same relative position. As a result, the orbit axis is best
displaced by a small distance from the wafer center.

In practice, to provide a more random orientation of any point @ with
respect to the polishing pad, the wafer is rotated while the pad undergoes an
orbiting motion. Referring again to Fig. 5.6, the kinematic equation for the
relative motion of point () with respect to the polishing pad becomes

VQZ—UJHXRQ—I-LUOXRO.

Now, however, all points on the wafer surface no longer travel at a constant
velocity because of the increased velocity at the edge of the wafer compared to
the wafer center as the wafer is rotated. For very low wafer rotation rates, the
velocity variations are negligible, but for rates of 0.5 revolutions per second,
the velocity range can be £30% of V., — significantly higher than in typical
rotary systems.

Systems have been commercialized where the wafer is stationary while the
polishing platen orbits [7], where the wafer rotates and the polishing platen
orbits [6] where the wafer orbits and the polishing platen orbits [8], where the
wafer orbits and the polishing platen rotates [9], and where the wafer rotates
and orbits while the polishing platen orbits [10]. Some of these kinematic

Fig. 5.8. Orbital motion when the wafer center and orbit axis are coincident
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systems become very complex, and generally result in a much smaller process
window compared to the simple case of a pure orbital motion by either the
wafer or the polishing platen.

5.6 Linear Systems

Another system that has been commercialized uses linear kinematics for the
CMP process [11]. One method of achieving linear planarization is to use
a continuous belt as shown in Fig. 5.9. A motor drives the belt, and surface
velocities greater than two meters per second can be achieved before the wafer
starts to hydroplane. As a result of the higher surface velocities, equivalent
removal rates can be achieved while using lower down forces, which results
in improved within wafer removal rate uniformity and higher planarization
rates [12].

The polishing belt is fabricated using conventional polishing pads mounted
on a stainless steel belt. The belt drive is controlled so that the belt moves at
a controlled, constant velocity. If the wafer does not rotate or translate, the
velocity at all points @ on the wafer surfacc is the same and can be expressed
as

Vo=V,

where V is the velocity of the belt. The wafer is located over a rigid plate that
contains a fluid bearing which can be used to control the pressure distribution
across the wafer face [13]. Since the fluid bearing controls the pressure dis-
tribution, the wafer can be mounted in a carrier with a rigid backing plate.

S Carrier Spindle
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Fig. 5.9. Linear planarization system and kinematics
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A gimballing mechanism is required to ensure that the wafer face remains
parallel to the polishing belt. In practice, the wafer can be rotated to pro-
duce an averaging effect to compensate for any anomalies in the polishing
pad, but it can not translate since it must remain in a fixed position over
the fluid bearing in order to maintain the optimum pressure distribution for
minimizing within wafer removal rate variations.

In the event that the wafer rotates, the kinematic equation for the velocity
of any point @ on the wafer surface with respect to the polishing pad is
expressed as

VQ =V - wy X RQ.

If the polishing belt is moving at 2 meters/second and the wafer is rotating
at 10 rpm, the instantaneous velocity varies by +-5% from the average velocity
at the wafer edge. The average velocity is the same at all points on the wafer
surface, however.

Another method for achieving linear kinematics on a CMP polishing tool
is shown in Fig. 5.10 {14]. This method uses a system of rollers and belts
to generate a reciprocating motion on a polishing pad. As the fixed end
of the pad passes over or under a roller the motion of the polishing pad
is reversed, controlling the direction and range of motion. Separate drive
systems can be used to rotate or translate the wafer. The kinematic equations
describing the motion of any point Q) on the wafer surface are the same as
in the previous case. However, it is also possible to synchronize the wafer
translation across the width of the polishing belt. By properly controlling
the timing and direction of the translation of the wafer carrier across the

Wafer Qirier

Figa5:10: Useof areciprocating paditocreate a linear kinematic system. From [14]
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width of the belt, and by properly controlling the velocity and direction of
the belt motion, the wafer can be made to create an orbital motion with
respect to the pad surface.

5.7 Modified Grinding Systems

The majority of the CMP system architectures that have been described
orient the wafer face down against the polishing pad. Alternative systems
have been developed where the wafer is in a face up position, and a small
wheel-shaped polishing pad is used to provide mechanical abrasion on the
surface of the wafer. The polishing wheel rotates, and also scans across the
wafer face. These systems are typically modifications of machine tools used
for wafer back grinding and thinning prior to chip packaging. A system using
this approach is shown in Fig. 5.11 [15]. A similar system which uses an
index table for multi-station processing [16] has been developed and is now
also being commercialized.

In these systems, the polishing wheel can be fabricated from a standard
polishing pad, or can use a fixed abrasive embcdded in a polymer matrix.
The removal process can be facilitated by applying a chemical solution, or by
using a standard free abrasive slurry. There are several advantages claimed
for this approach which include: ease of access to the wafer face for in-situ
measurements and endpointing; lower slurry consumption; use of smaller pol-
ishing pads which lowers consumables costs; and the ability to change process
parameters in localized regions to compensate for variations in local removal
rates or variations in the incoming material. These systems typically use
high rotation rates on both the wafer and the polishing wheel. They have
the potential to reduce the downforce on the wafer surface in order to reduce
erosion, dishing and total metal loss. These systems are significantly more
difficult to control, and in general have a narrower process window for con-
trolling removal rates than offered by other systems. The system shown in
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Fig. 5.11. Modified grinding wheel used for CMP processing. From [15]
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Fig. 5.11 tilts the axis of the polishing wheel so that the pressure distribution
varies from the leading edge of the wheel to the trailing edge of the arc of
contact. The removal rate therefore varies as the pressure varies on the wafer
face. The contact area using this approach has proved difficult to control be-
cause of variations in the polishing pad compressibility as the pad ages, or
from pad to pad variations during extended runs.

5.8 Web Format Tools

CMP systems with a web format have also been developed. These systems
can either use webs fabricated from typical polishing pad materials such as
polyurethane in conjunction with conventional CMP slurries, or they can uti-
lize fixed abrasive webs with chemical formulations which provide chemical
activity to facilitate the removal process. These systems have the advantage
of incrementally suppying new pad material with each wafer processed, which
creates a steady state condition for multiple wafer processing. Pad change-
outs and tool requalification time are minimized, since the web supply reel
can provide sufficient material for a week or longer under continuous pro-
duction conditions. Figure 5.12 shows the architecture of a typical web-based
system [17, 18], while Fig. 5.13 shows the motions of the wafer during the
CMP process.

As described in the references, the wafer orbits using x-y motion con-
trollers to control the motion of the wafer while maintaining a constant ve-
locity for all points on the wafer surface. The wafer does not rotate, which
enables local pressure control on the wafer face through use of pneumatics.
The web travels through a support with sloped sides which maintains align-
ment and also serves as a slurry containment device. Figure 5.14 shows the
traces of successive wafers polished on the web as it moves through the CMP
tool.
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Fig. 5.12. Web supply and take up mechanism used on a CMP tool
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Fig. 5.13. Wafer motion on a web format CMP tool

Fig. 5.14. Web area used by the motion of successive wafers
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Many other architectures have been proposed for CMP tools, all which
have the same objectives of providing a reliable design that is simple, which
minimizes consumable use, which has a small footprint, which provides easy
access to the wafer face for obtaining in situ measurements, and which en-
ables accurate, local control of the pressure distribtution so that adaptive
process control can be used. However, the systems that have been reduced to
commercial practice are those that have been described in this chapter.

CMP processes have been used since the late 1980’s and immense re-
sources have been used to characterize processes using rotary systems. As
a result, rotary systems still are the dominate architecture in use. Although
orbital systems were introduced in the mid-1990’s, they have primarily been
used for tungsten CMP processes, and will most likely not be extended for
use in copper CMP processes without significant modifications. Linear sys-
tems have represented the most radical departure from the processes of record
used in the late 1990’s time frame, but they offer potential compelling advan-
tages for use in next generation processes; although the process data is not as
voluminous for linear CMP systems, the potential footprint advantages and
lower tool acquisition costs, coupled with improved planarization efficiency
most likely will continue to attract significant interest in the industry.

The future of web format tools is still uncertain. While these systems
offer some process advantages and enable direct polish STI processes, defec-
tivity from use of fixed abrasives, along with the higher cost of consumables
has detracted from wide spread use. If these issues are resolved, web format
architectures may see increased use for CMP processing.

The future of the modified back grinding approach is also uncertain, In
order to be successful, it must be clearly differentiated from existing systems
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in terms of offering compelling, enabling process technology, or it must offer
significant cost reductions compared to existing systems and processes of
record. While the potential of significant improvements exist, convincing data
has yet to be generated that verify that the anticipated process and cost
advantages are real.

5.9 Electrochemical Mechanical Planarization

Copper is electrochemically more reactive than tungsten, aluminum, and in-
sulating dielectric materials used in semiconductor manufacturing, and does
not easily form passivating native oxides. During copper CMP and post-
CMP cleaning, care must be taken to eliminate chemical, galvanic and photo-
induced corrosion [19]. In order to minimize these effects, the wafer must be
shielded from exposure to light during processing.

Because the thickness of electrochemically deposited copper is pattern
sensitive and is influenced by additives in the electroplating electrolyte, over-
polishing is required to ensure complete removal of copper and barrier films
in the field areas. This results in excessive dishing for wide features, and ero-
sion (loss of dielectric thickness) in dense areas with narrow lines and spaces.
Isolated features also create challenges during copper polishing. There is also
concern about shear forces used during CMP which can result in delamina-
tion, particulary when porous low-k dielectric materials are used.

In order to lower stresses during planarization and to reduce CMP pro-
cess times, electropolishing or electrochemical mechanical polishing processes
are being investigated. Methods are being developed to abrade the copper
film during the electroplating process, which results in thinner copper films
in the field areas, and significantly improved planarity across the wafer sur-
face [20, 21]. The copper overburden can then be removed by spin etching [22],
electropolishing [23, 24], or a short CMP process [25]. Other processes are
being explored where the wafer is positively charged in an electric field in the
presence of a conductive polishing liquid, which significantly increases the re-
moval rate and permits significantly lower downforces to be used during the
CMP process [26, 27]. Barrier films can be removed by reactive ion etching,
eliminating the need for a separate CMP step. Using any of these processes,
dishing and erosion are minimized and delamination of fragile low-k dielectric
films can be avoided. These methods also have the potential to significantly
reduce the CMP process time in back end of the line interconnect processes,
resulting in the need for fewer process tools.

5.10 Carrier Technology

The wafer,carrier issone of the meostyeritical components on the CMP tool.
It transmits the downforce to the wafer face, and determines the pressure
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distribution over the area of the wafer. It also determines the interaction of
the wafer with the polishing pad. If the carrier is not properly designed, it
will result in non-uniformities in removal rate, particularly at the wafer edge.

The earliest CMP carriers relied on mechanical means to transmit force
to the wafer and to control the pressure distribution. A rigid, fixed plate
surrounded by a retaining ring and a compressible insert were used for holding
the wafer during the CMP sequence. The insert is a soft buffed or unbuffed
poromoric material with a pressure sensitive adhesive on the backside that
can be used to mount the insert on the wafer carrier. The poromoric mounting
material contacts the work piece within the retaining ring. Capillary effects
from water in the elongated pores in the mounting material coupled with
surface tension of the water film under the work piece act to hold it in place.
The template or retaining ring provides a rigid structure around the work
piece that eliminates lateral movement during the polishing operation.

One of the earliest carrier designs is shown in Fig. 5.15 [28]. The carrier
design was effective in providing front surface referencing of the wafer to
the polishing pad, and it was demonstrated that the carrier design did not
introduce taper into a film or wafer during polishing. The design resulted
in a gimbal point that was significantly above the plane of the wafer face
undergoing planarization. As a result, the lateral forces on the carrier from
the friction between the polishing pad and the retaining ring/wafer surface
created a moment about the gimbal point which caused the leading edge of
the wafer to “dive” into the pad, resulting in a non-uniform pressure distri-
bution across the wafer face. Non-uniformities from this carrier design were
on the order of 6% 1o, using a 10 mm edge exclusion zone. In an attempt to
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Fig. 5.15. Early mechanical design for a CMP carrier
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compensate for the nonuniform removal rates, the carrier spindle was canted
slightly toward the leading edge of the wafer, and a convex curvature of 1 to
5 um was used on the rigid backing plate. The amount of curvature required
was dependent upon the down force used during the CMP process, since me-
chanical deflections were present within the carrier, and the frictional forces
generating the mechanical moment were dependent upon the relative velocity
between the wafer and the polishing pad and the characteristics of the slurry
used in the process.

The retaining ring was adjusted so that approximately one third of the
wafer thickness protruded from the retaining ring. There was no capability
for separately controlling the down force on the retaining ring. Because of
the viscoeleastic properties of the polishing pad and the tendency of the
leading edge of the carrier to deflect downward into the pad (because of the
mechanical moment about the gimbal point resulting from frictional forces),
a significant non-uniformity resulted at the wafer edge that could not be
eliminated.

The different generations of carrier design are shown in Fig. 5.16. One
of the earliest improvements in carrier design was to use a rigid floating
plate that permitted independent movement of the retaining ring. In this
improved design, a rigid plate was coupled to the retaining ring using a rubber
membrane so that the wafer face automatically adjusted to the same plane
as the surface of the retaining ring that contacted the pad. As a result, the
gimbal point for the carrier was located in the plane of the front surface of
the wafer, eliminating the need for shaping an empirically derived curvature
on the carrier face. Pneumatic pressure behind the plate resulted in improved
pressure uniformity across the wafer. However, the pressure on the retaining
ring was not independently controlled, and pad viscoelelastic properties still
were a factor in determining within wafer removal rate uniformity. However,
by increasing the width of the retaining ring, the viscoelastic effects could be
mitigated [29)].

The next improvement in carrier design permitted independent control
of the force on the retaining ring and the force on the rigid plate used for
mounting the wafer. This design improvement resulted in an additional degree
of freedom in compensating for edge effects during the CMP process [30].

As carrier technology continued to evolve, a flexible membrane replaced
the rigid plate behind the wafer. Pneumatic pressure behind the membrane
then resulted in a uniform pressure distribution across the face of the wafer.
These carrier designs continued to use independent control of the down force
on the retaining ring [6, 31]. These changes resulted in significant reduction
in edge effects; within wafer removal rate nonuniformity was reduced to less
than 3% 1o with a three mm edge exclusion zone.

The use of pneumatic pressure behind a flexible membrane and indepen-
dent control of the down force on the retaining ring has been further extended.
State of the art carriers.now,providethe capability to adjust the pressure in
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Fig. 5.17. CMP carrier design. From US patent 6,244,942; June 12, 2001

different zones across the wafer surface. With these features, it is now possi-
ble to decouple the pressure settings between zones, and to control the local
removal rates. The carriers now can be used to compensate for incoming film
thickness variations, resulting in a uniform film thickness across the wafer
after the CMP process. When coupled with suitable in-situ metrology, auto-
mated, closed loop control of the CMP process is possible [32].

While Fig. 5.16 shows the basic design concepts used for CMP carriers
as the technology has evolved, the actual carriers based on these designs are
complex, and use a large number of components. Materials of construction are
important, since fatigue can cause premature failure leading to a short carrier
life before replacement or maintenance is required. The carrier assembly can
become quite complex, increasing costs significantly. Figure 5.17 shows one
of the least complex carriers used in a production CMP process [33].

5.11 Pad Conditioning

During the early development of CMP processes, stabilization of removal
rates using cast polyurethane pads was a critical issue as shown in Fig. 5.18.
The Rodel IC1000 series polishing pads were found to provide the most effec-
tive planarization characteristics compared to other commercially available
pads. However, the removal rate for PECVD oxide films on the as-received
pads was initially low, increasing to a maximum value within a few min-
utes of polishing, followed by an exponential decay in removal rate with
increased polishing time. Various pad conditioning methods were used in
an attempt to stabilize the removal rate. Abrasive pad conditioning using
diamond-impregnated disks was found to be the most effective method. If
the pad was conditioned under the proper conditions before the first wafer
was polished, the initial removal rate doubled compared to removal rates
on_unconditioned pads. If pad _conditioning was repeated after each wafer
was polished, the removal rate remained stable for hundreds of wafers [34].
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Fig. 5.18. Effect of pad conditioning on wafer to wafer removal rate

Subsequent development has shown that abrasive pad conditioning gener-
ates asperities on the pad surface, which significantly impact the removal
rate. As long as the asperities are controlled to a consistent height and den-
sity, the removal rate remains stable as additional wafers are processed [35].
Subsequently, the pad conditioning sub-system is one of the most important
modules on the CMP tool. Ideally, the pad conditioner and tool geometries
will permit in-situ pad conditioning while wafers are being processed.

The pad conditioning process can be modeled using rotary kinematics as
discussed earlier in this chapter. During pad conditioning, the pad becomes
the work piece, which is significantly larger in diameter than the end effec-
tor (see Fig. 5.1). Typical end effector diameters are on the order of 100 mm
compared to a polishing pad diameter greater than 500 mm. The end effector
rotates about its center during pad conditioning. It also is moved linearly
toward and away from the polishing pad center in order to condition the
working area of the pad. Because different regions of the polishing pad have
different utilization rates, and because the relative velocity between the end
effector and the polishing pad varies with radial position, it is common prac-
tice to segment the polishing pad into different radial zones. The dwell time
of the end effector is adjusted in each zone in order to control the amount of
pad conditioning and to maintain the thickness profile for the polishing pad.
The pad conditioning process has been modeled extensively using the rotary
kinematic equations [36].
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Pad conditioning has a significant impact on the cost per wafer pass during
CMP processing. An extensive supplier base for supplying diamond disk end
effectors has evolved. Diamond conditioning disk costs are significant, and
are only exceeded by slurry and pad costs. If the pad is under-conditioned,
the process will not remain stable leading to extensive and expensive rework
or scrapped wafers. If the pad conditioning is too aggressive, the life of the
polishing pad is shortened, leading to higher costs and greater tool downtime
as the pad is changed out and a new pad is qualified.

Initially, pad conditioning end effectors were manufactured by embed-
ding diamond abrasive in an electroplated nickel matrix on a steel substrate.
However, because of inconsistencies from disk to disk, it was found that the
diamond shape and relative abrasiveness, as well as particle sizing were im-
portant for improving end effector performance. The earliest end effector
manufacturing methods resulted in random orientation and placement of the
diamond particles in the matrix. The nickel-plated method was satisfactory
for manufacturing conditioning disks for oxide processes. For metal CMP pro-
cessing with very low pH slurries, the nickel was chemically attacked, leading
to short conditioner life and loss of diamond particles which resulted in high
defectivity. Today, diamond end effectors are provided with protective coat-
ings to increase their chemical resistance, and alternative methods such as

; Pull-out Diamond
Deposited
Debris \ La.rgc Crystal

. I- Ie('l! op].ilcd Dl‘il\

Deposited Debris
Uneven Height

Thin Support \

Diamond Cluster

Concave Profile
Euhedral Crystal
Diamond Leveling
Massive Support / Diamond Shield

w

: I)mm(md (.rl(l YAy av4
i Fd

Fig. 5.19. Properties of diamond pad conditioning end effectors
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brazing are used which result in a more chemically inert matrix. The dia-
mond particles are carefully controlled with respect to orientation, sharpness
of cutting edges, protrusion, placement in a controlled pattern, and adequate
build-up of the bonding matrix on the side of the particle. Figure 5.19 shows
a diagram of a pad conditioning disk for use in oxide processes provided by
Kinik, a Taiwanese supplier of diamond pad conditioning end effectors.

CVD diamond coatings have been used to increase the conditioner disk
lifetime, but the cost of these disks is significantly higher and the cutting
characteristics are generally degraded. Diamond particles have also been em-
bedded in a ceramic matrix for use as pad conditioning disks [37].

Today, a wide variety of diamond end effector disks are commercially
available with a global supplier base. Disks in a wide range of diameters are
available, and end effectors range from small pellets to disks to segmented
wheels. Different matrix materials are used, and the pattern of the diamond
particles can be controlled to individual specifications. As a result, the suppli-
ers of CMP tools specify conditioning disks as part of their process of record;
the tool suppliers also differentiate their tools based on pad conditioning
capability.

5.12 Endpointing

Within the last few years, significant advances have been realized in end-
pointing technology. Initial oxide CMP processes relied on process time and
control of removal rates in order to achieve target thicknesses. The CMP tool
and process results in a hostile environment for in-situ metrology. It therefore
is not surprising that the earliest endpointing techniques relied upon indirect
methods for detecting changes in the CMP process.

The earliest technique used commercially for endpointing relied upon
monitoring motor current changes [38] while driving the carrier or platen
rotation. This technique is an indirect method of measuring changes in fric-
tional forces between the pad and the wafer surface. Tungsten CMP processes
on softer polishing pads generally have higher frictional forces than oxide
films using the same consumables set. As a result, motor current monitor-
ing has been effectively used for determining when tungsten overburden has
been removed, exposing the oxide dielectric in a tungsten plug damascene
process. Figure 5.20 shows a typical endpointing trace for a tungsten CMP
process [39].

While attempts have been made to extend the motor current method for
use in STI processes and copper dual damascene processes, the technique has
been only marginally succesful because the frictional forces from the exposed
films and the polishing pad do not differ significantly. As a result, other
methods have been developed for use with these processes. More recently,
directymonitoringrof changessinsthescoeflicient of friction has been proposed
as an endpointing means [40].
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Fig. 5.20. Motor current endpointing traces. From [39]

A vibration monitoring method, which detects changes in frictional forces
as film interfaces interact with the polishing pad, has been developed and
is being used for CMP endpointing in high volume production [41]. Vibra-
tions generated during the CMP process are detected using an accelerometer
on the carrier behind the wafer. The method is reported to be sufficiently
sensitive for production use in dielectric, STI and metal CMP processes.
The method can detect delamination of low-k dielectric films in copper dual
damascene processes. An endpointing method based on monitoring high fre-
quency acoustic emissions generated during CMP processing has also been
proposed [42].

A highly sensitive endpointing detection method is being used in pro-
duction for shallow trench isolation processes. As the trench fill oxide film
is removed from the field areas, trace amounts of ammonia are generated
when the nitride film is exposed and polished. The ammonia is detected us-
ing chemiluminescence after it is catalytically converted to nitric oxide. The
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technique can also be used for endpointing any other film stack containing
a nitride layer [44].

Optical reflectrometry is the preferred method for endpointing CMP pro-
cesses. However, the method is highly intrusive, requiring process compro-
mises or extensive hardware modifications. While it is effective in detecting
interface changes in thin film stacks, it has been less effective for in-situ mon-
itoring of the thickness of dielectric layers in multilevel interconnect struc-
tures.

Because of the difficulty in using in-situ optical techniques for monitoring
dielectric film thicknesses, in-line optical metrology has been used extensively.
Walfers can be measured prior to processing, and again after processing is
completed while the next wafer is undergoing CMP. The data can then be
used for implementing changes in the process using run-to-run control meth-
ods for compensating for device pattern dependent and equipment induced
disturbances. Nova Instruments was the first to develop an in-line thickness
measuring system that was successfully integrated with CMP polishing equip-
ment for oxide processes [45]. While it does not serve as an in-situ endpoint
monitor, it can measure thin film thickness at multiple locations on the wafer
surface after it is unloaded from the wafer carrier. The system has pattern
recognition capability, and can complete thickness measurements at multiple
pre-determined sites on a wafer while the next wafer is being polished. The
method is particularly useful for monitoring removal rates and within wafer
uniformity and is able to provide measurements on 100% of the wafers prior
to and following CMP on even the highest throughput CMP tools. The wafer
can be maintained in a wet environment during the measurement process.
The spot size for the optical measurement is in the micron range. Data gen-
erated from the system can be integrated with the polisher control system to
provide closed loop process control using run-to-run controller concepts [46].
Data is fed forward and backward from the CMP module in order to optimize
the entire manufacturing module performance.

In-situ optical endpointing methods are being used on production CMP
tools, but such systems are highly intrusive when used on rotary platforms
and require placement of an illumination source and detector within the pol-
ishing platen as shown in Fig. 5.21 [47]. In order to transmit and receive data
from the endpointing module, either electrical and optical slip rings must
be used, or wireless data transmission methods must be employed. Optical
techniques can be used to measure the thickness of both dielectric films, and
very thin metal films (< 1000 A), or can be used to detect a change in the
film interface properties when material is completely removed such as clear-
ing oxide in a shallow trench isolation process, or in removing copper from
the field areas in a metal damascene process. Figure 5.22 shows the Applied
Materials Mirra™ CMP system with an transparent optical window in the
polishing pad for providing access to the wafer surface.
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Fig. 5.22. Applied materials ISRM™ in operation. Note window in pad

Optical endpointing systems on orbital platforms are less intrusive, since
flexible cables or optical fibers can be used to transmit and receive signals
through the orbiting polishing pad. It is also possible to use multiple fibers so
that the process can be monitored in different radial zones. When used with
slow rotation of the wafer carrier, and with a sufficient number of probes, the
entire surface of the wafer can be monitored [48].

Copper CMP processes present special challenges. The thickness of the
incoming copper film is generally non-unifirm as a result of pattern-sensitive
deposition rates during electroplating. Since dishing and erosion are exremely
sensitive to the downforce and degree of over-polishing, it is desirable to use
multiple process steps. The first CMP step rapidly reduces the thickness of
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the copper film to a predetermined target value. When the thickness of the
copper is reduced to about 1500 A in the field areas, and prior to clearing of
the film anywhere on the wafer, a low down-force, low removal rate process is
initiated until clearing is complete and the barrier layer is exposed. A third
process step is then used to remove the barrier layer in the field areas.
Endpointing technology for copper CMP processes generally employs two
different methods. Eddy current measurements are used to monitor the cop-
per thickness and thickness profile during the first CMP process step. The
system must have extremely fast computational capability so it can measure
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the film thickness uniformity as the sensor passes under the wafer, allowing
the potential for adaptive process control. When the target copper thickness
is obtained, the system switches to the optical monitoring mode where it can
detect the start and completion of copper clearing, and the start and end of
the barrier layer/adhesion layer clearing. Optical methods have the capabil-
ity to detect copper and barrier layer residuals, permitting over-polish times
to be minimized [49]. The optical system shown in Fig. 5.23 uses a single
wavelength, multiple angle system, which overcomes problems with reflected
signal quality resulting from scattering because of abrasive particles in the
slurry. The system is highly intrusive, and requires extensive modifications
of the CMP tool. Figure 5.23 shows components in the KLA-Tencor Precice
system that are mounted on the underside of the polishing platen; probes are
also embedded in the platen that can access the wafer surface. Measurement
results are shown in Fig. 5.24.

5.13 Summary

Significant progress has been made in CMP tool technology since the first
CMP processes were developed. CMP technology has moved from an empiri-
cally-based “black art” to stable, predictive processes that are used for both
front end of the line and back end of the line processing; CMP is a key
enabler for fabricating both leading edge transistors, and multilevel intercon-
nect structures. Improvements in consumables technology, pad conditioning,
post-CMP cleaning and endpointing technologies have resulted in the evo-
lution of sophisticated CMP tools with the near-term potential to perform
complex, fully automated processes. As the semiconductor industry transis-
tions to new device structures, innovations in CMP tool design will continue
to advance at a rapid pace.
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6 CMP Polishing Pads

David B. James

6.1 Introduction

Although polishing is an old technology [1, 2, 3], it has become an enabling
process for the manufacture of leading-edge semiconductor devices. In the
manufacture of such devices, polishing is used to maintain planarity at each
step in the process of depositing and photolithographically imaging sequential
insulating dielectric and conductive metal layers. Also as noted in the first
chapter, CMP is now also employed to remove a bulk film and then stop,
as in damascene copper and tungsten polishing. As semiconductor devices
become increasingly complex, requiring finer feature geometries and more
metallization layers, greater demands are placed on the polishing consumables
used in the CMP process to manufacture such devices [4, 5, 6].

Polishing consumables usually comprise a polymeric polishing pad used in
conjunction with an aqueous based polishing slurry [7]. Conventionally, the
slurry contains abrasive particles but, also recently, two variants on the stan-
dard consumables have been studied. In the first new approach, the abrasive
particles have been incorporated into the pad and in the second, the pad is
used with a particle-free reactive liquid. This chapter will focus on conven-
tional polishing pads and, for completeness, will include only a brief section
on slurryless pad technology. More specifically, this chapter will discuss poly-
mer criteria for polishing pads, types of pads available and their manufacture,
control of pad properties, and the relationship of those properties to polishing
performance.

6.2 Polymer Requirements for Polishing Pads

Since polishing is both a mechanical and a chemical process, the polymeric
polishing pad must have sufficient mechanical integrity and chemical resis-
tance to survive the rigors of polishing. As discussed later in this chapter,
important mechanical properties include high strength to resist tearing dur-
ing polishing, acceptable levels of hardness and modulus selected based on
the material being polished, and good abrasion resistance to prevent excessive
pad wear during polishing.
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Chemically, the pad must be able to survive the aggressive slurry chem-
istries used in CMP polishing without degrading, delaminating, blistering or
warping. Slurry chemistries include either highly alkaline slurries near pH 11
used for polishing of inter-layer dielectric oxide layers or highly acidic, oxi-
dizing slurries used for polishing metal films, such as tungsten and copper.
Slurries for metal CMP can have pH values less than 2 and contain oxidizing
agents such as hydrogen peroxide, ferric nitrate or potassium iodate. Typi-
cally, over the lifetime of a single pad, it is exposed to these chemistries for
many hours and often several days, usually at temperatures above ambient.

A third criterion is that the pads must be sufficiently hydrophilic. The
aqueous-based abrasive containing slurry or the particle-free reactive liquid
must wet the surface of the pad and form a liquid film between the wafer and
the pad. If the liquid does not wet but instead beads on the pad surface, it
will be swept away by the wafer edge and the interior of the wafer will be
starved of the necessary chemistry to enable effective polishing.

Pad hydrophilicity may be expressed in terms of the pad’s Critical Surface
Tension. This is defined as the wettability of a solid surface by noting the
lowest surface tension a liquid can have and still exhibit a contact angle
greater than zero degrees on that solid. In terms of polishing, this means
that pads made from polymers with higher critical surface tension values are
more hydrophilic and slurry will more readily wet these pads.

Table 6.1 shows critical surface tension values for several commercially
available polymers [8].

From the Table 6.1, polymers with higher critical surface tension values
correspond to those polymers which are useful as polishing pads. The mini-
mum value is around 37 mN/m, and preferred values are in the mid 40’s. This
range includes polymers such as poly(methyl methacrylate), polycarbonates,
nylons, polysulfones, and polyurethanes.

As the critical surface tension of the pad decreases, polishing performance
will also decrease. Thus one would expect polyethylene and PTFE pads to
perform poorly because slurry does not spread over the pad surface. However,
a number of approaches have been used to enable less hydrophilic polymers to
be used as polishing pads. These include adding high levels of wetting agents
to the slurry, adding hydrophilic fillers such as silica to normally hydrophobic
polymers, or by chemically modifying the hydrophobic polymer to make it
more hydrophilic. Techniques used for the latter include plasma treatment,
corona discharge or the chemical addition of polar groups to the pad surface.
However, since pads are continually abraded during use, either by condition-
ing prior to polishing or by the polishing process itself, the treatment needs
to be effective through the whole cross-section of the pad and not just the
surface layer.

Since polishing is a wet process, the mechanical properties of the pad must
be essentially retained, even when the pad is wet. However, the properties
of shydrophilicspolymersswhichmarespreferred for polishing pads will change
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Table 6.1. Critical Surface Tension Values of Polymers

Polymer Critical Surface Tension (mN/m)
Polytetrafluoroethylene 19
Polydimethylsiloxane 24
Silicone Rubber 24
Polybutadiene 31
Polyethylene 31
Polystyrene 33
Polypropylene 34

Polyacrylamide 35 -40

Polyvinyl alcohol 37
Polymethyl methacrylate 39
Polyvinyl chloride 39
Polysulfone 41
Nylon 6 42
Polycarbonate 45
Polyurethane 45

during exposure to aqueous polishing slurries. Typically water acts as a plas-
ticizer which decreases pad modulus and hardness, and increases ductility.
Thus under polishing conditions, the pads will become more ductile and flex-
ible. These changes are reversible and pad properties revert to the original
values on drying, indicating that chemical attack of the pad is minimal.

The changes in pad properties during polishing are important for those
researchers interested in modeling the mechanisms of CMP polishing. Often
dry properties rather than the more appropriate wet properties are used in
the models. Secondly, most properties measured are bulk properties. Since
polishing is an interfacial process, in many cases the properties of the pad
surface rather than the bulk should be used. Surface properties change rapidly
during immersion in slurry and quickly reach equilibrium values [61].

The final criterion for the polymer is that the polymer formulation and
morphology can be varied to give pads with specific, predictable properties
for different polishing applications. Thus a family of pads is preferred, such
that performance may be fine-tuned for the specific polishing application,
polishing tool, wafers and slurry.

The types of polymers which best satisfy the criteria discussed above
are polyurethanes. Polyurethanes combine good mechanical properties with
excellent chemical stability and, as shown in the next section, their proper-
tiessmay-berreadily-andspreciselyrcontrolled. Furthermore, with polyurethane
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technology it is possible to fabricate a wide range of pad microstructures
including foams, impregnated felts and solid pads, and to use a variety of
polyurethane manufacturing processes including casting, molding, extrusion,
web-coating and sintering. These will be discussed in more detail later in the
chapter.

6.3 Basics of Polyurethanes

Many books have been written covering the chemistry, morphology, prop-
erties and manufacture of polyurethanes, and the reader is referred to
these [9, 10, 11] for in-depth discussions. This section will provide a brief
overview of polyurethanes and cover those aspects most relevant to polishing
pad technology.

6.3.1 Formulations

Polyurethanes are typically composed of at least three components:

1. Long chain polyol
2. Diiocyanate or isocyanate of higher functionality
3. Chain Extender.

Most polyols used in the manufacture of polyurethanes are polyethers with
terminal hydroxyl groups. Hydroxyl-terminated polyesters are sometimes
used to obtain polyurethanes with special properties. However, polyester di-
ols tend to be more expensive and are less chemically stable than polyether
diols, especially in basic solution. The choice of polyol, especially the size
(molecular weight), flexibility of its molecular structure, and functionality,
has a large effect on the properties of the resultant polyurethane.

A second method of varying the properties of a polyurethane is through
the selection of the isocyanate. Several aromatic and aliphatic isocyanates
are available, but 95% of all polyurethanes are based on either toluene diiso-
cyanate (TDI) or diisocyanato-diphenylmethane (MDI) and its derivatives.
MDI is often preferred over TDI because of its lower toxicity and greater
chemical flexibility. Although pure MDI is a difunctional solid having two
reactive isocyanate groups per molecule, producers of isocyanates have de-
veloped liquid MDI variants of higher functionality than two. This enables
control of crosslinking reactions and hence of the resultant polyurethane prop-
erties.

The third important component in a polyurethane formulation are small
molecules known as chain extenders. These are chemicals containing groups
which can react with isocyanates and link such isocyanates together to in-
troduce specialized polymer segments into the polyurethane backbone. Ex-
amples-include-molecules-such-as-dowsmolecular diols (e.g. ethylene glycol or
butane diol), diamines, and water.
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Fundamentally, there are three approaches to formulating polyurethanes,
described by the urethane industry as “prepolymer”, “quasi”, and “one-shot”.
In the “one-shot” approach all the components are mixed together and re-
acted at one time. This can result in a highly exothermic reaction which is
more difficult to control and can lead to reproducibility problems. In the “pre-
polymer” approach, the isocyanate is pre-reacted with the long chain diol to
form a high molecular weight isocyanate terminated moiety. This can then be
further reacted with diol or diamine curatives to complete the polyurethane
formation. The advantages of this approach are greater control over the chem-
istry and a more consistent product. The “quasi” approach is intermediate
between the two other approaches.

Additional ingredients commonly included in commercial polyurethane
formulations for polishing pads are catalysts, fillers and blowing agents.

6.3.2 Chemistry

Polyurethanes are addition polymers [12] formed by reaction of di- or poly-
functional isocyanates with polyols:

Polyol + Isocyanate = Polyurethane.

However, urethane reactions are actually much more complex. This is
a consequence of the high reactivity of isocyanates which can react with any
molecules present containing active hydrogen groups, and by the fact that
it is usual to use a stoichiometric excess of isocyanate with respect to diol.
Thus, under suitable conditions, many secondary reactions are possible, such
as:

Isocyanate 4+ Urethane = Allophanate
2 x Isocyanate = Uretidinedione (Dimerization)
3 x Isocyanate = Isocyanurate (Trimerization)

Isocyanate + Water = Carbon Dioxide.

These reactions can be preferentially controlled through the reaction con-
ditions. Thus one reaction over another can be favored through the use of
catalysts and by controlling the reaction temperature. The first three of the
above reactions create chemical cross-links between chains and a network
structure. As will be illustrated later, as a consequence of the polyurethane
cross-linking reactions, pad properties can be fine-tuned through control of
the stoichiometric ratio of isocyanate to diol.

6.3.3 Morphology

Polyurethanes are multi-phase materials with complex morphologies [9, 10,
11]. Their molecular structures vary from rigid cross-linked polymers to lin-
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ear, highly extensible elastomers. A common feature, however, of polyur-
ethanes is the presence of so-called “soft” and “hard” segments. The type
and relative amount of these in the polyurethane structure are major deter-
minants in controlling polyurethane properties.

Soft segments are quite mobile and are normally present in coiled forma-
tion. Chemically, they comprise the high molecular weight long chain diol
component of the formulation. The mobility of molecular chains in the soft
segment results in increased flexibility, toughness and impact resistance. Mo-
bility depends on the chemical nature and chain length of the soft segment.
Ideally, the soft segment should be amorphous and have a low glass tran-
sition temperature. Phase separation increases with increasing chain length
and decreasing polarity of the soft segment due to less hard segment/soft
segment interaction. Preferred molecular weights are in the 1000 to 4000
range. At higher molecular weights, especially at low hard segment amounts,
there is a tendency for the soft segments to crystallize which will reduce the
elastomeric benefits conferred by the soft segments.

Soft segments alternate with hard segments which are stiff oliourethane
units, principally composed of reacted isocyanate and chain extender moi-
eties. Hard segments act as pseudo cross-links and control the dimensional
thermal stability of polyurethanes. Thus properties such as strength and stiff-
ness at elevated temperatures are controlled by the hard segments. Above
a certain temperature, the hard segments “melt” and, in the absence of
chemical cross-links, the polyurethane becomes thermoplastic with greatly
reduced strength and stiffness.

6.4 Types of Commercially Available Polishing Pads
and Their Manufacture

6.4.1 Types of Pads

This section will cover the types of pad that are commercially available and
currently used for CMP polishing. Following the classification of Cook [13],
the pads may be categorized into four types differentiated by their microstruc-
ture. The types are:

Type 1: Polymer Impregnated Felts

Type 2: Poromerics (synthetic leathers)
Type 3: Filled Polymer Sheets

Type 4: Unfilled Textured Polymer Sheets.

Table 6.2 summarizes the key features, properties, commercial trade
names, and typical applications for the different pad types.
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Table 6.2. Key Features, Properties and Applications for Different Pad Types

Type 1 Type 2 Type 3 Type 4
Structure Felted fibers Porous film Microporous Non-porous
impregnated coated on a polymer sheet  polymer sheet
with polymeric supporting with surface
binder substrate macrotexture
Microstructure Continuous Vertically Closed cell None
channels oriented, open  foam
between fibers  pores
Slurry loading Medium High Low Minimal
capacity
Pad Examples Pellon™, Suba Politex ™, 1C1000™, OXP3000™,
™ Surfin™, IC1010™, 1C2000™
UR100™, IC1400™,
WWP3000™  FX9™ MH™
Compressibility Medium High Low Very Low
Stiffness Medium Low High Very High
Hardness Medium Low High Very High
Typical Si stock polish, Si final polish,  Si stock, ILD ILD CMP, STI,
Applications Tungsten CMP Tungsten CMP, CMP, STI, metal dual
post-CMP buff metal damascene
damascene
CMP
Key US 4,728,552 3,100,721 5,578,362 5,489,233
Patents 4,927,432 3,763,054 5,900,164 6,022,268
4,841,680
6,099,954

Note: Suba™ Politex™, UR100™  WWP3000T™, 1C1000™, 1C1010™, 1C1400™, MH™
0XP3000™  and IC2000™ are trade-names of Rodel Inc., Pellon™ and FX9T™ of Freuden-
burg, and Surfin™ of Fujimi.

6.4.2 Methods of Manufacture

Although all the four pad types are polyurethane based, each is manufac-
tured by a different process, illustrating the versatility of urethane chemistry.
Table 6.3 provides a schematic outline of the manufacturing process for the
different pad types. Types 1 and 2 pads are manufactured by a continuous
roll or web process, Type 3 pads by a batch process, and Type 4 pads by
either a batch process or by a unit operation, net shape process. Emerging,
alternative manufacturing processes will be discussed later in this section.
Each manufacturing process has its own advantages and limitations, and
the preferred processiisdargely dictated by cost and pad properties required
for the specific polishing application. Each process also has its own set of
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Table 6.3. Manufacturing Processes for Different Pad Types

Type 1 Type 2 Type 3 Type 4
Needle polyester  Prepare Mix polyurethane Form polymer
fibers to form supporting precursors and sheet
non-woven felt substrate using pore forming

modified Type 1  agent
process
1°° Urethane Coat substrate Cast into mold Apply texture
Impregnation with polyurethane (e.g. grooves)
solution
274 Urethane Coagulate Cure at elevated  Apply PSA
Impregnation surface film temperature
Split Impregnated Buff to open pore Skive cake into Laminate to
Felt to required structure and individual pad Base Pad
thickness control thickness slices
Buff Apply PSA Perforate or
groove
Apply PSA Apply PSA
Laminate to
Base Pad

process variables which can be used to control pad properties. The effects
of manufacturing process variables on pad properties have been recently dis-
cussed by Cook [13] and the reader is referred to this reference for more
information.

Currently, Type 3 pads, because of their higher stiffness and resultant
ability to planarize versus Type 1 and 2 pads, are predominantly used for
CMP polishing of ILD, W, Cu and STI. It is expected that Type 4 pads may
emerge as the next generation pad of choice because of their potentially less
complex manufacturing process, resulting in improved pad to pad consistency
and more predictable polishing performance. Data illustrating the benefits of
Type 4 pads will be discussed in more depth later.

The patent literature describes several novel approaches to manufacture
pads for CMP polishing. The principal driving forces are to:

1. Simplify manufacturing processes to ensure increased pad to pad consis-
tency

2. Eliminate skiving and machine grooving operation

3. Develop net shape manufacturing process capable of producing patterned
polishing pads having a wide range of physical properties

4. Develop processes capable of linear pads for next generation polishers

Table 6.4 references some of the recently issued US patents.
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Table 6.4. US Patents describing Alternative Manufacturing Processes

Manufacturing Approach US Patents

Sintering of Polymeric Powders 6,017,265, 6,062,968, 6,106,754,
6,117,000, 6,126,532

Photopolymerization of Liquid 5,958,794, 6,036,579
Precursors

Net-shape Molding 6,022,268

Extrusion of thermo-formable 5,489,233, 6,022,268
polymers

Each of these approaches has strengths and weaknesses. The preferred
process depends both on the type of material being polished and on the tool
platform.

6.4.3 Pad Microstructures

Each type of pad has a unique microstructure, as shown in the following
SEM photomicrographs. Commercially available polishing pads are compos-
ite materials with properties determined by both their microstructure and
polyurethane formulation.

Figures 6.1 and 6.2 show the cross-section and surface microstructures
respectively of a Type 1 pad, as exemplified by Suba 500T™. The microstruc-
ture is characterized by non-woven polyester fibers, partially impregnated
with polyurethane to leave open porosity throughout the pad. By controlling

Type 1 Pad (Suba 500™™)
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Fig. 6.2. Surface of a Type 1 Pad (Suba 500™)

the type of polyurethane and the amount of residual porosity, a family of
pads is possible differing in compressibility, hardness and stiffness.

Figures 6.3 and 6.4 show the cross-section and surface microstructures re-
spectively of a Type 2 pad, as exemplified by UR100™. This type of pad has
the most complex microstructure consisting of a porous layer on a supporting
substrate similar in structure to a Type 1 pad. Type 2 pads are among the
earliest pads used for polishing and their origin dates back to the Corfam™
process developed by Dupont in the 1950’s to make microporous, permeable
artificial leather [14]. It is interesting to note that real leather was used during
the early days of semiconductor technology to polish silicon wafers. Type 2
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Fig. 6.4. Surface of a Type 2 Pad (UR100™")

pads are generically known as “poromerics” arising from the fact that these
materials are porous and polymeric. The surface of the pad consists of open
pores which can hold and transport slurry across the pad surface.

Figures 6.5 and 6.6 show the cross-section and surface microstructures
respectively of a Type 3 pad, as exemplified by IC1000™™. This type of
pad is essentially a closed cell foam, where the pores are created either by
blowing agents or by the addition of micro-balloons. Since the pads are porous
and made by mechanically machining individual pads, the pad surface has
significant texture even prior to conditioning.

Type 3 Pad (IC1000™)
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Fig. 6.6. Surface of a Type 3 Pad (IC1000™)

Fig. 6.7. Cross-section of a Type 4 Pad (OXP3000™™)

Figures 6.7 and 6.8 show the cross-section and surface microstructures
respectively of a Type 4 pad, as exemplified by OXP3000™™. This type of pad
has the simplest microstructure, being non-porous and unfilled. With such
pads, it is known [15] that it is essential to have both macro- and microtexture
to achieve acceptable polishing. As shown in Fig. 6.7, macrotexture consists of
grooves formed in the pad surface either by mechanical machining as a post-
processing step or by net-shape processing.

Type 3 and Type 4 pads are usually used in combination with an un-
e base-pad is to reduce polishing non-
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Fig. 6.8. Surface of a Type 4 Pad (OXP3000™)

uniformity across the wafer caused by non-planarity of the top-pad and pol-
ishing tool deficiencies. Base-pads are typically of higher compressibility and
lower stiffness than the top-pads and thus act essentially as supporting “cush-
ions” for the top-pad. Figures 6.9 and 6.10 show cross-sections of two types
of base-pads commonly used for CMP polishing. Figure 9 is an example of
an impregnated polyester felt (SubalVT™), similar to Type 1 pads discussed
above but with higher compressibility and porosity. Figure 10 is an example
of a polyurethane closed cell elastomeric foam.

Fig. 6.9. Cross-section of a SUBA IVT™ Base Pad
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Fig. 6.10. Cross-section of a Closed Cell Foam Base Pad

6.5 Control of Polyurethane Pad Properties

This section will explore approaches available to control the properties of
polishing pads. The focus will be on Type 3 and Type 4 pads, since they are
commercially of most significance, but the approaches are also applicable to
the other pad types. Approaches are:

i. Control of hard and soft segments
ii. Urethane stoichiometry
iii. Pad thermal history
iv. Amount of porosity.

Each of these will be discussed in detail and illustrated with examples.

6.5.1 Hard and Soft Segments

Previously in this chapter, the concept of hard and soft segments in polyure-
thanes was discussed. The type and concentration of these segments are major
factors in controlling pad properties. Typically, increasing the soft segment
concentration increases toughness and flexibility but reduces modulus and
hardness. The hard segments, which usually soften at temperatures above
ambient, improve high temperature properties and increase properties such
as stiffness and strength.

The ability to manipulate pad properties through control of hard and
soft segments is illustrated in Figs. 6.11 and 6.12. These are ternary phase
diagrams for a three component polyurethane formulation. Each point within

he _triangle represents_a_specific_composition. Figures 6.11 and 6.12 show
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Fig. 6.12. Modulus as a Function of Composition

Figure 6.11 shows that it is possible to vary hardness from Shore D values
of less than 15 to greater than 65. This covers the practical range of interest
ishi al, harder pads are used for planariza-
trench isolation, and tungsten plugs
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and conductors. Slightly softer pads are used for polishing copper damascene
features, and still softer pads are used in final buff polishing to remove defects
from the earlier steps.

Figure 6.12 shows a similar diagram for modulus. In fact, the diagram
shows the logarithm of modulus, again illustrating the broad range of prop-
erties achievable through hard and soft segment control. In Fig. 6.12, modulus
varies by three orders of magnitude from rigid, stiff pads to pads that are very
flexible and elastomeric. As will discussed later, stiffer pads are preferred for
those polishing applications where planarization is important. A comparison
of Figs. 6.11 and 6.12 shows that hardness and modulus follow similar behav-
ior with composition. Although it is often the case that hardness increases
with increasing modulus, as will be seen in the next section, it is also possible
to control them somewhat independently.

6.5.2 Urethane Stoichiometry

Stoichiometry refers to the ratio of reactive groups, usually diol or diamine
moieties, to isocyanate groups. A stoichiometry of 100% indicates a perfect
balance between isocyanate and diol groups. However, as mentioned earlier,
it is customary with polyurethanes to use an excess of isocyanate and values
of 85 to 95% are more typical. The reason for this is to take advantage of
the side reactions that can take place when excess isocyanate is present.
These are used to further control pad properties. A ratio of exactly 100%
would result in a linear high molecular polymer [16]. Since isocyanate groups
also react with moisture, exact stoichiometric balance is difficult to achieve
and consequently this makes molecular weight control difficult, especially in
a production environment.

Table 6.5 illustrates the effect of stoichiometry for an experimental, non-
porous Type 4 pad. As the stoichiometric ratio increases, the amount of excess
isocyanate and the number of side reactions decrease. Since many of these
side reactions result in chemical bonds (known as cross-links) between poly-
mer chains, the polyurethane transitions from a predominantly thermosetting
network polymer to a more linear polymer, having more thermoplastic be-
havior, as stoichiometry increases.

Table 6.5. Effect of Stoichiometry on Pad properties

Stoichiometry (%)
Property 75 85 95
Hardness (Shore D) 60.5 61.2 634
Tensile Strength (MPa) 65.0 67.1 80.5
Elongation to Break (%) 281 298 459
Modulus (MPa) 554 518 514
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As stoichiometry increases, hardness, tensile strength and elongation in-
crease, consistent with a decrease in cross-links and an increase in ductility.
Modulus decreases since cross-links increase rigidity. A comparison of the
trend of hardness and modulus with stoichiometry shows that this is an ex-
ample where it is possible to control hardness and modulus independently.

6.5.3 Pad Thermal History

The properties of polyurethanes are strongly influenced by their thermal his-
tory. In this context, thermal history includes the temperatures and times at
which the pads are initially cured and, where appropriate, subsequently post-
cured. Optimum times and temperatures will depend on the specific urethane
system. However, for thermosetting polymers, which includes polyurethanes,
it is generally accepted [16] that increasing baking temperatures and time at
temperature will increase the degree of cure and change physical properties.

Table 6.6 illustrates the effect of thermal history on polyurethane prop-
erties for an unfilled Type 4 pad. Baking conditions have been designated
as low, medium and high. High signifies a longer bake at higher tempera-
ture than medium, and medium versus low have the same relationship to
one another. As baking conditions increase, pad properties such as hardness
and modulus increase and elongation decreases. These trends are consistent
with the formation of more cross-links between polyurethane chains produc-
ing a network structure and, relatedly, to an increase in the glass transition
temperature (Tg) of the polyurethane.

T, is the temperature at which the polyurethane softens appreciably. One
method to measure T from the peak value of the tan delta damping curve as
measured by dynamic mechanical analysis [17]. Tan delta is a measure of the
damping ability of a material and is discussed in more detail later in this sec-
tion. Figure 6.13 shows the effect of baking conditions on the tan delta curves
for this urethane system. As baking conditions increase, the peak in tan delta

Table 6.6. Effect of Thermal History on Polyurethane Properties

Baking Conditions

Property Low Medium High
Density (g/cm®) 1.183 1.184 1.184
Hardness (Shore D) 70.5 71.2 73.9
Yield Strength (MPa) 294 316  36.1
Tensile Strength (MPa) 63.7 621  68.0
Elongation to Break (%) 340 320 250
Glass Transition Temperature (°C) 65 68 7

Modulus (MPa) 757 806 1050
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Fig. 6.13. Effect of Baking Conditions on Tan Delta

shifts to higher temperatures and slightly broadens. At more aggressive bak-
ing conditions, the tan delta curves will broaden further, signifying the onset
of thermal degradation and a deterioration in pad properties. When selecting
baking conditions, it is important to select times and temperatures which
optimize properties for the specific application without causing degradation.

It is appropriate at this point to make a brief mention of the technique
of dynamic mechanical analysis to study polishing pads. Since polishing is
a dynamic process involving cyclic motion of both the polishing pad and the
wafer and since polymeric polishing pads are viscoelastic materials, a valuable
method of studying pad properties is by dynamic mechanical analysis [17]. In
this technique, a cyclic deformation is applied to the sample at temperatures
and frequencies that correspond to typical polishing conditions.

Viscoelastic materials exhibit both viscous and elastic behavior in re-
sponse to an applied deformation. The resulting stress signal can be separated
into two components: an elastic stress which is in phase with the strain, and
a viscous stress which is in phase with the strain rate but 90 degrees out of
phase with the strain. The elastic stress is a measure of the degree to which
a material behaves as an elastic solid; the viscous stress, the degree to which
the material behaves as an ideal fluid. The elastic and viscous stresses are re-
lated to material properties through the ratio of stress to strain, the modulus.
Thus, the ratio of elastic stress to strain is the storage (or elastic) modulus
and the ratio of the viscous stress to strain is the loss (or viscous) modulus.
When testing is done in tension or compression, E’ and E” designate the
storage and loss modulus, respectively.

The ratio of the loss modulus to the storage modulus is the tangent of
the phase angle shift () between the stress and the strain. Thus,

E"/E' = tand

and is a measure of the damping ability of the material.
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With specific reference to polishing, energy is transmitted to the pad
during the polishing cycle. A portion of this energy is dissipated inside the
pad as heat and the remaining portion of this energy is stored in the pad and
is subsequently released as elastic energy during the polishing cycle.

6.5.4 Pad Porosity

Although the morphologies of Type 1, 2 and 3 pads differ, they all contain
porosity which plays a key role in determining pad physical properties and
polishing functionality. For these pads, porosity is needed to retain slurry
on the pad surface and to distribute slurry uniformly across that surface.
In this section, the importance of porosity will be illustrated using data for
1C1000™ and IC2000™™.

Table 6.7 shows typical physical properties of IC1000™, Style 5.

Many of these properties are strongly dependent on the porosity present
in the pad. For these pads, porosity is difficult to measure directly with
a high degree of accuracy. Instead, porosity is most conveniently determined
quantitatively by measuring pad density, since the two are related by the
equation:

Density of Bulk Polymer — Density of Pad
Density of Bulk Polymer '

Volume Fraction Porosity =

Table 6.8 shows the statistical correlations between pad density and other
physical properties. It is apparent that the correlations are very high (£+1.00
being a perfect correlation). Since many properties depend on pad porosity
and are not independent of one another, as will be seen in a later section,

Table 6.7. Typical Physical Properties of IC1000™

Property Value
Porosity (# of cells) 880 + 120
Density (g/cm®) 0.748 £ 0.051
Hardness (Shore D) 52.2+£2.5
Shear Strength (MPa) 51.2+4.1

Proportional Limit (MPa) 9.1+ 1.3
Tensile Strength (MPa) 21.6+2.8
Elongation to Break (%) 175 £ 20
Storage Modulus (MPa) 310+ 40
Loss Modulus (MPa) 28.0+4.5
Tan Delta 0.090 % 0.005
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Table 6.8. Relationship between Pad Density and other Physical Properties

Pad Physical Property Correlation Coeflicient

Porosity -0.77
Hardness 0.94
Shear Strength 0.84
Proportional Limit 0.88
Tensile Strength 0.96
Elongation to Break 0.80
Storage Modulus 0.89
Pad Stiffness 0.88

relating specific pad properties to polishing performance is made even more
complex.

Figures 6.14 and 6.15 graphically show the linear relationships of density
with hardness and storage modulus respectively.

It has been shown above that porosity has a strong influence on other pad
properties. A consequence of this relationship is that porous pads have more
variability in physical properties than equivalent non-porous pads. This may
be illustrated by comparing the physical property distributions of IC1000T™
and 1C2000T™. IC2000™ is very similar to IC1000™ and made by the
same manufacturing process but is non-porous. Typical physical properties
of IC2000™ are shown in Table 6.9.

Figure 6.16 compares the key physical properties for the two pad types
in terms of the ratio of standard deviation to property average [18, 19]. It is

55.0

50.0

Hardness (Shore D)

45.0
0.600 0.650 0.700 0.750 0.800 0.850

Density (g/cm3)
Eig..6.14. Hardnessversus Density for 1C1000™



6 CMP Polishing Pads 187

3.80E+08

3.40E+08

- - "{: b3 ,/o
.. - < * 4.
3.00E+08 - . . 3

i 2.60E+08 P .
2.20E+08 e
1.80E+08 —
0.600 0.650 0.700 0.750 0.800 0.850
Density (g/cm3)

Fig. 6.15. Storage Modulus versus Density for 1C1000™

Table 6.9. Typical Physical Properties of IC2000™

Property Value
Porosity (# of cells) 0
Density (g/cm®) 1.180 £ 0.002
Hardness (Shore D) 73.0£1.0

Yield Strength (MPa) 334+1.4
Tensile Strength (MPa)  75.0+ 2.5
Elongation to Break (%) 335+ 20
Storage Modulus (MPa) 850 + 61
Loss Modulus (MPa) 87.0+£4.0
Tan Delta 0.103 £ 0.005

clearly evident that for non-porous pads the variability in density is signifi-
cantly less and that a similar trend is present in the other properties shown.

An advantage of non-porous pads is thus a much tighter distribution
of physical properties. Although the relationships between polishing perfor-
mance and pad physical properties are not well understood, a tighter prop-
erty distribution should translate into more consistent polishing performance.
This may be illustrated for oxide polishing using the two pad types [18]. Fig-
ure 6.17 shows the distribution of removal rate for a large number of wafers
polished using either IC1000™ or 1C2000™. Conditioning was kept con-
stant for the two pad types. The distribution of removal rate is much tighter
for the non-porous pad, consistent with the above discussion.

In addition to the benefit of more consistent pad physical properties and
less variability in polishing removal rate, there are other benefits for non-
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Fig. 6.17. Effect of Pad Porosity on Polishing Removal Rate Distribution

porous pads. Typically, as may be seen by comparing the property data
for IC1000™ and IC2000™ shown in Tables 6.7 and 6.9 respectively, non-
porous pads have a higher modulus. This translates to improved planariza-
tion of die-scale features during polishing. Abrasion resistance of non-porous
pads also tends to be higher which results in less pad wear during polishing
enefit of non-porous pads, which has
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been demonstrated for copper CMP polishing, is reduced defectivity [20, 21].
Pores on the pad surface can trap polishing debris which can either scratch
the wafer features, especially if the features are soft materials like copper, or
leave residual particles on the wafer surface.

There are also challenges with non-porous pads. The primary challenge is
that non-porous pads require more rigorous pad break-in to achieve optimum
polishing performance. It is well-known [15] that for effective polishing, the
pad surface must have both micro- and macro-texture. The latter is discussed
in detail in the next section. Micro-texture refers to the roughness of the pad
surface and the presence of asperities which contact the wafer during polish-
ing. During pad break-in, the surface of the pad is roughened using typically
a diamond impregnated conditioning tool. With porous pads, the pores in
the pad surface inherently create a surface which is initially rougher than
the surface of a non-porous pad, so conditioning is effectively given a head-
start. In contrast, with non-porous pads, the initial surface is much smoother
and all the micro-texture must be created by the conditioning process. Thus,
non-porous pads require a longer conditioning break-in cycle and the removal
rate decay observed when abrasive conditioning is stopped during polishing
is higher [18].

The second challenge is “edge effects” during polishing which increase re-
moval rate non-uniformity across the wafer surface by leaving a thicker ring
of polished material around the wafer edge. This reduces the usable area of
the wafer surface. Edge effects have been discussed by Baker [22], and re-
lated to the physical properties of the top and base layers of a polishing pad.
Baker’s modeling work, and subsequent experimental validation, shows that
as the stiffness of the top pad increases, edge effects also increase. Since non-
porous pads are stiffer than corresponding porous pads, edge effects would
be expected to be more of a problem with the non-porous pads and this
has been verified experimentally using IC2000™™. However, edge effects can
be largely eliminated by the use of retaining rings on the wafer carrier that
are essentially coplanar with the wafer surface. This approach has been im-
plemented with beneficial results by several polishing tool manufacturers.
A second approach to minimize edge effects is through the judicious use of
macro-grooves in the top pad which reduce pad stiffness in a controlled way
without compromising die-scale feature planarity [62].

6.6 Control of Pad Properties Through Pad Geometry

The previous section discussed control of pad properties through the pad
urethane chemistry and formulation. This section discusses the manipulation
of pad properties by physical control of the pad geometry. This includes
consideration of pad thickness, groove designs, pad shapes, and base pad.
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6.6.1 Pad Thickness

Top pad thickness is important, since it determines the stiffness of the pad,
given that pad stiffness is proportional to the product of pad modulus and
cube of the thickness [23]. Thus doubling the pad thickness increases stiffness
eight-fold. Polishing pads used for CMP are typically about 1.3 mm (50 mil)
thick. Pad stiffness controls several important polishing parameters, including
uniformity of removal rate across the wafer, die level planarity, and to a lesser
extent dishing and erosion of features within a die. In order to planarize
next generation devices, pad thicknesses greater than 1.3mm (50mil) are
preferred, and 2.0mm (80mil) thick pads are now being used routinely by
several major semiconductor manufacturers. Above about 5 mm (200 mil),
polishing uniformity may suffer because of the inability of the pad to conform
to variations in global wafer flatness.

As a polishing pad wears, the overall pad thickness and corresponding
stiffness decrease. This again argues for a high initial pad thickness, as the
change in stiffness with polishing time will be relatively less for a thicker pad.
Additionally, since stiffness is less dependent on the grooved thickness, which
is removed during pad use, rather than the underlying ungrooved region,
high thickness for the underlying ungrooved layer and for the overall pad are
preferred.

For a given pad thickness, increasing pad modulus will increase pad stiff-
ness and the ability of the pad to planarize. Thus, as mentioned previously,
unfilled pads will planarize more effectively than filled pads. However, it is
important to recognize that stiffness is proportional to the cube of thickness
compared to only the single power of modulus, so that changing pad thickness
can have a more significant impact than changing pad modulus.

Figure 6.18 [64] shows the effect of pad thickness on oxide planarity for
a Type 4 experimental pad (OXP3000™ from Rodel). The polisher was
a Strasbaugh 6DS-SP and the slurry was ILD1300™ also from Rodel. The
figure shows planarity expressed as “planarity quotient” for different feature
sizes. Planarity quotient is defined as the oxide removal rate at the bottom
of a feature trench divided by the oxide removal at the top of a feature.
Thus, the smaller the planarity quotient, the more efficient the planarization
process. Since smaller features are more readily planarized, planarity quo-
tient increases with increasing feature size. For a given value of planarization
quotient, the feature size corresponding to that value may be defined as the
“planarization distance”. Longer planarization distances indicate enhanced
ability of a pad to planarize.

Figure 6.18 shows that for a given value of planarization quotient, pol-
ishing with a 2.0 mm (80 mil) thick pad results in a higher planarization
distance versus the 1.3 mm (50 mil) thick pad. For example, at an arbitrary
planarization quotient of 0.3, the 2.0 mm (80 mil) thick pad has a planariza-
tion distance. of about.40% longer than the distance for the 1.3 mm (50 mil)
thick pad (3.9 versus 2.8 mm).
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Fig. 6.18. Effect of Pad Thickness on Planarity

As discussed in the next section, grooving the surface of polishing pads
also affects pad stiffness. In general, the deeper the grooves with respect to
pad thickness and the closer the grooves are to one another, the more flexible
the pad.

6.6.2 Groove Designs

Polishing pads used for chemical mechanical polishing typically have macro-
texture. This can be either perforations through the pad thickness or surface
groove designs. Such surface designs include, but are not limited to, circular
grooves which may be concentric or spiral grooves, cross-hatched patterns
arranged as an X-Y grid across the pad surface, other regular designs such as
hexagons, triangles and tire-tread type patterns, or irregular designs such as
fractal patterns, or combinations thereof. The groove profile may be rectan-
gular with straight side-walls or the groove cross-section may be “V”-shaped,
“U”-shaped, triangular, saw-tooth, etc. Further, the geometric center of cir-
cular designs may coincide with the geometric center of the pad or may be
offset. Also the groove design may change across the pad surface. The choice
of design depends on the material being polished and the type of polisher,
since different polishers use different size and shape pads (i.e. circular versus
linear).

Table 6.10 provides an overview of the multitude of groove designs that
have appeared. in the US patent literature over the last ten years.
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Table 6.10. US Patents covering Groove Designs

US Patent Number Description of Groove Design

5,020,283 Achieve constant surface area across pad using circular
voids, holes, squares and ray designs

5,177,908 Sun-burst pattern of non-tapered rays

5,216,843 Circumferential triangular macro-grooves and
conditioning microgrooves

5,297,364 Circular voids to control non-uniformity

5,329,734 Regions of different circular pore density

5,394,655 Annular rings with tapered cross-section

5,489,233 Non-porous pads having macro and micro-channels

5,578,362 Type 3 pads with circular and X-Y groove designs

5,609,719 X-Y channels with slurry recesses at intersections to
minimize edge exclusion

5,628,862 Molded pad surface comprising channels between
hemispherical features

5,645,469 Radially extending tapered channels and circumferential
grooves

5,650,039 Off-center circular spiral groove

5,690,540 Inward spiral from pad periphery to center

5,725,420 Combination of holes and X-Y grooves where groove pitch

> hole pitch

5,778,481 Spiral, swirl or concentric raised areas direct fluids from
pad center to edge

5,842,910 Circumferential grooves offset from pad geometric center
5,888,121 Regions with different circular and X-Y groove dimensions
5,900,164 Type 3 pads with circular and X-Y groove designs
5,921,855 Circular, spiral or concentric grooves

5,984,769 Regions with different circular groove dimensions

Grooves are added to polishing pads used for CMP for several reasons:

1. To prevent hydroplaning of the wafer being polished across the surface
of the polishing pad. If the pad is either ungrooved or unperforated,
a continuous layer of polishing fluid can exist between the wafer and pad,
preventing uniform intimate contact and significantly reducing removal
rate.

2. _To ensure that slurry is uniformly distributed across the pad surface [24]
and that sufficient slurry reaches the interior of the wafer. This is espe-
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cially important when polishing reactive metals such as copper, in which
the chemical component of polishing is as critical as the mechanical. Uni-
form slurry distribution across the wafer is required to achieve the same
polishing rate at the center and edge of the wafer. However, the thickness
of the slurry layer should not be so great as to prevent direct pad-wafer
contact.

3. To control both the overall and localized stiffness of the polishing pad.
This controls polishing uniformity across the wafer surface and also the
ability of the pad to level features of different heights to give a highly
planar surface. Different regions of the pads may have different groove
designs.

4. As a subset of 3, to reduce edge effects.

5. To act as channels for the removal of polishing debris from the pad sur-
face. A build-up of debris increases the likelihood of scratches and other
defects. This is related to 2, since as new slurry replaces the old, the old
removes the entrained debris.

It is known [15, 25] that one factor determining pad-life of grooved pads is
the depth of the grooves, since acceptable polishing performance is possible
only until the pad has worn to the point where grooves have insufficient depth
to distribute slurry, remove waste, and prevent hydroplaning. For Type 3 pads
containing porosity, the minimum groove depth to prevent hydroplaning is
about 3 mil and for Type 4 non-porous unfilled pads about 5 mil. In order
to achieve the combination of acceptable pad stiffness and long pad-life, it is
necessary to have deep grooves but also sufficient remaining pad to provide
stiffness. As groove density and groove width increase, pad stiffness becomes
more dependent on the thickness of the remaining ungrooved layer of the
pad, rather than on groove depth alone.

6.6.3 Pad Shapes

The patent literature contains many examples of novel pad shapes which
have been proposed to improve polishing performance. Although many of
these concepts are untested, they illustrate some of the options that may
be used to optimize polishing performance through control of pad geometry.
Table 6.11 summarizes some of the key patents covering pad shape. This list
is by no means complete but illustrates some of the approaches that are being
considered.

6.6.4 Base Pads

Ideally, for uniform polishing, removal rate should be the same at all points
on the wafer surface. This would suggest that the pad needs to be in contact
withsthe-whele.wafer.surface.-with-the same contact pressure and relative
velocity between pad and wafer at all points. Unfortunately, wafers are not
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Table 6.11. US Patents related to Pad Shape

US Patent #

Assignee

General
Area

Brief Description

5,310,455
5,516,400
5,624,304

LSI

Extended
Pad Edge

A lower pad is mounted to the platen and is
trimmed to the size of the platen. An upper pad is
mounted to the lower pad, and is sized so that an
extreme outer edge portion of the upper pad
extends beyond the trimmed outer edge of the
lower pad. The outer edge portion of the upper pad
is deformed downwardly, towards the lower pad. In
this manner, polishing slurry is diverted from the
pad-to-pad interface. Additionally, an integral
annular lip can be formed on the front face of the
upper pad, creating a reservoir for slurry to be
retained on the face of the upper pad for enhancing
residence time of the polishing slurry prior to the
slurry washing over the face of the upper pad.

5,234,867
5,421,769

Micron

Non-
circular
Pads

A polishing head mechanism moves the polishing
head and semiconductor wafer across and past

a peripheral edge of a non-circular pad to
effectuate a uniform polish of the semiconductor
wafer surface.

5,558,563

IBM

Raised
Areas

A polishing pad which includes raised portions is
used to apply varying amounts of pressure. In
addition, the position, size and height of the raised
portions are used to affect the amount of pressure
applied. There are several possible methods to
produce raised areas in the polishing pad. In
particular, shims can be added to the polishing
table or the polishing table can be machined so
that the polishing table includes raised portions.

5,785,584
5,934,977

IBM

Raised
Areas

The rotating polishing pad is caused to flex
upward as it passes over a discrete, non-continuous
“bump formed in the surface of an underlying
stationary platen. This deflection in any given
portion of the pad is a transient condition as the
raised portion of the pad will fall back from to its
original configuration once it clears the underlying
bump. Thus, portions of the pad will be
continuously progressed up, over and back down to
create a discrete raised portion in the polishing
pad surface at a fixed location.

5,888,126

Ebara

Raised
Areas

The abrasive cloth has a projecting region on

a surface thereof for more intensive contact with
the workpiece than other surface regions of the
abrasive cloth. Projecting regions on the pad
surface are effected by creating projecting regions
in the underlying upper surface of the turntable
using actuators which may be electromagnetic,
piezoelectric or compressed air.

5,769,699

Motorola

Multiple
Regions

The polishing pad has a first region that is closer
to the edge of the polishing pad and a second
region adjacent to the first region and further from
the edge of the polishing pad. The polishing pad is
configured, so that the second region is thicker or
less compressible compared to the first region.

5,738,567
5,910,043

Micron

Multiple
Regions

The polishing pad has a polishing body and

a cleaning element positioned in the polishing
body. In operation, the cleaning surface
periodically engages the wafer when the wafer is
engaged with the pad to remove residual materials
fromy the surface of the wafer.
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Table 6.12. Patents describing Multiple Layer Pads

Patent #

Assignee

Brief Description

US5,212,910

Intel

Three layer composite pad, comprising a top
polishing layer, an intermediate stiff layer
which may be segmented to create a
“bedspring” effect, and a bottom elastic
cushioning layer.

US,5257,478

Rodel/
Westech

Pad has at least two layers, wherein the base
layer is more compressible than the top
planarizing layer.

US5,287,663

National
Semiconductor

Three layer composite pad, comprising a top
polishing layer, an intermediate rigid layer and
a bottom resilient layer.

US5,564,965

SEH

Three layer composite pad, comprising a top
polishing layer, an intermediate rigid layer and
a closed-cell foam of soft rubber as the bottom
layer.

US5,664,989

Toshiba

Two layer polishing pad, wherein the base
layer consists of fine bags hermetically sealed
with fluid to provide uniform pressure
distribution across the wafer.

US5,871,392

Micron

Base pad contains a plurality of thermal
conductors to conduct heat from the polishing
layer to the platen.

US5,876,269

NEC

Two layer polishing pad comprising an upper
polishing layer harder than the lower layer

US5,893,755

Komatsu

Discloses silicon rubber base pad to reduce
waviness during polishing.

US5,899,745

Motorola,

Base pad has an edge and central portion, such
that the compressibility of the center portion
is higher than that of the edge.

US5,899,799

Micron

Grooved base pad which creates depressions in
the upper pad for control of slurry flow across
the polishing pad.

EPAS845,328

Sumitomo

Three layer composite pad, comprising a top
porous polishing layer, an intermediate
support layer and a bottom resilient layer.

EPA919,336

Speedfam

Two layer pad comprising a top pad over
a more compressible base pad, such that both
are uniformly permeable to polishing fluid.
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perfectly flat and typically have some degree of curvature resulting from the
stresses of manufacture and differing coefficients of thermal expansion of the
various deposited oxide and metal layers. This requires the polishing pad to
have suflicient flexibility to conform to wafer-scale flatness variability. One
solution to this problem is to laminate a stiff polishing pad to a flexible under-
lying base pad, which is typically a more compressive, foam-type polymeric
material. This improves polishing uniformity across the wafer without unduly
compromising the stiffness of the polishing top pad.

Several patents have recently been issued disclosing the use of polishing
pads, wherein the top pad, which contacts the wafer, is laminated to at least
one underlying pad. This base pad is typically more compressible than the
top pad. In some cases, a thin but stiffer intermediate layer is sandwiched
between top and base pads. Table 6.12 summarizes some of the main patents
covering multiple layer pads.

Table 6.13 shows physical properties of two commonly used base pads. The
microstructures of these base pads have been shown previously in Figs. 6.9
and 6.10. Suba IVTM is a polyurethane impregnated felt and the other base
pad is a closed cell polyurethane foam.

As discussed previously, Suba IVT™ and foam base pads have very dif-
ferent microstructures. The effect of microstructure on physical properties is
that the properties of Suba IVT™™ are anisotropic, whereas those of the foam
are isotropic. The properties shown above are measured through the thick-
ness of the pad rather than in the plane of the pad. The porosity in Suba
IV™ is essentially open which can lead to wicking of slurry into the base
pad.

Figure 6.19 [64] shows the effect of base-pad on the planarity of oxide
features, polished with a Type 4 experimental pad (OXP3000™ from Rodel).
The polisher was a Strasbaugh 6DS-SP and the slurry was ILD1300™ also
from Rodel. Three sets of data are shown, corresponding to no base pad,
Suba IVI™™  and an experimental foam base pad similar in microstructure
and properties to the foam base pad discussed above.

It is clearly evident that the best planarity is achieved with no base pad.
However, polishing uniformity across the wafer is poor caused by imperfect

Table 6.13. Typical Physical Properties of Base Pads

Physical Property Suba IVT™ Foam Base Pad

Thickness (mm) 1.3-14 1.3-1.5
Density (g/cm®) 0.27—0.32 0.43-0.53
Hardness (Shore O)  65—75 45-55
Compressibility (%) 6—10 2-6

Rebound (%) 9095 >90
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Fig. 6.19. Effect of Base Pad on Planarity

wafer flatness and thickness, as well as physical limitations of the top pad
and polishing tool. Using a base pad compromises planarity but improves
uniformity across the wafer by reducing the impact of the other problems. The
experimental foam base pad has lower compressibility than Suba IV™ which
increases the ability to planarize. Thus at a given planarization quotient, the
planarization distance of the foam base pad is longer than that of Suba IVTM,

The base pad also has an impact on polishing non-uniformity at the edge
of the wafer. As mentioned previously, polishing non-uniformity at the wafer
edge depends on both the stiffness of the top pad and also on the compressibil-
ity of the base pad. The so-called “edge effects” result in less material being
removed near the wafer edge. The problem becomes worse as the stiffness of
the top pad increases and the compressibility of the base pad increases [22].
In order to achieve good planarization behavior with minimal edge effects,
the preferred pad structure will comprise a stiff top pad over a base pad with
just sufficient compressibility to eliminate polishing tool imperfections.

6.7 Relationships Between Pad Properties
and Polishing Performance

The relationships between pad properties and polishing performance are com-
plex and not fully understood. One reason for the complexity is that pol-
ishing performance is not categorized by a single parameter but by several
parameters which are dependent on the scale of the features being polished.
Table 6.14 categorizes polishing into three levels — wafer-, die- and feature-
scale.

Wafer-scale-refers - to-polishing-across the whole wafer surface. Currently
wafers are typically 200 mm in diameter but the industry is beginning to
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Table 6.14. Characterization of Polishing Performance Parameters

Polishing Performance Scale

Wafer-Scale Die-Scale Feature-Scale
Removal Rate (RR) Planarization (P) Conductor Dishing (CD)
Non-Uniformity (NU) Defectivity (D) Oxide Loss (O)
Edge Effects (EE) Selectivity
Macro-scratches (MS) Defectivity (D)
Pad Life (L) Roughness (Rg)

gradually transition to 300 mm. Die-scale polishing applies to polishing across
the area of a die, many of which populate the surface of a wafer. The third
level, designated feature-scale, refers to the polishing of conductor lines, bond
pads, posts and other features within the die. Such features have dimensions
measured in sub-microns and microns. For each scale level, Table 6.14 shows
the polishing parameters which are most important for that level. In most
cases, the meaning of each of these parameters is self-evident and further
definition will not be provided here. The reader is referred to other sections
of this book for more details.

A second factor complicating an understanding of the relationships be-
tween pad properties and polishing performance is the strong dependence of
one pad physical property on another. For example, it has been discussed
previously that pad density strongly correlates with other properties such as
hardness and modulus. Thus, it is very difficult to isolate one property and
look at its effect on polishing performance without simultaneously changing
other pad properties.

Thirdly, polishing performance depends on many factors other than just
the pad. These include polishing tool set-up (e.g. platen and carrier speeds,
down-force, back-pressure, carrier head design and carrier film, etc.), slurry-
related variables (e.g. abrasive type and loading, pH, flow-rate, etc.), and pad
conditioning (e.g. diamond density, exposure and placement, sweep profile,
and down-force, etc.). How the pad conditions and the resultant topography
of the pad conditioned surface also depends on the properties of the pad itself,
as well as the design of the conditioner. In determining relationships between
pad properties and performance, the other polishing variables must be kept
constant, since many of these have a major impact on polishing results, which
in some cases may be greater than the contribution from the pad itself.

Given the above caveats, this section attempts to relate the polishing per-
formance characteristics described in Table 6.14 with specific pad properties.
Only the major relationships will be discussed, as summarized in Table 6.15.
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Table 6.15. Relationship between Pad Properties and Polishing Performance

Polishing Scale

Pad Property Wafer Die Feature Conditionability

Density RR, NU D CDh, O Yes
(Porosity)

Hardness MS D D,Rg, CD,O Yes

Tensile L Yes
Properties

Abrasion L Yes
Resistance

Modulus EE, NU P Yes
(Stiffness)

Thickness L

Top Pad P CD

Compressibility

Base Pad EE, NU P

Compressibility

Pad Texture L, RR, NU, EE

(Grooves)

Pad Roughness RR, NU P CD, O Yes

Hydrophilicity RR Yes

6.7.1 Removal Rate

The rate of removal of the material being polished depends on many fac-
tors including both the macro and microtexture of the pad, and also the pad
physical properties. Macrotexture is achieved by either punching perforations
through the pad or by forming grooves into the pad surface. The latter has
been extensively discussed in an earlier section of this chapter. A key role of
macrotexture is to prevent hydroplaning of the wafer across the pad surface,
arising from an excessively thick layer of polishing fluid under the leading
edge of the wafer which limits intimate contact between pad and wafer and
significantly reduces removal rate. Levert et al. [26] have studied the thickness
of the slurry film for different pad types and shown that hydroplaning is po-
tentially more of a problem with impermeable (Type 4) and semi-permeable
(Type 3) pads, rather than with permeable pads (Types 1 and 2). Thus
macrotexture becomes more critical for Type 3 and is an absolute necessity
for Type 4 pads. Indeed, it has been shown that lack of macrotexture with
Type 4 pads results in no removal [15]. It has also been reported [27] for
Type 3 pads that grooves give higher removal rates and more stable removal
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than perforations. The reason was attributed to grooves in the polishing pad
surface facilitating slurry flow to the wafer surface during polishing. Grooves
also enable slurry to be squeezed back out from the leading edge of the wafer,
thus eliminating the potential for hydroplaning.

Removal rate also depends on pad microtexture which may be loosely
defined as the localized roughness of the pad surface. Microtexture comes
from both pad conditioning and from porosity within the pad. Thus other
factors being held constant, Type 4 pads which have no inherent porosity
give lower removal rates than Type 3 pads [18, 28].

Pad conditioning has a strong effect on removal rate and removal rate sta-
bility and has been studied extensively [13, 28, 29, 30, 31, 32, 33]. As discussed
in the first chapter, it is known that either in-situ or ez-situ conditioning of
the pad surface is required to achieve and maintain stable removal rates. The
role of conditioning is to create asperities on the pad surface which contact
the wafer. Without conditioning, the asperity population decays during pol-
ishing and removal rates rapidly decline. The rate of decline is usually higher
for Type 4 than Type 3 pads, since in Type 4 pads there are no inherent
asperities from a pore structure, such as that found in Type 3 pads.

Cook [13] and Hetherington [32] have independently used scanning clec-
tron microscopy to study changes in the surface of IC2000™ (Type 4) and
IC1400™ (Type 3) pads respectively during polishing in the absence of con-
ditioning. For both pad types, the photomicrographs clearly showed a pro-
gressive decrease in pad asperities and the increasing formation of a smooth
mesa-type structure. Hetherington postulated that the asperities were de-
forming under the shearing conditions associated with polishing, whereas
Cook favored a progressive abrasive smoothing of the asperities. It is proba-
ble that given the conditions of polishing both shear deformation and abrasive
loss are occurring.

Bajaj et al. [28] and Oliver et al. [33] have also studied the relationship
between pad properties and removal rate decline in the absence of condition-
ing. During polishing, pad surface roughness decreases because the shearing
forces of polishing reduce the height and number of pad asperities. The rate
at which the asperity population declines was shown to be inversely propor-
tional to the shear modulus of the bulk polymer.

6.7.2 Non-Uniformity

Removal rate uniformity across the wafer surface (within wafer non-uni-
formity) also depends on the macro and microtexture of the surface of the
polishing pad in contact with the wafer. However, as previously discussed, be-
cause of edge effects non-uniformity also depends on the base pad and the bal-
ance of properties between top pad stiffness and base pad compressibility [22].

Goetz [34] has studied the effect of the base pad construction on pla-
narizationgatyintra-diepdiespandgwafer length scales using contact and plate
bending mechanics to determine the pressure variations due to loading. Both
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single-layer and two-layer sub-pad constructions were analyzed. As expected,
the effect of sub-pad construction was greatest in the multi-millimeter length
scales (die to wafer scale) and attenuated by the stiffness of the upper pol-
ishing layer. Single and two-layer sub-pads responded in different ways to
loading, such that the response of the single-layer sub-pad was dominated by
contact mechanics, while the two-layer sub-pad response was dominated by
plate bending.

Polishing non-uniformity across the wafer is also strongly dependent on
the polisher design, especially the carrier head. Base pads were originally
used to overcome limitations with the polishing tool. As polisher designs
become more sophisticated, the need for base pads will decrease and polishing
uniformity across the wafer surface, including the edge exclusion region, will
improve. This trend will be especially important as the industry transitions
to larger diameter wafers.

6.7.3 Pad Life

Pad life is a complex issue since several factors can determine the useful life
of a pad. Also, different manufacturers have different criteria for determining
pad life. However, it is usually determined by the point at which some specific
polishing parameter exceeds the control limit for that parameter. Such pa-
rameters can be removal rate, non-uniformity or, for shallow trench polishing,
selectivity of oxide to nitride. Two events which commonly limit pad life are
glazing of the pad surface and loss of macrotexture. Glazing is the build-up
of polishing debris on the pad surface which clogs the pores [28, 33, 35, 36]
and becomes increasingly difficult to remove by further conditioning. This
problem is often seen, especially with Type 1 and 3 pads. The second event
involving loss of macrotexture results from the abrasive wear of the pad dur-
ing polishing, especially from the pad conditioning process, which reduces
the overall pad thickness and the depth of the grooves in the pad surface.
Once the grooves have been abraded, hydroplaning will occur for the reasons
discussed above. Secondly, as the thickness of the top pad decreases during
polishing, the pad will become less stiff and polishing planarity will decrease.
Pad life may be increased by cutting deeper grooves [15, 25] and by increasing
pad thickness so that pad stiffness is not compromised.

6.7.4 Planarity

At the die-level, achieving planarity of the features is an important concern
and a main driving force for CMP polishing as a device fabrication step. It
has been recognized for sometime [37, 38, 39, 40, 41] that stiffer and harder
pads give improved planarity. As has been discussed previously, for Type
3 pads stiffness and hardness are often strongly correlated to one another
and it is not easy to determine which has the greater impact on planarity.
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However, it is becoming generally accepted that stiffness of the polishing pad
is the more important property determining planarity. As discussed earlier,
pad stiffness depends on both the pad modulus and thickness.

Experimentally, the relationship between planarity and pad stiffness has
been independently verified by several researchers [42, 43, 44]. For example
in an oxide CMP process, the planarization performance of a Type 3 pad
(IC1000™) was compared to that of a Type 4 pad (IC2000T™). With other
polishing parameters kept constant, the polishing data clearly demonstrated
that the stiffer IC2000™ pad produced improved planarity. Other work [41,
44], and data presented earlier in this chapter, have shown that increasing
the pad thickness produces a similar response and that less compressible or
thinner base pads also improve planarity.

Simplistically, the improved planarity achieved by using stiffer pads comes
from the reduced bowing of the pad as it planarizes. This phenomenon has
been modeled by several groups [41, 44, 45], basically by treating the polish-
ing pad as a beam in deflection. Nanz and Camilletti [46] have summarized
the various modeling approaches and critiqued the strengths and weaknesses
of each model. Steigerwald et al. [7] have also reviewed models describing
planarity.

Grillaert et al. [41] have analyzed oxide thickness variation after CMP
within a die (WIDNU) for two extreme cases: perfect pad bending and no pad
bending. The perfect pad bending model consisted of a thin top pad on a soft
bottom pad. In this case, the top pad bends easily and large oxide variation
was found. The no pad bending case, consisting of a thick inflexible top pad,
significantly reduced oxide thickness variation. Experimentation confirmed
that WIDNU for a real stack pad always falls between these two extreme
cases.

There is also growing evidence that pad roughness has an effect on pla-
narity. Cook et al. [47], in attempting to analyze the physics, mechanics and
chemistry of the CMP process, have concluded that the best descriptor of that
process is an asperity contact model. The authors found that pad roughness
influences the limits to achievable planarity, such that planarity was degraded
as pad roughness increased.

Renteln and Coniff [48] have related pad roughness back to pad modulus
by hypothesizing that roughness created on the surface of the pad can be
treated like an additional elastic layer. This can be modeled as a two-layer
composite structure where the overall modulus depends on the volume frac-
tions (thicknesses) and moduli of the individual layers. Since the surface layer
will have a more open pore structure than the bulk, it is reasonable to assume
that its modulus will be lower than that of the underlying layer. Using this
model, Renteln and Coniff were able to explain the experimental data. In the
same paper, they also postulated that planarization rate depends solely on
the elastic modulus characteristics of the pad and that anelastic effects of the
pad do not play a direct role.
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Using a different approach to explain the dependence of planarity on pad
roughness, Yu et al. [49] have developed a statistical asperity model which
relates the time-dependent deformation of asperities to the planarization of
device features. The model assumes that the applied load is distributed be-
tween the asperities and the fluid film which fills the gap between the polish-
ing pad and the wafer. At low platen speeds the hydrodynamic pressure of
the fluid film is small and the load is principally carried by the asperities. The
model also relates asperity size to trench widths. For wide trenches where the
trench is larger than the asperity, the asperity can contact and remove mate-
rial from the trench bottom. However, for narrower trenches, device geometry
restricts asperity contact and polishing is selective. For wide trenches, geom-
etry effects become insignificant and polish selectivity disappears. In order
to match better the model predictions with experimental data, the authors
proposed that, since the pad material is viscoelastic, an asperity does not de-
form instantaneously as it enters or leaves a trench. In consequence, contact
to the trench bottom is reduced and polish selectivity is increased.

Grillaert et al. [50] have developed a model which attempts to explain why
step height as a function of polishing time initially decreases linearly followed
by an exponentially decreasing reduction as planarity is achieved. Also, their
model predicts the influence of pattern dependence on step height reduction.
The model assumes that the applied load is only supported by the features
in contact with the pad, the pad has limited compressibility, the pad bends
perfectly, Preston’s equation [51] can be extended to local removal rates and
pressures, and that the pad is perfectly smooth. Since the pad has limited
compressibility, during initial polishing the entire load is supported by the
up features only and removal rate of these features is high. As long as the
step height is high enough the pad does not touch the down features and no
material is removed there. As polishing proceeds step height reduces. At some
point, the step height is small enough so that the pad comes into contact
with the down features. When this occurs the pressure will be distributed
over both up and down features and the rate of further step height reduction
will decrease. Since the pad surface is not perfectly smooth but is comprised
of asperities, the protruding asperities can remove material from the down
features before the average pad surface is in contact with the down features.

From the above discussion, the three pad properties determining planarity
are pad stiffness, pad compressibility and surface roughness from pad asper-
ities. Also the time dependence of these properties is important and must be
considered. It is also probable that the relative importance of each depends
on the material being polished. To date, no published model satisfactorily
combines these into a single, working, predictive model.

6.7.5 Macro-scratches and Defectivity

Although-pad-hardness-is-believed-to-have only an indirect impact on pla-
narity, hardness remains an important| physical property in terms of macro-
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and micro-scratches, and other defects involving physical damage of the de-
vice being polished. In general, to avoid scratches, softer materials such as
aluminum [52] or copper are polished with softer pads, and harder materials
like oxide and tungsten use harder pads. However, there are many exceptions
to this rule. For example, very soft Politex™ pads are used to polish tung-
sten plugs. One reason to use harder pads to polish softer materials is the
need for good planarity and, as previously discussed, higher hardness and
stiffness are often linked.

Defectivity also appears to be related to pad porosity. One explanation
is that pores in the pad surface become clogged with polishing debris which
can cause scratching and leave residual particles on the wafer surface. For
copper CMP, it has been shown that an experimental unfilled Type 4 pad
gave a significantly lower level of defects after polishing than a standard Type
3 1C1010™ pad [21].

6.7.6 Conductor Dishing and Oxide Erosion

Conductor dishing and oxide erosion are feature-level polishing parameters
applicable to metal CMP and are especially important for next generation
devices using copper metallization. As feature sizes decrease and conductors
become smaller, copper is emerging as the preferred metallization because
of its superior electrical conductivity over aluminum and tungsten. Copper
damascene processes are being developed as the preferred method of manu-
facturing [53]. In these processes, trenches are created in the oxide dielectric
layer. Copper is then deposited by electroplating, filling these trenches and
covering the surface of the rest of the chip. CMP polishing is used to polish
away the excess copper, leaving only the inlaid interconnect lines.

The objective of the copper polishing step is to achieve planarity of fea-
tures with only minimal loss in the cross-sectional area of the conductor lines,
so that high conductance is maintained. However during polishing, conductor
dishing and oxide erosion occur which produce device feature deviations from
the idealized damascene structures. Conductor dishing is defined as the dif-
ference in elevation of the insulator region to the metal line and oxide erosion
is the loss of dielectric within the conductor feature array. Additional oxide
loss, known as field oxide loss, occurs globally because the oxide polish rate
is non-zero during over-polishing. Total conductor thickness loss which must
be minimized is the sum of field oxide loss, local oxide erosion and conductor
dishing. Figure 6.20 further illustrates the terms dishing (D), oxide erosion
(E) and field oxide loss (F).

Several authors [53, 54, 55, 56, 57, 58] have independently developed mod-
els to explain the phenomenon of dishing. In general, their models are exten-
sions of those used for within die planarity as discussed earlier, and take into
account pad properties such as pad stiffness, pad compressibility, hardness
and surface roughness.
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Fig. 6.20. Schematic Illustration of Dishing, Oxide Erosion and Field Loss

In an early paper on dishing of copper damascene structures, Steigerwald
et al. [53] extended the pad deflection beam model of Sivaram et al. [59] to
include the effects of both pad compressibility and roughness. Pad compres-
sion was taken into account by assuming that only the surface layer of the
pad compresses as it pushes against the wafer and, as the pad rides over
a recess, that some of the compression is relieved. The assumption was made
that if pad deflection is due to pad compression, then only the near-surface
layer is assumed to bend. Pad roughness was incorporated into the model
using the concept of Renteln and Coniff [60], in which the rough surface
layer is assumed to have a lower elastic modulus than the bulk material. In
agreement with experimental observations, the model predicts that stiffer,
smoother pads of low compressibility will give lower dishing.

In a more recent paper, Yang [57] has attempted to develop a quantitative
model of dishing based on a Prestonian analysis of different removal rates
for high and low copper features. The model incorporates terms for pad
bending and pad compressibility. Calculated results of dishing are in good
agreement with experimental data, such that the model accurately predicts
copper dishing as a function of line-width and over-polish. The model further
predicts an increase in copper dishing as feature size increases due to pad
bowing. The wider the metal feature or the more compliant the pad, the
more the pad can deform to remove metal within the dish. Thus the model
predicts that both low pad compressibility and low conformity are desirable
for reducing copper dishing.

Nguyen et al. [58] have developed an alternative model to explain dishing
based on the assumption that material removal occurs predominantly at the
pad/wafer contacts. Their statistical contact mechanics model assumes: a)
material removal occurs at the mechanical contact between pad asperities
and wafer, b) distribution of pad asperity contact size is Gaussian, c) dif-
ferent removal rates occur for asperities with contact size smaller and larger
than the line width, d) Preston’s law is valid, e) dishing occurs during over-
polishing, and f) oxide erosion is neglected. Excellent agreement is obtained
between experimental data and model predictions for both time dependence
and feature size dependence of dishing. Their model predicts that pad surface
motphology has the greatestiimpact on asperity contact size distribution and
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hence on dishing. This intuitively makes sense given that the typical rough-
ness of a pad surface is comparable to the size of the conductor features being
polished. Also it predicts the importance of pad conditioning in producing
an optimized surface topography for polishing.

Closely related to dishing is the phenomenon of oxide erosion. This is
a thinning of the oxide layer resulting from a non-zero oxide polish rate
during the over-polish step. Like dishing, it causes a reduction in conductor
cross-section and is equally undesirable. As discussed above, less compressible
and stiffer pads are preferred to minimize dishing. However, such pads also
tend to be harder which can lead to increased oxide erosion, since harder pads
tend to have higher oxide polish rates [53]. Thus from a pad perspective, there
are opposing needs in terms of pad hardness. One solution to the problem
is to use a fairly hard pad in combination with a slurry which has a much
higher removal rate for copper than oxide. Such slurries are discussed in detail
elsewhere in this text.

Yang [57] has extended his quantitative model of dishing to describe oxide
erosion. The model accurately predicts oxide erosion as a function of pattern
density and over-polish time.

6.7.7 Pad Conditioning

As mentioned already several times in this chapter, pad conditioning has
a major impact on all aspects of polishing performance. Many pad properties
affect and are influenced by pad conditioning. As an example of the former, it
is found that pads containing porosity (Type 3) are more readily conditioned
than Type 4 pads. This is because porosity reduces the abrasion resistance
of the pad which facilitates the creation of microtexture by the diamond
conditioner. The mechanism of microtexture creation is also affected by the
tensile, hardness and modulus properties of the pad. For pads which have high
modulus and hardness with low ductility, the conditioning disk diamonds cut
channels by preferentially fracturing and removing pad material. In contrast,
for softer, lower modulus and more ductile pads, the diamonds cause plastic
flow and plough the material aside rather than by physically abrading it to
create channels. So in the former cause, pad conditioning results in higher pad
wear, whereas in the latter case pad loss during polishing is significantly less,
since the surface is essentially being rearranged. This is especially true when
polishing softer materials such as copper which do not themselves significantly
wear the pad surface.

Examples of pad properties which are affected by conditioning are, of
course, pad roughness but also pad hydrophilicity. The process of roughening
the pad surface by conditioning in the presence of either water or polishing
fluid increases the critical surface tension of the pad and makes it more hy-
drophilic. This aids the wetting of the pad surface by the polishing fluid and
allowssthe-fluid-tosspreadsuniformlysacross the pad surface and under the
wafer.



6 CMP Polishing Pads 207

6.8 Slurryless Pad Technology

Although “Slurryless Technology” is covered in a separate chapter in this
book, for completion given its emerging importance, it is appropriate to in-
clude a brief discussion of Slurryless Pad Technology in this chapter.

Conventionally, CMP polishing is accomplished by using an abrasive
particle-containing slurry in combination with a polishing pad. While such
slurries are universally employed, it is recognized that their use gives rise to
significant problems:

1. Although polishing is practiced in a clean room environment, the par-
ticles themselves are a serious source of contamination when polishing
semiconductor devices and can leave residual particles on the polished
wafer surface.

2. The quality of the surface produced during polishing is highly dependent
upon the particle size distribution and composition of the particles in
the slurry. Anomalously large particles, even in extremely small concen-
trations, are commonly responsible for scratches and other post-polish
mechanical defects. These are highly deleterious to the yield of semi-
conductor devices processed by polishing. At the solids content of these
polishing slurries (typically >12%) it is practically impossible to use fil-
tration to remove the oversize particles due to clogging effects on the filter
medium. Thus expensive and time consuming efforts have been made to
control and reduce oversize particles in the slurries employed. However,
there are few practical safeguards against their accidental introduction.

3. A desirable practice in CMP polishing is to reuse or recirculate the pol-
ishing slurry to reduce manufacturing cost and the quantity of waste
products from the operation. However, the activity of polishing slurries
is commonly observed to vary with time when recirculated. This may be
due to the addition of dross, or polishing byproducts from the substrate
into the slurry solution, attrition or breakdown of the polishing particles
themselves during use, or chemical changes in the particles which reduce
activity. This level of variation in recirculated slurries is unacceptably
high for processing semiconductor devices. Recirculation of this system
is exceedingly difficult because the byproducts of the polishing process
are often practically indistinguishable from the original slurry particles,
and it is equally impossible to control their size or remove them from the
solution. In consequence, the solid particle content of the recirculated
slurry continuously increases with time. As the polishing rate is directly
proportional to the solids content of the slurry, practical control of the
polishing rate is difficult. A serious additional problem is the acciden-
tal incorporation of oversize contaminant particles into the recirculating
slurry, often due to substrate breakage. The aforementioned difficulties
in filtering slurries make it virtually impossible to remove these contam-
inants.
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Because of the above concerns, recirculation of slurry is not widely prac-
ticed in the polishing of most semiconductor devices because of the need
to control activity precisely and the avoidance of damage by contaminants.
Slurry is usually simply used once and disposed of as waste. As a result, the
cost of slurry and slurry waste disposal is the single largest contributor to
the cost of polishing semiconductor devices.

From the above, it is clear that a polishing process which uses a particle-
free liquid which can be readily recirculated and kept in a constant particulate-
free state, would be preferred in the processing of semiconductor wafers over
conventional particle-containing slurries. Such particle-free liquids, commonly
known as “Reactive Liquids” are beginning to find acceptance for CMP pol-
ishing [65, 66, 67]. Typically, reactive liquids are based on similar chemistries
to those of conventional particle-containing slurries and are used in combina-
tion with polishing pads which themselves contain abrasive particles incor-
porated into the pad matrix.

Table 6.16 shows recent patents describing reactive liquid chemistries and
types of slurryless pads. The reader is referred to these patents and the “Slur-
ryless Technology” chapter of this book for a more detailed discussion of
polishing using slurryless technology.

6.9 Future Trends in Polishing Pads

For the foreseeable future, CMP polishing will remain as an integral man-
ufacturing operation in the production of semiconductor devices. As CMP
polishing evolves and semiconductor devices become more complex with finer
feature geometries and more metallization layers, the need for more repro-
ducible, precision polishing performance will increase. This will necessitate
improved polishing pads with less “pad to pad” variability which provide
more predictable and consistent polishing performance. CMP will become
more of a standard process and semiconductor manufacturers will continue
to expect reduced cost of ownership for polishing consumables. This will ini-
tially impact the more established CMP polishing operations, such as oxide
and tungsten polishing, but will eventually also impact still emerging pro-
cesses, such as copper CMP.

With respect to polishing pads, it is expected that polyurethanes will re-
main as the preferred polymer type because of their attractive combination
of properties, their versatile chemistry, the ability to control pad properties
over wide ranges, and the ability to form pads by a wide range of manufactur-
ing processes. Pad suppliers will continue to develop alternative, simpler pad
manufacturing processes with the goals of more consistent pad properties at
reduced cost.

Work will continue by pad suppliers, semiconductor manufacturers, and
academicsptordevelopsammorescomprehensive understanding of the relation-
ships between pad properties and polishing performance. This work will by
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Table 6.16. Patents describing Reactive Liquids and Slurryless Pads

Patent # Assignee Brief Description of Invention
US4,393,628, US4,466,218, IBM Slurryless pads for disk
US4,613,345 polishing, comprising

a polyurethane foam containing
fixed alumina abrasive
US5,152,917, US5,304,223, Minnesota Extension of 3M’s

US5,435,816, US5,454,844,  Mining and
US5,549,961, US5,692,950, Manufacturing
US5,958,794, US6,007,407 Company

Microreplication technology.
Photopolymerizable slurryless
pads comprising

a three-dimensional
fixed-abrasive element

US5,725,417, US5,782,675 Micron

Conditioning and refurbishment
of fixed-abrasive pads

US5,759,918 Obsidian

Linear polishing tool for
fixed-abrasive pads

US5,932,486, US6,030,899 Rodel

Slurryless polishing using
reactive liquids free from
particulate matter in
combination with polishing pads
having a multiplicity of surface
nanoasperities.

US6,022,264, US6,099,394, Rodel
US6,069,080

Slurryless polishing pads
comprising a high modulus
phase and a low modulus phase

WO099/55493 Ebara

Grinding wheel for slurryless
polishing comprising abrasive
grains and pores in a polymeric
binder

EP 0874 390 Al Hitachi

Grindstone for slurryless
polishing comprising abrasive
grains and a bonding resin

US6,117,775 Hitachi

An abrasive-free reactive liquid
for polishing metal films
comprising an oxidizer and

a substance which renders oxides
water-soluble

necessity encompass all aspects of the polishing process, including interac-
tions of the pad with the polishing fluid, the role of conditioning and polishing
parameters, and of polishing tool design. From such work, it is expected that
polishing consumable suppliers will be able to offer manufacturers a total
polishing solution consisting of, for example, an optimized pad, fluid, condi-
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tioner combination. Such combinations will enable synergistic performance
advantages for the customer.

Industry trends that are currently in their infancy which will impact pad
suppliers are the shift to 300 mm. wafers, polishing with abrasive-free reactive
liquids, the increasing use of copper metallization in combination with low
K dielectrics, and the growing importance of linear polishing tools. All four
are driven by the need to reduce semiconductor device manufacturing costs,
improve yields and performance, and to increase throughput. These issues are
separately discussed in detail elsewhere in this book. The important point to
note is that the pad can no longer be developed in isolation from the rest of
the polishing system but must be developed and optimized with respect to
the polishing tool, the type of wafers being polished, and the polishing fluid.
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7 Fundamentals of CMP Slurry

Karl Robinson

7.1 Introduction: Basic Components of CMP Slurries

Slurries are not new. In some form or another they have been around since
individuals began polishing surfaces. The reasons vary depending upon the
times, such as inlaid metal on Roman shields or Galileo’s first lenses. However
they all consisted of the same components, a solution and an abrasive. It was
a natural technology transfer of the lens polishing slurry to semiconductor
wafer polishing slurries in the early 1980’s. The reasons were the need to
planarize what was then advanced next-generation IC devices in a manner
more reproducible and reliable than existing technology allowed. Although
the application of the slurry was an advance in the semiconductor technology,
the slurry composition remained unchanged from the composition used in lens
polishing. However the devices soon became more complex and CMP related
defects became more apparent as yield limits. This resulted in more attention
to the finer details of CMP, in particular the slurry.

Realistically there is a large amount of interaction between the compo-
nents in CMP slurries. However, taken individually the basis of each compo-
nent can be broken down as such:

a. Role of Abrasive

The abrasive component, whether delivered in a solution phase or abraded
from a solid phase, is generally thought to provide the mechanical part
of CMP [1]. The abrasive particle impacts the surface and abrades the
chemically treated surface exposing new material for chemical attack. At
this point the first distinction between metals CMP and dielectric CMP
needs to be made. Metals CMP does not require, to date, chemical activ-
ity from the particle. Dielectric CMP does require chemical activity along
with the mechanical abrasion. Regardless of the CMP process, there is
a considerable amount of chemistry involved in the particle technology.
To begin with, the particles must have the correct surface charge to stay
suspended, the correct hardness to impact the wafer surface, the cor-
rect chemical properties to not dissolve in the solution and, particularly
for dielectric CMP, the correct chemical bonds to adhere to the wafer
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surface. The result of these needs has been the introduction of various
particles and methods of making particles.

b. Role of Solution

The solution component plays several roles in CMP. Foremost is the
role of providing chemical agents that attack the surface to be polished.
These agents can be in the form of pH adjusters, oxidizers, catalysts
and inhibitors. Additionally, the solution must provide an electrostatic
or steric balance that stabilizes the abrasive suspension. Electrostatic
stabilization comes from the repulsive forces resulting from like charges in
a solution. Steric stabilization comes from the introduction of secondary
components such as particles or high-molecular weight organic compound
that physically intervene between two particles. The solution also plays
a significant mechanical role in CMP being a lubricant between wafer
and pad, transporting waste material and controlling temperature. The
interaction between particle and solution can greatly change the overall
CMP process. To address many of these demands, the concept of in-line
mixing of components has become accepted. This approach is believed to
minimize interaction times between various components and reduce the
negative side effects.

¢. Pad Interaction. Although the pad is discussed in detail elsewhere, it is
worth noting that the pad is the primary means of transporting slurry
to the wafer surface. Although there have been several novel equipment
modifications to minimize the impact of pad variations in this role, the
pad still provides the “reaction chambers” within which CMP occurs. In
this sense, the pad must be inert to the abrasive and solution chemistries
and their by-products. Also, the pad must provide a steady-state en-
vironment for the CMP reactions, not just during an individual CMP
wafer step but also wafer-to-wafer, lot-to-lot, tool-to-tool, fab-to-fab and
device-to-device.

CMP is now used in several process modules. Each of the currently im-
portant modules, ILD CMP, STI CMP, tungsten CMP and copper CMP,
requires very different particle, chemical and process properties to be effec-
tive. Correspondingly, there is also an increasing degree of complexity in the
slurry as these processes are integrated into device manufacturing. ILD CMP
requires the ability to polish oxide films (PTEOS, BPSG, HDPTEOS) to
planarity but need not provide any selectivity to other materials as this is
a stop-in-film polish. STT represents a new ILD process that still planarizes
oxide films, but stops at a silicon nitride interface, thus requiring selectivity
between two dielectric materials. Tungsten CMP is used to isolate conductive
plugs and vias through a damascene process. Here the films are very different
andyconsistyoftheyWametalyandpagliner, often Ti/TiN. The CMP step must
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uniformly polish through the metals and stop on the supporting dielectric
film. This requires a high selectivity, as measured by removal rate, between
metal and dielectric. Copper CMP is similar except that the copper does not
self-passivate and is chemically very active, thus limiting the available oxidiz-
ers in the solution. Unfortunately for the CMP process this chemically active
copper film is usually deposited on an electrochemically inactive tantalum or
tantalum nitride film. This combination has proven very difficult to polish
and meet the integration needs of a copper device.

This increasing complexity of the integration needs has provided a huge
challenge to slurry suppliers. The demand for improved uniformity, planarity
and defectivity along with new processes, has pushed slurry development
from an empirical study into the fundamentals of surface science, colloidal
science, electrochemistry and rheology. In this chapter, the fundamental role
of the various components in slurry technology is described in relation to the
fundamental sciences. Although the components will be covered separately,
it will become obvious that they are very inter-related.

The perspective of this chapter is that of a CMP process engineer with
a fundamental understanding of the interactions within CMP slurries. The
principles discussed here form a basis for a dialogue between the process en-
gineer who must work with the slurries and the specialty chemist who creates
them. There is a large amount of specialty proprietary chemistry that goes
into the choices of chemical compounds in making slurry, as demonstrated by
the large number of referenced patents as opposed to refereed publications,
that is not covered in this section.

7.2 Surface Science and Electrochemistry
in CMP Slurry

7.2.1 Dielectrics

The dielectric surface of most current interest in semiconductor is that of
silicon dioxide (oxide). Low-k dielectrics will become employed more as tech-
nology performance continues to improve and will eventually need to be pro-
cessed by CMP. Currently there is still a lot of learning to be gained on oxide
CMP that can be later applied to low-k materials. There are several types of
oxide that are subject to CMP, such as P-TEOS, HDP-TEOQOS, and BPSG.
The chemical nature of CMP is similar for each oxide although resultant per-
formance can be very different. Oxide surfaces typically exhibit a termination
structure as shown in Fig. 7.1. This surface structure changes with pH of the
solution. At a pH = 2.2 the point of zero charge, pzc, is reached in which
the oxide surface switches from a positively charged surface to a negatively
charged surface [1, 2]. This negative charge is due to the accumulation of OH-
groups.
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Fig. 7.1. Oxide surface changes with pH. Increasing pH causes increase in hy-
drolization penetration and dissociation of the silic acid and charging of the surface

As the pH increases the increasing concentration of the OH- groups, via
attachment with water molecules diffusing into the oxide, weakens the oxide
surface in a hydrolyzing process [1]. Eventually at a pH ~ 12, the silicon
oxide begins to dissolve in the solution. Since dissolution of the surface would
result in an isotropic etch of the surface and not provide any planarization
CMP chemistries are kept below a pH of 12. Particles are used to impact
the surface and remove hydrolyzed oxide such that topography is removed
in an anisotropic method [2]. A balance of hydroxylation rate and removal
rate by CMP provides a pseudo-steady state relation in which the surface is
weakening at a rate equivalent to the effective number of particle impacts.
The term effective alludes to the indication that not every particle impact
results in a contribution to the overall removal rate 1, 3].

In the case of thermal silicon nitride, SigNy, the surface reaction is two-
step reaction. First the nitride reacts to form a SiOs interface followed by
a subsequent oxide removal via hydrolization and particle impact.

SisN4 + 10H,O — 3SiO9 + 4NH,OH
Si0z + OH™ — SiOzH™.

Inptypicalyoxidesslurriessthesnitride reaction is the limiting factor giving
a selectivity of oxide: nitride ~ 4. As the pH is reduced, the reaction rate
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of the conversion of silicon nitride to silicon oxide is reduced more rapidly
than the CMP removal rate of the silicon oxide which results in a slight
increase in the selectivity. Improvements in selectivity between silicon oxide
and silicon nitride can also be achieved by inhibiting the initial conversion of
silicon nitride to silicon oxide. Although there are several possible approaches
to inhibit this conversion the most common methods are to add blocking
agents or inhibitors to the slurry. Inhibitors, such as fluorinated organics [4,
5, 6], reduce the oxide formation reaction by binding to the silicon nitride
surface and chemically inhibit the reaction further increasing the selectivity.
Binding agents, such as low-molecular weight polymers, bind to the surface
and physically (sterically) inhibit the formation of the oxide. The results of
these additives are high selective slurries that enable stop on nitride STI
CMP in a one-step process as opposed to the more expensive reverse mask
process as described in the integration chapter.

7.2.2 Metals

CMP of metals in semiconductors was first introduced as a method of isolat-
ing interconnects, or vias, between metal layers. The process replaced metal
etchback that left the dielectric surface rough and the metal recessed. The
approach is simple; etch a contact, overfill the metal and polish back to stop
on the oxide and isolate the contact. The details of tungsten CMP are dis-
cussed elsewhere in this book, however it is a good example of the use of
electrochemistry in CMP (7, 8, 9]. In addition, several common IC device
films and their half-cell reaction and resulting oxidation potential as well as
several oxidizers and their half-cell reaction and potentials are summarized
in the Appendix.

Since it is not feasible, to date, to directly charge a wafer surface on
a production CMP tool, the slurry must contain the oxidizing agents, which
control the local electrochemical potential. A key element in the choice of an
oxidizer is the operational pH of the oxidizer and the resultant metal oxide
film. For example, a weak oxidizer with a potential in the 0.2-0.4V range
can still etch Cu at low pH, however as the pH increases the Cu first forms
a passivating film of Cu,O which is stable to very high pH. A strong oxidizer,
like hydrogen peroxide with a potential of 1.7V, again etches Cu at low pH.
However the passivation region is smaller at a higher pH. This may lead to an
incomplete passivation layer leaving the surface vulnerable to further attack.
This additional attack under non-passivating conditions is termed corrosion
and results in a non-controlled oxidation and dissolution of the copper layer.
This phenomena is fundamentally related to the thermodynamic stability of
the Cu-H50O system which is conveniently summarized as a Pourbaix dia-
gram [10] in the Appendix. However, it cannot be overemphasized that the
kinetics of the oxidation or passivation reactions is not related to the Pourbaix
diagram; whichristonly adescriptionat equilibrium. Of course the addition
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of other slurry components will affect the Pourbaix diagram according to the
Cu-component interaction.

In general, most metals readily oxidize in the presence of hydrogen per-
oxide, potassium iodate or ferric nitrate. These are the most widely used ox-
idants for metal CMP. The slurry must compensate for competing oxidation
reactions of etching and passivation. Etching results in the direct dissolution
of the metal into the solution as an ionic species. Passivation results in an
oxidation film that coats the metal surface and protects it from corrosion,
a form of rapid oxidation and dissolution. A third but less common reac-
tion is the direct oxidation into a volatile oxide, such as Ru into RuQy4. This
should be avoided as some metal oxides and in particular RuO,, have toxic
properties. Care must be taken to not use an oxidizer that produces these
volatile metal oxides directly.

In the simplest version of tungsten CMP the resultant metal oxide passi-
vates the metal protecting the W film from corrosion. Initial work suggested
that the passivation layer is then removed by means of particle impact simi-
lar to the hydrolyzed oxide layers [11]. Subsequent work with more accurate
electrochemical cells has shown the initial work accounts for only a percent-
age of the removal rate [9]. In fact the electrochemical data suggests that
the process does not require a blanket passivation film for high CMP rates.
Corrosion appears to play a role via grain boundary corrosion that results in
unoxidized W crystallite removal during CMP. The oxidation reactions pro-
ceed readily at low pH which not only facilitates the W oxidation reactions
but also provides selectivity to the supporting dielectric which has a mini-
mum of hydrolization at low pH. The typical W liner films of Ti and TiN
behave in a similar to W with even higher oxidation rates.

Metal CMP slurries also must prevent the formation of undesired par-
ticles formed during metal oxidation. Unlike copper and aluminum CMP,
which produce soluble ions or compounds upon oxidation, tungsten CMP
produces low solubility oxides in solution. Due to this difference in polishing
by-product, tungsten slurries must also prevent the agglomeration of tung-
sten oxide particles in the solution. Such large agglomerates may result in
increased defects on the post CMP wafer. One mechanism is to include or-
ganic additives in the slurry that adsorb on the metal particle surface and
prevent further reaction with the wafer interface inhibiting further growth.
An alternative approach to reducing agglomeration of insoluble metal oxides
is to use additives that inhibit formation of the oxide. In the case of tungsten,
chelating agents can be added that prevent formation of a stable metal ox-
ide compound [9, 11] which can precipitate out of solution to form particles.
The by-product in this case is a soluble form of tungsten oxide that does not
precipitate out of solution to form agglomerations.

The electrochemical learning associated with tungsten CMP has been
applied to copper CMP slurry development. However substantial differences
existrinstheirselectrochemical:behaviors. Unlike tungsten, copper films do not
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form self-passivating oxide films. The copper oxide films are porous in nature
and are soluble in aqueous solutions exposing areas of bare Cu film for further
oxidation. This non-grain boundary oxidation leads to rapid film corrosion in
solution requiring the presence of oxidation inhibitors in the slurry to prevent
Cu corrosion post CMP. The integration requirements of copper and barrier
CMP are so demanding that the first generations of copper slurries generally
have been two-step slurries [12]-[16]. Typical first step slurries rely on the
ability to distinguish between the oxidation of Cu and Ta or TaN to improve
selectivity [17]. The “stop-on-barrier” scheme is followed by a second polish
that use slurries that match the barrier polish rate to either that of the Cu film
(selective approach) or that of the dielectric (non-selective approach). A more
advanced interconnect replaces the barrier metal with a material that oxidizes
and polishes at similar rates as copper providing a one-slurry approach. More
details of advanced copper integration are discussed elsewhere and note that
no one chemical and abrasive solution will meet all the integration methods.

It is important to consider that the exposure of two metals in contact
with an electrolyte sets up a galvanic cell. With the different half-cell reac-
tions, a potential is setup between the two metal films forcing one film to be
the cathode and the other the anode. In an electrolyte that would normally
corrode Cu, the exposure of the Ta barrier metal and the resultant oxidation
forces the Cu to become electron rich. To complete the circuit, Cu ions in
the electrolyte are reduced to Cu metal on the wafer. Addition of complexing
and inhibiting agents reduces the galvanic reactions by either inhibiting the
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Fig. 7.2. Galvanic affect of barrier and line metals during CMP due to the elec-
trochemical half-cell reaction potential (Vo)
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Ta oxidation or shielding the Cu ion from the reduction reaction. In either
case, the galvanic cell provides a method for producing very high selectivity
between the Cu and the Ta barrier film.

Ti barrier metals produce similar properties, as pictured in Fig. 7.2, at
a much wider pH condition than do Ta barrier metals.

7.3 Slurry as a Suspension

As discussed in the previous section, ionic species are present in both ox-
ide and metal CMP slurries. In general, the multiple chemical components
can create a wide range of slurry properties that control the CMP process.
The suspension plays multiple roles. First, the slurry provides the chemical
and mechanical action of planarizing the wafer. Second, the slurry acts as
a lubricant to reduce the friction between the pad and the wafer. Third, the
slurry acts to dissipate the heat generated by the friction of the CMP process.
Lastly, the slurry acts as a transport medium for moving reactants and parti-
cles to the wafer interface and then the byproducts of the CMP process away
from the wafer interface. The pad plays the role of cnsuring the uniformity
of each of these roles across the wafer surface. It is also very important to
consider the by-products of the surface reactions. Their presence changes the
balanced electrostatics of any colloidal suspension and at the most critical
point, the wafer surface during CMP.

7.3.1 Colloid Science and Rheology in Slurry

One visually striking slurry property is its settling rate. In a typical settling
rate experiment a column of slurry is allowed to sit while the rate of parti-
cle settling is measured. The slower the settling rate, the longer the slurry
stays in suspension and the longer the properlies remain uniform. A higher
settling rate is indicative of an unstable suspension. Without going into the
full derivation, the mass and density of the particles are proportional to the
settling rate, v, by [18]

m(1 — p1/p2)g = fv, (7.1)
where m is the mass, p; is the density of the aqueous phase, ps is the particle
density, g is the gravity constant and f is the friction factor. This can be
related to the diffusion coefficient by

f=kT/D, (7.2)

where k is the Boltzmann constant, T is temperature and D is the diffusion
coefficient. The settling rate can also be related to the particle size, assuming
a spherical particle and little or no dissolution in the aqueous phase, by

Re=(9nv/2(p2 — p1)9)"*, (7.3)
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where R is the radius, and 7 is the viscosity. Although simple and not com-
pletely applicable to complex slurry systems, these expressions can be used
to provide some measure of slurry stability and quality. A standard use of
the settling phenomena is in slurry decanting. In particle manufacturing it is
possible sometimes to form large hard agglomerates which prior to polishing
must be removed from the smaller desirable particles. Decanting allows the
larger particles time to separate from the slurry through the faster settling
rate.

Equation (7.3) contains another important parameter, n, the viscosity of
the solution. Viscosity is actually a measurable coeflicient describing the re-
sponse of a fluid to an applied force per unit area. Figure 7.3 shows several
relationships between the applied force and the rate of shear for several ma-
terials [18]. Most solutions are Newtonian in that viscosity, measured as the
slope of the force-shear relation, is constant. In slurry behavior, viscosity is
important to understand when one considers that a CMP tool can be consid-
ered a giant plate viscometer. However most viscometers work in the range
of a 100 s™* to 1000 s~!, while the CMP tool is estimated to produce shear
rates greater than 10 s=! [19]. At these shear rates, the applied forces to
the CMP process are large and any fluctuations in this force, due to viscosity
changes, can influence the overall stability of the CMP removal rates. Thus
the effect of slurry particles on viscosity is important to understand.

Viscosity also plays an important role in determining the flow of slurry
under the wafer. The Reynolds number is a widely used dimensionless term re-
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lated to the flow characteristics. In a parallel plate relationship, the Reynolds
number is defined as LVp/n, with L being the gap between the plates, V being
the velocity of the medium, p, the fluid density and 7, the viscosity. As the
Reynolds number increases, the fluid flow changes from laminar to turbulent.
The two parameters most difficult to calculate are L and 7. Laminar flow
is described as a smooth transition with little or no mixing of fluid layers.
In laminar flow particles in the bulk are not transported to the interface of
the wafer and that the film layer is relatively thick compared to the par-
ticle size. Turbulent flow is described as a chaotic mixing at the interface
with a thin boundary layer. Which flow pattern is occurring during CMP is
currently under investigation by several groups and is not resolved [19, 23].
The pad complicates the Reynolds number calculation as the contours of the
pad, asperity, groove and soak-length, are large enough to move the Reynolds
number from laminar to turbulent flow. The gap also affects the viscosity of
non-Newtonian fluids as the shear rate increases. To make some sense from
this an understanding of how slurry viscosity is affected is in order.
The simplest relationship is Einstein’s law of viscosity [18],

n/ne =1+ 2.5w, (7.4)

where 7, is the viscosity of the aqueous phase, 7 is the viscosity of the slurry
and w is the volume fraction, which is related to % solids, y, as w = @p1/pa.
It is important to point out several assumptions in (7.4), mainly that the
particles are monodisperse spheres, the slurry is stable (particles are not
flocculating or dissolving), the flow rates (or shear rates) are low and the
slurry is Newtonian. Equation (7.4) is valid to ¢ ~ .1, above which the
dispersion viscosity takes on more complexity. For a typical silica particle,
p ~ 2.2, this translates into a wt.% solids number of ~ 20 wt.%. Most fumed
silica slurries report wt.% solids below 15 wt.%, except when delivered as
a concentrate, within the limits of (4). Precipitated silica reports values of
~ 30 wt.% solids, making the viscosity of this slurry very susceptible to
minute changes in the particle concentration. By contrast, ceria, p ~ 7.1, may
contain up to 70 wt.% solids and still have a predictable viscosity, provided
it will stay in suspension.

Of particular concern in the use of the Einstein relationship are the very
high shear rates in CMP. Although most slurries are Newtonian in behavior,
flocculated colloidal particles are a class of slurries that can exhibit non-
Newtonian behavior [18] at various pH levels [2]. In these slurries, the appar-
ent viscosity changes with the rate of shear. In particular, certain precipitated
slurries, which have symmetrical particles, exhibit increased viscosity under
high shear, a behavior termed dilatancy [18]. At very high shear, these parti-
cles show a tendency to gel producing a network of loosely bound particles,
which leaves a residue on the wafer surface. Fortunately this gel is readily
cleaned with typical post CMP HF based cleans. How this gelation affects
planarization and uniformity is dependent upon the wafer topography, film
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hardness, polish pressure, particle surface charge and particle size distribu-
tion. Slurry suppliers can do little about the first conditions, however surface
charge and particle size distribution are results of the solution pH, particle
manufacturing process and the mixing mechanism of the slurry. For example,
a bimodal mixture of symmetrical particles can be used to target a certain
concentration of solids. Dependent upon the size difference between the two
particle groups, the surface area will be dominated by the smaller particles.
The surface area is critical in gelation as the smaller particles can fill the void
between large particles increasing the strength of the gel. This leads to the
possibility that minimal variations in solids concentrations can result in very
large variations in gelation.

As much as the solution modifies the surface to be polished, the solution
also greatly affects the particles suspended in the solution. Slurries are com-
posed of both ionic species and organic species, all of which must interact
in a manner to stabilize the suspension, promote the CMP process and be
reproducible. The next two sections cover these two classes independently.

7.3.2 Ions in Slurry

To fully comprehend the effects that ionic species have on slurries, it is im-
portant to understand how particles stay in suspension. The settling rate
expressions relate particle size to settling rate. Below some particle size, the
gravitational settling force is less than the diffusion force and the particles
stay suspended. In a simple model, a suspension becomes unstable when
particles begin to flocculate and reach a critical accumulated size at which
settling commences. There are two primary methods for preventing floccu-
lation, electrostatic and steric stabilization. Electrostatic stabilization is the
use of repulsive electrical fields between like charged particles to keep parti-
cles from agglomerating. Steric stabilization is the use of organic networks,
or polymers, adhered on particles to physically keep particles from agglom-
erating. Although there is some indication that surfactants and other large
molecular weight molecules contribute to steric stabilization, in conventional
slurries the dominant method is electrostatic.

A particle in contact with an ionic solution exhibits several “layers” de-
picted in Fig. 7.4 [18]. The Stern layer accounts for molecular adsorption of
ionic species at the particle interface. The shear layer accounts for the be-
ginning of fluid flow in the boundary layer around the particle. The electric
double layer is the projected electric field from the particle. A frequently
quoted particle property is the zeta-potential and is often misrepresented as
the charge at the particle surface. In reality, the zeta-potential is the charge
at the shear surface. The magnitude of the zeta-potential is dependent upon
the particle type and the solution pH. It can vary from 0 mV at the pzc up
to true particle surface charge in a vacuum. There are expressions that relate
thestruessurfaces-charge-to-the zeta-potential however they contain several
parameters that are not experimentally measurable.
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The electric double layer dimension, k!, is directly calculated from the
ionic strength of the solution by [18]

1 2N 1/2
;-s:(—OOEOI:TA iszZ) , (7.5)

where e is the electron charge, N4, is Avogadro’s number, ¢, is the dielectric
constant of the medium, z; is the ionic valence and M; the molar concentra-
tion of specjes i. A high ionic strength produces a small double layer, typically
on the order of the particle radius also known as the Helmholtz—Smoluchowski
limit. Conversely, a weak ionic strength produces a large double layer, typ-
ically 100 times the particle radius, also known as the Huckel limit. When
twoparticles;approach-each-othersthesdouble layers begin to overlap. At this
point competing forces of attraction, Van der Waals forces, and repulsion,
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ionic forces, determine if the particles repel and remain in suspension or be-
gin to flocculate. The combination of these forces is known as the DLVO
(short for Derjaguin, Landau, Verwey and Overbeek) theory [18],

A

& 64n kTTE .
K
The first term in (7.6) is the repulsive force due to overlapping double layers
and contains, n,, the ionic content per cubic meter, Ty is a function of the
surface potential and d is the separation distance. The second term in (7.6)
is the attractive force where A is the Hamaker constant of the system. The
Hamaker constant is a complex coefficient describing the molecular level at-
tractive forces in solution. More details are provided in the next section.
The slurry stability can be easily seen in light of (7.6). Looking first at
the particle surface charge one can deduce that adsorption of specific ions on
the particle surface changes the value of Ty. For example, as pH is reduced
the adsorption of OH™ on the surface of silica particles is reduced, decreasing
the surface charge, as measured by the zeta-potential. Recall that the zeta-
potential is not the true surface charge but the charge at the surface of shear
and is less than the true charge. By reducing the surface charge, the repulsive
forces are reduced allowing particles to come closer together and eventually
flocculate. Similarly if the ionic strength is increased by addition of acids,
bases, salts, ionic-surfactants or buffers, the electric double layer is reduced
and k is increased. Again this results in a reduction of the repulsive forces.
It is worth noting that the valence of the ionic species is very important to
this destabilization process. As flocculation begins when @ < 0, (7.6) can be
rearranged to determine the ionic strength at this point. The result is the
concept of a critical flocculation concentration, CFC, at which enough ions
have been added to cause the particles to begin to flocculate. The result,
called the Schultz—Hardy rule, for the ionic concentration at which the onset
of flocculation occurs is proportional to the ion valence by [18]

Mcre 278, (7-7)

Thus very small concentrations of high valence ions, such as Fe™®  Zr™ and
AlT3 are capable of causing flocculation. This indicates that the ionic purity,
particularly of high valence ions, of the slurry, from distributor through to
the dispenser, is critical for stability and uniformity of the slurry during
CMP. There are many sources of such high valence contaminants and will be
discussed presently.

7.3.3 Organics in Slurry

The other method of affecting the stability of the slurry according to (7.6)
is to effectively modify the Hamaker constant of the system. Recall that
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Table 7.1. Organic compounds present in various advanced CMP slurries

Role Additives Processes

Surfactants Fluorinated carboxylic acids [4], Polyacrylic STI, CuCMP
acids [20], carboxylic acids [44], quartenary
ammonium salts (CTAB) [20], Polyvinyl
alcohols (Triton)

Inhibitors Benzotriazole [14], hydrogen phthalate CuCMP,

salts [4, 44] WCMP, STI
Complexing hydroxylamines [13], ammonium CuCMP
Agents hydroxlate [14], citric acid [14], lactic

acid {14], tartaric acid [14], succinic
acid [14], amino acids [14], acetic acid [15],

EDTA [20]
Oxidizers Oxalic acid [12], peroxides [14] CuCMP
Microemulsions Iso-propyl alcohol [18], glycerol [44] STI, WCMP
Catalysts Organic iron compounds [45] WCMP

the Hamaker constant is a measure of the attractive forces between par-
ticles. It is composed of the integrated molecule-molecule Van der Waals
attraction forces in particle-particle geometry in solution. Van der Waals
forces between molecules are composed to varying degrees of permanent-
permanent, permanent-induced and induced-induced dipole interactions. In
most solvents, except water, the induced-induced or dispersion component, is
the strongest contributor. Water molecules have a permanent dipole result-
ing in the permanent-permanent dipole as the larger contributor to Van der
Waals forces.

The most common method to change the Hamaker constant is to add
a soluble organic, such as isopropyl alcohol (IPA), to the system. In the sim-
plest case, if IPA were to completely disperse in the aqueous phase, then
A would be less than that of water alone. The reduction would be depen-
dent upon the concentration. The result would be an overall decrease in the
attractive forces resulting in improved stabilization.

Organic species however can be used for several purposes beyond changing
the attractive forces between particles. Most organic additives serve other
purposes but their effect on the electrostatic stability of the slurry should
always be accounted for. Referring to Table 7.1, typical organic additives can
be classified into six categories, surfactants, inhibitors, complexing agents,
oxidizers, microemulsions and catalysts with the first four being the most
significant for CMP slurries.
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Surfactants/Dispersants

Surfactants are a class of chemicals that contains both hydrophobic and hy-
drophilic groups. The hydrophobic section typically consists of long chain
saturated organic “tails”. The hydrophilic section typically consists of either
an anionic, cationic or non-ionic “head”, as pictured in Fig. 7.5. Some typical
slurry surfactants are listed in Table 7.1. By the nature of their structures,
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Fig. 7.5. Surfactant molecule formations from typical molecular structure to mi-
cellar structure in.solution to-a-microemulsion containing low-solubility organic
compounds
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surfactants do not readily disperse in aqueous media but go through a pro-
cess of surface accumulation before dispersion. The surface accumulation has
the effect of reducing surface tension. When surface saturation is reached,
known as the CMC, the surfactants create colloidal sized particles in solu-
tions called micelles, also shown in Fig. 7.5. These micelles interact with the
surrounding medium very differently than do solid particles. However, like
solid particles, they have a surface charge and can interact to stabilize or
destabilize a suspension. Most relevant to slurry chemistry is the increase in
solubility of non-soluble compounds to form emulsions and particle/surface
adsorption to change the CMP interaction.

An emulsion is the mixing of two normally immiscible liquids under agita-
tion. When surfactant is absent, the liquids quickly separate. However, with
a surfactant present, one phase can disperse, via the micelle structures, into
the continuous phase. When a fourth material, such as an alcohol is added,
the system forms a microemulsion with the surfactants forming colloidal size
micelles that are swollen with the immiscible fluid, as pictured in Fig. 7.5.
This increases the transport of this immiscible fluid throughout the slurry
and to the wafer interface. A good example of this is the dispersion of a low
solubility complexing agent, KHP [4], in slurry using surfactants and an alco-
hol. This mixture increases the probability and uniformity of the complexing
agents reacting with silicon nitride to protect the layer from forming silicon
dioxide and being polished during STI. Since it is demonstrated that fluo-
rides also improve the selectivity to nitrides, another, more direct method
of increasing selectivity is to use a surfactant based on fluorinated organic
compounds and eliminates the need for the alcohol to carry the complexing
agents [4, 5, 6]. In either case, the micelle structure acts as a continuous
supply of chemicals for enhancing nitride selectivity. Any destabilization of
this micelle structure changes the ability to deliver the needed chemistry to
the nitride surface in sufficient quantity or uniformity to maintain the high
selectivity.

Inhibitors

Inhibitors are organic species that disperse throughout the slurry medium
and are employed to interact directly with the wafer surface. The purpose
is to reduce or minimize a negative side reaction. In the case of STI CMP,
this could be the formation of silicon oxide from silicon nitride. In the case
of copper CMP, it is necessary to control corrosion, or passive etching, in the
presence of the film oxidizing chemicals. This is particularly important when
the wafer is moved from the polishing pad and not immediately cleaned of oxi-
dizer chemistry. Such a situation occurs frequently in multiple wafer polishing
when the wafers are placed in a wet hold tank prior to being removed from
the tool for post CMP cleans. The inhibitor must be able to protect the film
fromyfurthersoxidationsandycorrosiongbefore wafer cleaning. A good example
is the use of benzotriazole, (BTA) in copper CMP[16]. BTA is often used to
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Fig. 7.6. Effect of benzotriazole on Cu film etch rates in HNO3. From [21]

bind with the surface and inhibit rapid oxidation of the Cu film preventing
corrosion. The inhibitor forms a copper complex film that acts as a barrier
for oxidating compounds such as urea hydrogen peroxide [14, 15]. BTA is
restricted to low pH slurries as it becomes insoluble for pH > 5. However,
this insolubility can be overcome by use of surfactants and microemulsions
as previously discussed. The copper-BTA film can also provide topographical
selectivity by being able to withstand the stresses of CMP in the Cu troughs.
Figure 7.6 shows the etch rate of Cu with increasing oxidizer concentration
and how the presence of BTA inhibits this etch. The CMP action effectively
removes this film on the top surface leaving the copper surface free to oxidize.
There must be an appropriate balance between oxidizer and inhibitor such
that there is enough inhibitor to provide sufficient selectivity without reduc-
ing the overall CMP removal rate. One major affect not accounted for here
is the nature of the topography and how this ratio of oxidizer to inhibitor
should cover the wide range of topography encountered with different mask
designs.

Oxidizers

Oxidizing agents were discussed previously in terms of their effects on metal
films. Inorganic oxidizers predominate in tungsten metal CMP, however or-
ganic oxidizers are gaining use in Cu CMP. The reasons for the investigation
of other oxidizers are varied but relate primarily to controlling the oxidation
rate and reducing the damage resulting from competitive side reactions. One
such oxidizer, urea hydrogen peroxide, [14, 15] has already been mentioned
while others come from the family of hydroxylamines [13]. To be effective,
similar to inorganic oxidizers, the compound must be soluble over a wide
range of pH and result in the passivation or oxidative film, according to the
Pourbaix diagram, needed for that process.
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Complexing Agents

Complexing agents go by several names, such as chelating agents or bind-
ing agents. As the name implies, these compounds bind with partial or fully
charged species in the solution or at the wafer interface. This has a two fold
effect one being the reduction of the charged species’ contribution to the dou-
ble layer thickness on the particles and, in some metals, preventing further
oxidation to more stable metal oxide compounds. The second effect, in CMP
slurries, is to bind with the wafer film inhibiting the reverse reduction reaction
at the wafer surface resulting in an increased removal rate. The “binding”
process can be accomplished by direct bonding of the species (ligand for-
mation), ion pairing of the species (organic salt precipitation) or steric ionic
shielding of the ion (high molecular weight chelation). Some agents complex
one-to-one with ionic species, while others can complex with multiple ionic
species. EDTA is a common complexing agent with three acid groups [20].
The acid groups enfold the positively charged metal ions in solution effectively
shielding them from further reaction.

7.4 Solids Content

To this point only the effects of solution chemistry have been addressed.
Although complex, the chemistry makes up only one of the two components in
slurry. The particles that abrade the surface are clearly necessary to perform
conventional CMP [1]. Table 7.2 contains some properties of the particles
most often included in CMP slurries. The choice of particle properties has
been fairly empirical. There has been some explanation as to the performance
of ceria and silica in oxide polishing based on optical lens data {1]. Particle
size selection is usually an empirical compromise between polish rate and
defects. Over some range, large particles give higher polish rate, but create
more defects too. Conversely, smaller particles result in fewer defects but
do not polish at acceptable rates. There are exceptions to this, particularly
alumina particles in oxide polishing [21]. In reality the only four particle

Table 7.2. Particle properties for common abrasives in CMP slurries

Property Silica Alumina Ceria

Particle Structure amorphous Poly-crystalline  Poly-crystalline

Crystal Structure Orthorhombic Cubic
(corundum)

Density (g/cc) 2.2-2.6 3.97 (alpha) 7.13

Hardness (Mohs)  6-7 9

PZC (pH) 2.2 9 7
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parameters readily changeable in the CMP process are flow rate, particle
size, concentration of particles and particle type.

Flow rate is not in reality a particle property but it does affect the overall
performance of the particles by maintaining a continuous media in which to
polish as well as sufficient quantity of particles for polishing. The limitations
on flow rate are dependent mainly upon the platen speed. High platen speeds
require more slurry as the centrifugal action spins most of the slurry off the
pad. The presence of a bow wave during CMP is an indication of sufficient
slurry to provide a continuous media for polishing. Additionally, similar to
a centrifuge, the distribution of particles and particle size may differ from
center to edge of the platens with increasing rotational speed. Recall that
particle settling rates contain a gravitational coefficient. As the platen spins,
the g-force created along the radial axis of the pad will increase settling in the
lateral direction. Pad conditioning and grooving plays a role in minimizing the
“settling” of slurry particles across the pad, however within a groove the outer
edge will experience a build up of particles that may lead to defects if not
properly cleaned between wafers. Low speeds and large platens do offer the
benefit of low rotational speeds while providing high linear speeds resulting in
more uniform particle distribution based on settling rates. Figure 7.7 shows
the effective g-force on a particle at variable speeds and radii. The flow rate
must compensate for the particle loss or distribution by flooding the pad.

Adjustment of the particle size in CMP is not as simple as adjusting the
flow rate. In general for end CMP users modifying particle size can only be
achieved by working closely with a particle supplier. In particular precipitated
silicas suppliers offer a wide range of available particle sizes for testing with
near identical solution chemistry. Figure 7.8 depicts the removal rate variation
with solids concentration and particle size [22]. Both increased particle size
and concentration increase the bulk removal rate. The mechanism of increase
removal rate with particle size, r, is less clear from this data as more particle
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sizes are needed to separate particle mass contributions, varying with 2,
from surface area contributions, which vary with 2. Intuitively there is also
a planarization optimization experiment that can be performed by varying
concentration and particle size but the results will be topography and film
type dependent. It is more often that control of the polydispersity, or size
range, of the solution is more critical than the nominal, or mean particle size.

Dilution is the simplest method of changing particle concentration in the
solution. In mixed component slurries, this is a straightforward procedure.
The particle containing component can be mixed at varying ratios to the
chemistry component. This offers the benefit of maintaining the chemical
concentrations while understanding the affects of particle concentration on
rate, planarization and defectivity. In single component slurries, dilution of
the % solids also results in the dilution of the solution chemistry, which
can effect both CMP rate and the suspension stability as the ionic strength
changes. The combination of flow rate, particle size and concentration can
be tailored to individual process step needs. For example the needs of ILD
CMP are different from those of STI CMP. Dilution and flow rate changes
may also offer the benefit of reduced cost of ownership.

A preferred method for changing a CMP property with the solids is to
change the chemical makeup of the particle, either by surface adsorption to
change the zeta potential or to different particle material. Although there is
much industry interest in novel particle types, this section will discuss briefly
the properties of the four most commonly used CMP slurry particles, fumed
silica, precipitated silica, alumina and ceria.
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7.4.1 Silica

Silica comes in multiple forms, however for CMP there are two of primary
interest, fumed and precipitated (often referred in the industry as colloidal).
Both of these types are amorphous in nature, i.e. they are not crystalline.
The fuming process involves the gas phase formation of small particulates
that are then fumed into larger chain particles. The small particulates are
formed by the following reaction:

SiCly + 2H20 — SiO, + 4HCL

The resultant particles go through several procedures that modify the
particle size, shape and surface charge before being shipped to the slurry
supplier. Subsequent processing at the slurry production site includes milling
and mixing. Figure 7.9 is a SEM of typical fumed silica particles.

Precipitated silica is formed in solution. As one example of precipitated
particle formation, silicates are reacted in an acid according to:

K3Si03 4+ HpS04 — Si0y | +2K* + H,0 + SO 2.

There are several other precipitated reactions often involving oxy-silane
intermediary products, but the resultant particles share several common
properties. The particles are spherical and virtually monodisperse.

There is an ongoing discussion in the CMP industry of the relative merits
of fumed versus precipitated silica. Contamination is one area of difference
between the two that involves trade-offs between particle purity and solution
purity. The solution phase generation of precipitated particles reduces prob-
lems associated with the mixing and grinding processes of working with dry
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fumed silicas. Fumed silicas are often ball-milled which may lead to metallic
debris from the balls being incorporated into the slurry. However, the pre-
cipitated silica may entrap ionic species, such as Na™ or K*, in the particle.
There is no direct evidence that incorporated contaminants have caused any
problems with mobile ions finding their way into the gate oxides of a device.
Claims of reduced defectivity with the monodisperse precipitated particles are
true when compared to simple fumed slurries. However filtration and decant-
ing of fumed products have demonstrated improved defectivity comparable
to that of precipitated slurries. Improved planarity using fumed slurries has
been demonstrated however pad conditions, due to the higher solids content
and viscoelastic response, at the slurry wafer interface can not be verified as
similar enough to isolate the particle contribution as the source of improved
planarity. The selection of slurry particulate, including silica type, depends
upon the specific process module needs and the integration requirements.

7.4.2 Alumina

Currently, alumina is the most widely used particle type for metal CMP.
Alumina is one of the hardest materials used for polishing, as measured by the
Mohs index, see Table 7.2, and is second only to diamond in hardness. Mined
alumina is processed to high purity through several processes. In this process,
raw alumina is dissolved by a strong base and separated from impurities via
decanting.

Al O3 + 60H™ + 3H,0 — 2A1(OH); 2.

The liquid solution is then adjusted to neutral pH to form a hydrated
alumina ion precipitate. The precipitate is crystallized and calcined to form
pure alumina powder, Fig. 7.10 [24, 25, 26, 27]. The reaction sequence is:

2A1(OH)g 2 4+ 6HT — 2A1(OH)3(H20)s | |
2A1(OH)3(H20)3 e A1203 + 9H20 .

In contrast to silica, the alumina particles formed are polycrystalline in
nature, not amorphous. The alumina crystallite size, phase, shape and surface
adhesion are characteristics of the crystallization and calcination processes.
Subsequent milling will also influence the alumina properties. Due to the in-
herent hardness of alumina, softer pads or lower down force processes are
frequently used to reduce scratching of the ILD exposed during polishing.
Although these processes are more conformal to wafer contour they provide
more flexibility to adsorb the impact of a large particle trapped between the
pad and the ILD surface. In a hard pad process, many defects are created
by the particle being forced to grind or bounce along the ILD surface creat-
ing Hertzian type scratches. The ILD surface is not as hard as the alumina
particlesandsisspredictedstosbreaksbefore the alumina particle is ground into
smaller crystallites. The ability to self-destruct into smaller particles in high
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Fig. 7.10. Alumina particles pulled from a low pH tungsten slurry. [Courtesy
Robert Schmidt of Rodel]

stress situations also plays a role in reducing wafer defects. The strength of
the large polycrystalline particle is determined by its surface adhesion post
manufacture and may vary as the manufacturing processes vary with differing
raw materials. How this could be measured prior to polishing is not currently
understood.

Unlike silica, alumina used in CMP has a high pzc, pH ~ 9. This means
alumina has a positive surface charge in most CMP slurries. Most of the
metals in these systems have a negative surface charge or at best a weak
surface charge. This greatly affects the cleaning process post metal CMP
with alumina [28, 29]. The typical DI water or ammonia scrub that is used
for ILD cleans would enhance the electrostatic attraction between the metal
and the particle reducing the effectiveness of the cleans.

7.4.3 Ceria

Ceria has been used in glass polishing and exhibits much higher chemical
interaction with glass than silica particles [1]. It is used mainly in STT high
selective slurries as it provides reasonable removal rates at the moderate pH of
these slurries. The higher chemical activity may be related to the calcination
procedure during manufacturing of the particle [1, 3]. The details of the
improved polishing rate are discussed elsewhere [1]. Ceria is produced similar
to alumina. In one method [30, 31], cerium nitrate salt is oxidized in a strong
base to produce hydrous cerium oxide. The hydrous oxide precipitates out of
solution, the the following sequence:
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Fig. 7.11. Ceria particles pulled from a neutral pH STI slurry. [Courtesy of Robert
Schmidt of Rodel]

Ce™ + 30H™ + (1 4+ 2)Hy0 — Ce(OH),z(H,0) | +1/2H, |
Ce(OH)4z(H20) — CeOy + (2 + 2)H,0 .

The hydrous oxide is crystallized and calcined to form ceria particles, as
shown in Fig. 7.11. The degree of calcination is one of the factors defining the
chemical activity and crystallinity of the ceria. Other methods involve either
direct oxidation in acid media or other cerium salts such as carboxylates or
sulfates.

Ceria based slurries suffer from colloidal stability for two reasons, density
and surface charge. Ceria has a density of 7.1 g/cc compared to silica of
2.2 g/cc which according to equation 1, means ceria settles ~ 4 times more
quickly. Ceria also has a pzc at a pH ~ 7 and a weak zeta potential at
higher pH.

Again referring to the stability equations, ceria is difficult to stabilize
in suspension via electrostatics. As the surface chemistry of ceria provides
the high CMP removal rates for polishing ILD oxides, modification by ionic
adsorption may be detrimental to CMP performance. Another method would
be the adsorption of organic compounds to sterically stabilize the suspension.
In either case, proper mixing of the ceria and solution is critical to maintaining
a consistent suspension in the distribution systems and at the wafer interface.
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7.4.4 Particle Sizes and Detection

Apart from the chemical nature of the particles in CMP, the most often
referenced parameters of a slurry are the mean particle size and the particle
size distribution. Figure 7.12 shows how large particle count is reduced as
particle size distribution is improved as the process matures.

As discussed earlier, the blanket wafer removal rate is dependent upon
the particle size. Therefore the mean particle size is set as a specification out
of particle manufacturing. Most often, particle size distribution specifications
are met by subsequent milling to the desired particle size distribution at the
slurry supplier site and not the particle manufacturer’s site. Wide variations
in the particle manufacturing process require different milling times to reach
the specified final mean particle size. As noted already, milling can introduce
contaminants in the slurry and over time, the concentration of these contam-
inants will vary. As most of the contaminants from grinding are multi-valence
jons, such as Zr** from the milling balls, the degree of destabilization of the
slurry will vary according to the Schultz—Hardy rule.

The particle size distribution is very dependent upon the manufacturing
method of each type of particle. In general, the ultimate preference for CMP
particle size is a uniform mono-disperse particle distribution. In a particle
size measurement the output from several commonly used tools is a Gaussian
distribution about a mean. The measured size distribution is also dependent

SC-1 Manufacturing, LPC > 0.56

Fig. 7.12. Large particle count, LPC, reduction with slurry maturity. The decrease
in LPC’s leads to direct reduction in post CMP scratch defectivity. [Courtesy of
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Table 7.3. Particle size detection methodologies and particle size range.
From [46, 47]

Methodology Range (mm)
Capillary Hydrodynamic Fractionation 0.015-1.1
Classical Light Scattering 0.02 - 1000
Dynamic Light Scattering 0.003 - 5
Single Particle Light Extinction 0.5 - 400
Single Particle Light Scattering 0.5-20
Acoustic Spectroscopy 0.010 - 10

upon the method of particle detection. Table 7.3 shows some typical particle
sizing methods and the particle size ranges associated with those methods.
Increased concentrations of large particles are associated with increased de-
fects [32] so a choice of a tool that is accurate in the measurement of large
particle concentration, also known as the “tail of the distribution,” is more
appropriate for defect control. CMP removal rate is related to mean particle
size [22] indicating that understanding removal rate variations as a function
of particle size would require a tool that is more sensitive to the mean of
the particle size distribution. As Table 7.3 indicates, this implies different
measurement equipment for different process control needs.

Large particles associated with CMP defects can be filtered at the CMP
production site. In this way, particles from the original manufactured slurry as
well as particles produced by shipping and handling, or in the slurry tank and
distribution system, can be removed before the slurry is used in CMP [34]. Fil-
tration can occur at many different locations in the slurry distribution loop.
Bulk filters at the mix stations or main slurry lines can filter out large ag-
glomerates caused by particle aggregation due to line contaminants or pulling
from the bottom of a decanted drum. These particles are not inherent in the
normal particle distribution but are a result of shipping, contaminants or
debris. Tool filters, installed at either the line head or the dispense tubes,
remove the large particles inherent in a particle distribution, independent of
their source. Practical limitations of filter clogging and line pressure drop
dictate a lower limit on filtration size. As an example, spherical silica parti-
cles in neutral pH solution with insufficient electrostatic stabilization will gel
with increased shear [2]. Pressure drop in the line, as a result of small filters,
can induce sufficient shear in the liquid to cause gelation. Slurry gelation in
the line can result in a wide range of CMP related concerns from variable loss
of particle concentration and resultant CMP removal rate variation, to short
filter lifetimes and clogged dispense lines with increased cost of consumables
and maintenance.



7 Fundamentals of CMP Slurry 241

7.5 Slurry Handling

Despite all the complications of manufacturing a slurry, balancing the chem-
istry, forming a stable suspension and controlling particle properties, the
slurry must eventually be dispensed on the CMP platen and polish wafers
acceptably. The general method of shipment of slurries involves large barrels
or totes of slurry components that are mixed at the user site, either in a large
distribution system or at the individual tool. The process of on-the-pad slurry
injection has also been proposed [34]. The relative merits of specific mixing
procedures is dependent upon the needs of individual fabs as no one system
is universally optimal given the differences between fab infrastructures, local
climates, slurry volumes and process advances. However there are some basic
concerns relevant to all CMP users.

7.5.1 Shelf Life

Descriptions of shelf life are varied in the industry. In this text shelf life is
described as the time over which the slurry properties are sufficiently stable
to not contribute to observed CMP process variations, such as increased
defects, removal rate variations or uniformity variations. It is also assumed
for this discussion, that the manufacturing induced distribution about any
specific particle property, such as surface oxidation state, are accounted for
in the reported slurry shelf life. In mixed component slurries, the shelf life is
considered two-fold. The first is the shelf life of the individual components,
and the second is the shelf life of the mixed components.

In general, no solution chemistry and particle solutions are in equilibrium
or steady state. Degradation reactions proceed continually, and many reac-
tions are accelerated with increased temperature. Some effects, such as the
physical effect of settling, proceed with time, but more slowly with increased
temperature. Most chemical effects, governed by activation energies, proceed
with time but much more quickly as the temperature is increased.

Due to the common use of hydrogen peroxide in tungsten and copper
CMP slurries, it provides an excellent study of the time dependence of slurry.
Other oxidizers and active ingredients will have different competing side re-
actions and respective shelf lives. The oxidation process for the passivation
of a W film, whether it be WO3 formation or WO, ? ion formation involves
the following half-cell reaction:

Hs0, + 2Ht + 2e~ — 2H50.

This reaction occurs at the film-solution interface and is highly oxidizing.
However there is a competing reaction for peroxide in solution:

H>05 —» H,O0 + 1/202(g) .

This reaction.occursnaturally.and.is catalyzed by the presence of certain
ionic species particularly halides. In a closed cell, this reaction would reach
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Fig. 7.13. Solubility of Oz with concentration of various electrolytes in slurry.
From [48]

equilibrium with the O in the vapor phase. The equilibrium concentrations
will depend upon multiple variables such as ion concentration. Figure 7.13
shows the O solubility in aqueous electrolytes with ion concentration.

More important to the CMP user is the non-equilibrium reaction rate
when the system is not in a closed cell, such as a vented mixing tank. In this
situation, the Og will be continuously displaced and the peroxide concentra-
tion will drop accordingly with time and reduces the oxidative strength of
the slurry. This is of little consequence to the CMP user with sufficient slurry
usage that the peroxide is rapidly replaced. However systems that use small
volumetric flow rates in large mix tanks, resulting in large gas overheads,
can rapidly deplete the peroxide concentration. The above reaction is also
increased by UV exposure. Most in house slurry systems adequately shield
slurry from UV and shipment is in dark or UV protected drums to reduce
this affect.

Time also plays an important role in the solids content of the slurry. It
has already been discussed how some slurries may require decanting. This
is nothing more than providing enough time for an acceptable amount of
large particles to settle allowing easy removal before use. In terms of shelf
life, the difficulty in settling rate comes in the form the particles take during
settling. The DLVO theory discussed above leads to two possible forms of
particle growth and settling, flocculation and aggregation. Flocculation is the
formation of a particle network, or floc, in which the double layers overlap
but the particles do not actually come in contact. Not all particles in solution
form these flocs as this process is dependent upon forming a minima in the
balance between attractive and repulsive forces at a distance from the particle
surface. The “soft-flocs” can be broken back down into the primary particles
and redistributed with agitation. Agglomeration, or “hard-flocs”, is similar
except-the particles.come into.actual-physical contact and are bound together.
Agglomeration is an indication of insufficient electrostatic repulsive forces in
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the solution allowing the attractive forces to dominate the particle-particle
interactions. These “hard-flocs” can be very difficult to disperse and often
requiring a highly energetic agitation such as that provided by high frequency
sonication to break up the particles to their original manufactured size.

The other important shelf-life concern is temperature. Again hydrogen
peroxide is an excellent case study of the effect of temperature. There are
two types of temperature effects in hydrogen peroxide decay. The first is
the Arrenhius type increase in the rate constant for a first order reaction,
the second is the increase in the vapor pressure of the hydrogen peroxide.
Again, in a closed cell, these affects reach equilibrium however in a vented
system, the increased reaction rate produces more Qs which is removed from
the system while the increase vapor pressure pulls peroxide directly from the
solution. Figure 7.14 shows the temperature dependence of the vapor pressure
for various oxidizers.

Temperature also affects the particle stabilization. Increasing the tem-
perature decreases the settling rate by means of increased Brownian motion.
In essence the system becomes more agitated. Increased temperature also
increases the repulsive strength term in the DLVO theory by a direct lin-
ear temperature dependence and by increasing the double layer thickness
of the particle. Conversely a drop in temperature can result in increased
agglomeration and particle settling. Dependent upon the nature of the parti-
cle stabilization, aggregation is accelerated at low temperatures; in practice
slurry is exposed to low temperatures during shipment or outside storage.
Without the use of on barrel temperature recorders, a low-temperature prob-
lem is very difficult to diagnose. One problem is that partial redistribution
of the aggregates occurs as the slurry is warmed and shaken during staging
such that there is no apparent increase in the agglomeration to an observer.
Unless in-line particle size monitoring is employed, the first indication of an
issue with the slurry is during the CMP process when an increase in defects,
a shorter large particle filter life or variation in the removal rate that the
increased number of aggregates is observed.
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Fig. 7.14. Vapor pressure for various oxidizers in CMP. From [48]
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Other slurry oxidizers have different shelf life behaviors. Each chemical
has its own temperature limitations and chemical reactions that need to be
evaluated. However shelf life is defined for a particular slurry, careful moni-
toring of the solids concentration of the supernatant (the clear solution left on
top in a slurry that has settled), particle size distribution shifts and titration
of the oxidizer can be used to verify the slurry properties. The problem of
variable slurry properties is often addressed by the implementation of multi-
ple in-line monitors, such as in-line titrators, particle sizers and pH monitors
in the slurry distribution system.

7.5.2 Mixing of Slurry Components

The most common approach for increasing slurry shelf life has been to ship
components separately. The components are then mixed on site prior to use at
the tool. This has led to the report of the slurry “mix-life”, similar to the shelf
life but often measured in hours or days not months. The mix-life is defined
to be the time from mixing to some percent reduction in CMP performance,
such as rate, defectivity or selectivity. All of the parameters that may affect
shelf life also affect mix life. In particular, oxidizers can react readily with
the complexing agents and inhibitors used in more advanced slurries. One
additional parameter that affects mix life is the method of mixing.

An example of the difficulty of mixing components is with precipitated
silica slurries. Precipitated slurries are usually shipped as a single component
system. However, the slurry can be modified in-line or at a mix station by
the addition of carboxylic acid type surfactants with the intent of increasing
selectivity between silicon oxide and silicon nitride [4, 35]. Precipitated silica
goes through a several phases of stability as the pH decreases, full suspension,
rapid aggregation and particle [2]. In this example, the problem arises as the
pH drops during mixing of the surfactant into the slurry. Excessive agitation
in the mix station, with pH change, induces a viscosity increase that can
potentially lead to a gelation of the slurry in-line. Gelation of the slurry would
result in a lower than expected flow rate, loss of particle concentration and
variable chemical concentration at the wafer surface. Any of these would affect
the outcome of the selectivity experiment described. Of course, such non-
Newtonian dilatancy, as described previously, is dependent upon the ionic
concentrations, pH and shear rate.

There are three basic methods of mixing multi-component slurries, bulk
mixing, point-of-use mixing and on the platen mixing. From a semiconductor
manufacturing point of view, bulk mixing is the most desirable. Bulk mixing
provides fewer additional parameters to be factored into any CMP process
and removes tool-to-tool variation by delivering the same slurry at the same
concentrations to every tool. From a slurry developers point of view, on the
platen mixing is the most desirable. The activity of each component can
begindividuallystailoredgtopmeetythesneed of the particular process without
worrying about side reactions with other components or particles. Point of
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use mixing, or injection [34] is a compromise between these two extremes
allowing the components to be kept separated right up to the dispense tube
to minimize side reactions, but with carefully calibrated pumps and mix
stations, the same concentrations can be delivered to various tools. The dwell
time during mixing can be varied to balance undesirable side reactions with
necessary adsorption and stabilization reactions.

7.6 Future Trends in Slurry

As with all semiconductor processes, new methods and ideas are continuously
being introduced. CMP has progressed from a planarization process to enable
lithography and dry etch improvements to a metal isolation technique to
enable Cu metallization. It should be expected that eventually CMP will be
improved to a form not requiring slurry. Several novel patents involving super-
critical fluids, spin-on polyimide and float glass techniques have shown some
new ideas in the area of dielectric deposition. New particles have also been
tested. One in particular, manganese oxide, has shown some very interesting
results for CMP [36, 37]. Closer to the core of CMP, three new technologies
have been introduced that show some advancement from conventional CMP
and overcome the limitations of particle size, mixing and competing side
reactions discussed.

7.6.1 Fixed Abrasive

Fixed abrasive polishing appeared as a potential alternative to conventional
slurry based CMP [49]. The general premise is that the entire section concern-
ing particle suspension discussed above can be bypassed by incorporating the
particles directly into the pad or some other polymeric matrix. There have
been two approaches in the literature one incorporates the particles into a thin
matrix best suited for a web format while the second incorporates particles
into a more conventional rotary pad format. Both processes would open up
the possibility of varying the chemistry available for preparing the surface to
be polished. It should be noted that if the method requires the formation of
localized slurry by pad erosion or residue formation, then these CMP pro-
cesses are subject to the same colloidal science limitations as conventional
slurry. The long term viability of fixed abrasives is still uncertain.

7.6.2 Abrasive-Free Slurries

Abrasive-free slurry processes differ from fixed abrasives in that the chem-
istry/pad interaction alone is sufficient for CMP. Most noteworthy has been
in developing a process for copper CMP on a conventional pad and plat-
form 38539 In-this-pseudo-conventional CMP process, aggressive chem-
istry is used to complex the copper surface followed by abrasion with the
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soft polymeric pad. The process stops readily on the barrier material with
minimal dishing of the large copper pads. Subsequent barrier polishing with
conventional slurry leaves a very planar surface. The biggest concern in such
a process is the use of the aggressive oxidizing chemistry and its affect on
tools and pads. By eliminating the particle from the CMP process, the entire
approach for development of new oxidizing agents, passivating agents and
binding agents is free from the confines of destabilizing the suspension.

7.6.3 Complex Particles: Hydrothermal Particles

Although there has been continuous improvements in particle manufactur-
ing, there has been little shift from the core methods. Hydrothermal pro-
cessing represents such a shift. This method is not new to the particle in-
dustry but may represent a huge opportunity in CMP for fine tuning CMP
needs. Hydrothermal processing is described in several patents and publica-
tions {40, 41]. Briefly, the process involves a continuous flow of aqueous based
reactants through high temperature and pressure reactor. The resultant par-
ticles are spherical in shape and suspended in solution. The unique capability
of hydrothermal processing is not just in particle shape and crystallinity but
also in surface coatings [42]. By changing reactants, different coatings and
partial coating can be added to the particle surface. An example is in the
formation of TiOy coatings on SiOy particles [42]. In this way, the chemical
qualities of a metal oxide that makes a poor abrasive can be combined with
the bulk properties of a suitable abrasive. One need not stop at metal ox-
ide coatings but extend the concept into organic coatings with reactive end
groups however this would not by hydrothermal processing.

7.7 Summary

CMP has rapidly gained acceptance in IC manufacturing despite identifiable
problems directly associated with slurry [43]. Continuous improvements in the
control and manufacturing of slurry have aided in the acceptance of CMP in
new applications, such as polysilicon CMP, platinum CMP, low-k dielectric
CMP and other processes in the IC roadmap. Each of these will bring more
challenges as the materials in the IC world change from traditional dielectrics
and metals. It is already apparent that what works for tungsten does not
work for copper and, in the case of ruthenium oxide polishing, may create
hazardous environments if the chemistry is not better understood. Will the
same be true of copper versus platinum or iridium?

Future improvements in CMP slurries will be a result of more research into
the mechanism of CMP and implementation of fundamental surface chem-
istry, electrochemistry, fluid dynamics and particle suspension science. Al-
though each scientific domain is rich in opportunities for improvements in
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slurry performance, the need to balance these opportunities with the possi-
ble adverse effects on the other incorporated domains still exists. Regardless
of the needs of the CMP process there are technological limitations, as cov-
ered in this chapter, to producing, transporting and controlling chemically
active particle suspensions. For example, the best additive or particle for
preventing copper dishing is useless if it can not be delivered to the wafer
surface without impeding the oxidative chemistry or destabilizing the particle
suspension. In parallel to the slurry development, advances in new semicon-
ductor materials, new integration schemes and new CMP tools will continue
to change the process specifications needed in CMP slurries.
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8 CMP Cleaning

John de Larios

8.1 Introduction

Chemical Mechanical Planarization is an enabling technology that has rapidly
spread throughput the semiconductor manufacturing process. CMP is now
used from FEOL applications such as shallow trench isolation and polysili-
con contacts to BEOL including planarization of dielectrics and conductors.
From a CMP cleaning perspective, the ubiquitousness of CMP requires that
cleaning technology is capable of cleaning a wide range of contaminants and
materials. CMP cleaning is called on to remove slurry abrasive materials,
such as silica and alumina, from Si, silicon oxide, low-k dielectrics, nitride,
tungsten, and copper surfaces, not to mention the barrier and blocking layers
required for CMP integration. In addition to meeting a vast array of tech-
nology hurdles, the CMP clean must also target manufacturing requirements
driven by cost of ownership considerations. It is no small wonder then that
many different cleaning technologies, both complimentary and competitive,
are found in semiconductor manufacturing facilities.

It is important to understand that wafer cleaning traditionally plays a sec-
ondary role to “value added” processes such as etch and CVD, as well as
CMP. It is mainly in the area of pre-gate or diffusion cleans that cleaning is
considered a critical step. The CMP development engineer is driven to create
a process that meets planarization requirements such as removal rate, uni-
formity, dishing, and erosion targets. The optimization of the process for low
defects is typically relegated to a secondary status. Despite the fact that de-
fects are polish dependent, high defect levels are often considered a cleaning
issue rather than a polishing issue. The successful cleaning process engineer,
therefore, often becomes an expert in optimizing the CMP process for defect
reduction. This often takes the form of suggesting pad conditioning changes
or modifying the slurry and DIW rinse flow to the primary or secondary pad.

CMP cleaning is differentiated from other types of wafer cleaning in sev-
eral aspects. Wafer cleaning is normally a multi-step process with each step
targeting one or more types of contamination. Most variations of the classic
RCA clean [1], whether performed on a wet bench or spray processor, include
steps to remove organics, particles, and metals. CMP cleaning is primarily
focusedromparticlerremovalywithssomeremphasis on metals removal. Organic
contamination, other than pad material debris, is seldom a concern with oxide
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and tungsten CMP. However, the organic corrosion inhibitors used during Cu
CMP, such at benzotriazole (BTA), can cause the formation of organic defects
on the surface.

8.1.1 Background on CMP Defects and Cleaning Issues

Walfer surfaces exposed to the aggressive chemistries and pressures present
during CMP processing are contaminated with slurry residues, trace metals,
and mobile ions. The resulting modification and damage of the surface and
near-surface region of the dielectric layer are inherent to CMP [2]. While the
subsurface damage can adversely affect device properties, a greater concern
is the substantial and unavoidable levels of surface contamination [3]. The
main goal of CMP cleaning [4, 5] is the reduction of slurry residues that
can potentially reduce device yields. Slurry remaining on the surface (front,
back, or bevel edge) of a wafer can cause patterning and/or deposition errors
in subsequent process. These errors can translate directly into shorts and
opens in the interconnect conductors. Proper polishing techniques, however,
and an appropriate clean, can get slurry contamination levels well within
the requirements for integration into a manufacturable process. Fundamen-
tal studies on the interactions between particles and surfaces during cleaning
have been carried out [6] and analysis specific to CMP cleaning exist in the
literature |7, 8]. For example, predicted adhesion forces for alumina-based
slurry particles is calculated to be 16 to 20 times that of silica-based slur-
ries [9]. These studies and similar work are important in understanding the
various forces between the particle and the wafer surface and the forces on
the particle arising from the cleaning step and should provide a guide for
the process engineer in optimizing the parameters of the clean. Despite the
existence of theoretical studies, most work done on the cleaning of planarized
substrates is empirical in nature. Since semiconductor device manufacturers
do not generally release yield data to the public, there is little information
in the literature that correlates defect studies directly with wafer yield, with
few exceptions [10]. However, it is clear that interactions between polishing
and cleaning [11] exist and the quality of the polish and clean will impact
yield. The amount and distribution of slurry residue is influenced by details
of the polishing process such as primary platen pressure, pad conditioning,
and the buff process.

In addition to the slurry residue contamination, but of secondary im-
portance, is contamination due to trace metals and mobile ions. These con-
taminants have the potential for moving through the dielectric and causing
significant changes in the electrical properties of the devices. If the contami-
nation lies below the surface of the wafer, it is often necessary to remove the
topmost layer of the dielectric during the cleaning step. Many device fabrica-
tion requirements stipulate that trace metals and ionic contamination must
begbelows TXRE detectabilityslimitsaGleaning with HF removes the damaged
near-surface region [2] and much of the trace metallic contamination [12].
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While HF is beneficial for removing many types of contamination, there is
always a risk of damage to the dielectric or exposed metals. These issues will
be discussed in the section on oxide CMP.

Finally, the CMP clean must not degrade any material properties as it
removes surface contamination. In the case of the polishing of polycrystalline
silicon, it is often important that the surface roughness is not adversely im-
pacted by the clean. For Cu CMP cleaning, the clean must prevent corrosion
of the metal lines.

8.1.2 Overview of Cleaning Process Used for CMP

Contact cleaning [13, 14] is the primary means of CMP cleaning in the man-
ufacturing of semiconductor devices. Double sided scrubbing in particular
has historically commanded a large percent of the standalone CMP cleaning
equipment market. As polisher companies have developed their own inte-
grated cleaning systems, they have continued to rely on brush scrubbing to
perform the bulk of the cleaning.

Non-contact cleaning [15, 16] utilizing megasonics or spray processing [17]
is a viable means of cleaning following CMP. This is particularly true for di-
electric CMP, since silica particles are considerably easier to remove relative
to the alumina slurry particles used for tungsten and Cu CMP. Many suppli-
ers of cleaning equipment offer systems that utilize combinations of contact
and non-contact cleaning. Most mechanical brush scrubbers can be config-
ured with a megasonic option, and several non-contact cleaners have found it
advantageous to include a contact cleaning module for particularly tenacious
contamination. A study of combinations of contact and non-contact cleaning
has shown that essentially all surface contamination can be removed [18].
Other cleaning technologies have been proposed for CMP cleaning such as
CO; snow cleaning and laser ablation.

Remarkably little attention has been given to wafer drying in the context
of CMP cleaning with a few notable exceptions [16]. Nearly all CMP clean-
ers rely on high speed spinning to dry the wafer surface for both batch and
single wafer processing. The dry process following CMP cleaning can be con-
sidered a non-critical process relative to a pre-gate process that may benefit
from a Marangoni or IPA dry. The process following CMP cleaning, typically
a CVD step, is not as sensitive to low levels of contamination as the active
region of a device.

8.1.3 Dry-in/Dry-out Processing vs. Stand-Alone Polishing
and Cleaning

As CMP technology developed, it became apparent that there are signifi-
cant advantages to integrating the cleaning system to the polisher, providing
so-called Dry-in/Dry-out processing. In contrast, Dry-in/Wet-out processing
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presents certain challenges for device manufacturers. The polished wet wafers
are a nuisance for the operators to move through the cleanroom. The wafers
at this stage are contaminated with chemicals from the slurry that can drip
on the cleanroom floor. It is accepted practice for the wafers to be kept wet
after polishing and before cleaning since dried on slurry is more difficult to
remove. Therefore, it is often necessary to add holding tanks for storage if
the cleaner is not immediately available. However, these tanks add to the
total equipment cost and require additional expensive cleanroom floor space.
In general, it is best to minimize the time between polishing and scrubbing.
This lessens the risk of slurry drying on the wafer and, in the case of Cu
CMP, reduces corrosion of the Cu lines.

8.1.4 Metrology of CMP Contamination and Defect Identification

The proper use of metrology techniques is a key to successful CMP clean-
ing [19]. Standard bright-field and dark-field semiconductor defect metrol-
ogy equipment for patterned and blanket wafers all have their place in the
measurement of CMP defects. Detecting and accurately quantifying differ-
ent types of defects following CMP is complicated by the fact that there are
significant film thickness differences across a wafer and between wafers [20].
Bright-field imaging tools are hampered by non-uniform thickness because
the amount of reflected light and the color of the light are thickness sensitive.
This variation in reflected light can result in a background noise that reduces
the sensitivity of the defect counter. For laser particle counters, the thickness
variation causes a problem since the scattering of light from a particle on
the surface is partially determined by the surface’s local reflectance, which is
film thickness dependent. Laser scattering particle counters provide a good
means of locating defects, however, additional review using techniques such
as SEM or AFM are required to properly classify CMP Defects. For mass
production, several pattern wafer inspection system are available for locating
and classifying defects.

TXRF and SIMS measurement techniques [21] are used to monitor trace
metal contamination following CMP cleaning. While it is well accepted that
slurry abrasive removal is critical, there is not complete agreement on the im-
portance of trace metal contamination for BEOL CMP applications. Many
fabs remove trace metals as part of the BEOL CMP slurry removal clean.
Others do not use a specific post-CMP process to remove trace metals but
may depend on a subsequent cleaning step to obtain the desired level of
cleanliness. In certain fabs, trace metals removal is driven by the fear that
contamination from CMP can spread beyond the CMP bay to other man-
ufacturing process with possible disastrous results. This is particularly true
for Cu CMP. Other fabs are driven by metrology considerations where the
philosophy is that any measurable contaminant should be removed. This level
of cleanlinessiis:the;meostydifficultstorachieve because the target metals level is
the detectability limit of the metrology technique employed. This approach
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Table 8.1. Classification of post CMP defects

Class Type Before NH40OH  HF Scrub
Scrub
A Scratch <5 <5 <5
B Area Defect 20-500 10-50 0-10
C  Large Particle > 10° < 150 < 50
D Small Particle  103-10°  10*-108 < 10®
E Bevel Edge 105-10° 10%-10* 102-10°

also has the drawback that the cleanliness requirements are tied to metrology
capabilities rather than yield.

CMP related defects are typically measured on the front side of a wafer us-
ing laser scattering instruments. While this well established technology offers
reproducible and meaningful particle information, it has significant limita-
tions. The main limitation of laser scattering tools is that they cannot detect
all particles depending on their size, morphology, or location. For example,
particles located in the edge exclusion area or on the bevel edge of the wafer
cannot be identified. This type of contamination can have a deleterious im-
pact on die yield since the contamination can transfer to the front of the
wafer during downstream processing [10]. Other types of defects cannot be
detected using particle counters because of their size or morphology consid-
erations. These types of contamination are often easily visible with dark-field
microscopy, scanning electron microscopy (SEM), or atomic force microscopy
(AMF). It is, however, difficult to quantify defects with these methods since
they do not scan the entire wafer surface.

Since CMP defects cover a broad range of sizes and morphologies, it is
convenient to divide them into several classifications. For convenience, one
method of classification is suggested in Table 8.1 [4]. The nature of these de-
fects ranges from simple scratches to less understood defects caused by small
clusters of slurry particles. In Table 8.1, defects are classified based on several
distinguishing characteristics: 1) Are they damage related or true particles,
2) their absolute size, 3) their thickness relative to their lateral dimension,
and 3) the defect density. Oxide CMP defects such as scratches are classified
as Class A defects. These defects are a direct result of a failure of the polish
and are caused by one of several problems [22]. Any large and hard substance,
such as a chunk of dried slurry, falling on the polishing pad can lead to the
semicircular scratch pattern shown in Fig. 8.1. These defects can be several
microns wide and many millimeters long. Since Class A defects cannot be
removed by any cleaning technique, they must be minimized or eliminated
by proper control of polishing, the environment, and pad-conditioning tech-
niques. This class of defects can cause shorts between metal lines during
subsequent processing resulting in severe yield loss.
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Fig. 8.1. True scratches on polished wafers have characteristic shapes. Shown is
a typical semicircular-shaped scratch defect classified as a Class A defect.

Class B defects are seldom found in great numbers. On a laser scattering
particle counter, they can appear as short area defects and may be misinter-
preted as small scratches. However, as depicted by AFM in Fig. 8.2, many of
these defects are clearly identified as slurry that appears to be smeared across
the wafer surface. This type of defect can be several microns wide and tens
of microns long. Class B defects are difficult to remove during the cleaning
step unless HF is used to undercut the slurry. These defects may be caused
by a poor control of the rinsing step on the polisher.
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Class C defects are ubiquitous to CMP. These defects are slurry parti-
cles loosely attached to the wafer surface. They are common to all polishing
processes but are much reduced if a DIW buff is included. These particles
come in a range of sizes since they are cause by agglomeration of particles.
Class C defects, shown in Fig. 8.3 [23], are formed of individual slurry parti-
cles. SEM analysis has shown that these agglomerates are around 0.2 microns
across and 0.1 to > 0.2 microns high. There can be > 10° of these particles
on the wafer surface after polishing, but they are easily removed by standard
cleaning techniques.

Class D defects are sufficiently small that they are often not detected by
standard laser scattering techniques. Although AFM analysis indicates such
defects may reach 0.5 microns in diameter, many are not detected using laser
scattering because they are typically less than 600 A high. The density of these

1 m
108 18mm

Fig. 8.3. Class C defects are caused by normal slurry agglomeration that is weakly
bonded to the wafer surface. From [23]

Fig. 8.4. Before cleaning, Class D defects are identified using AFM. The density
of these clusters of slurry particles is dependent on polish parameters such as the
rinse process
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Fig. 8.5. A SEM comparison shows Class E slurry abrasive defects on the bevel
edge of a wafer (a) before and (b) after cleaning

defects varies greatly, with estimates of total particle counts ranging from
102 to 10° defects/wafer. The lower densities are often found for DIW buff
processes, while the higher concentrations can seen following a one step CMP
process. The use of a water rinse on the hard pad can significantly increase
the density of Class D defects if the rinse is not implemented correctly [24].
This type of defect differs greatly from the Class C variety: Class D defects
are much smaller in height, can have an extremely high density, and are
much more difficult to remove. AFM analyses indicate that these defects are
composed of a small number of individual slurry particles bound together,
typically in one or two layers, as illustrated in Fig. 8.4. Class D defects are
poorly understood and because of their small size, their impact on device
yield is not clear. These defects are strongly bonded to the dielectric surface
but are readily removed with HF containing cleaning chemistries.

Class E defects cannot be observed using standard light scattering tech-
niques because they are located on or near the bevel edge of the wafer. These
defects are similar to Class C defects when viewed by SEM, yet they are
not easily removed using standard brush scrubbing. The presence or absence

equipment and process. This type of
h'-
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contaminant can become dislodged during subsequent processing and then
transfer to the front of the wafer where they can adversely affect device
yield [10]. Figure 8.5 shows such defects before and after a scrubbing process
with a special bevel edge cleaning hardware [25]. It is also possible to clean
slurry contaminated bevel edges by rotating the wafer in a megasonic tank
containing 2% NH4OH and 2% H.0; heated to 60°C when this process is
followed by cleaning in a double sided brush scrubber [26]. Regardless which
cleaning technology is employed, the amount of slurry adhering to the bevel
edge and backside of the wafer can be minimized by hardware changes on
the polisher carrier head [27].

8.2 Polishing and the Control of CMP Defects

8.2.1 Polishing Parameters and Polishing Defects

Although CMP cleaning technology is capable of reliably removing slurry
residues, the polished film properties, including defect levels, can depend on
the polishing system and operating conditions. For example, polishing can
cause subsurface damage [2] altering the electrical characteristics of the pol-
ished dielectric. The degree of subsurface damage is dependent on the hard-
ness of the polishing pad and the polishing pressure. Fourier-transform in-
frared spectroscopy has revealed chemical and structural modifications up to
0.2 microns below the polished surface [28]. Modifications in slurry chemistry
and pad properties can produce dramatic improvements in light scattering
defects [29]. Proper attention must be given to the rinse sequence following
the polish and care must be taken to prevent slurry from drying on the wafer
surface [30]. A change in defect surface morphology is observed for cases
where platen rinsing follows the primary polish step [31]. With two step pol-
ishes, the chemical transition between the first platen, the DIW rinse, and
the second platen needs to optimized to reduce defects [32].

Since the polishing process can produce light scattering defects that are
not cleanable, such as scratches and pits, it is important to have a testing
methodology for contaminating wafers independent of the polishing process.
For this reason the “slurry dip” cleaning test was developed. As part of this
process, bare wafers are dipped for several minutes in slurry of the same
concentration as used on the polisher. They are then rinsed and run through
the cleaning process. An optimized cleaning process will show no increase
in defect counts when comparing particle counts before and after the slurry
dip. This test provides a meaningful method to determine the first-order
cleaning capability of a given cleaning technique. The slurry dip test can
provide a baseline for additional cleaning tests following actual polishing.
Care must be exercised when employing the slurry dip test if the polishing
process,changes-the -surface of .the polished material from one condition to
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another, such as transforming it from hydrophilic to hydrophobic. In this
case, the slurry dip test can provide erroneous information.

8.2.2 To Buff or not to Buff

One of the standard planarization methods utilizes a two step polishing pro-
cess. The primary polish on a hard pad which is used to remove the majority
of the unwanted material is followed by a second step polish which is normally
carried out on a soft pad. The purpose of this second step polish, or “buff,”
on a softer pad is to reduce surface defects including slurry and scratches.
The use of a secondary platen buff with suitable chemical additives can fur-
ther improve defect densities of a standard CMP cleaning process [33]. For W
applications, and sometimes for dielectric applications, the second step buff
is preformed with a silica slurry to remove scratches in the dielectric caused
by the first step W removal with alumina slurry. Careful attention must be
paid to the rinse step between the primary polish and the buff to minimize
scratches and facilitate the removal of W and oxide slurry [32]. In Cu CMP,
a second or third step is used for barrier film removal with an appropriate
slurry.

With the development of advanced slurries, it can now be asked if buffing
solely for the purpose of removing defects is really necessary [34]. Benefits
derived from dispensing with the buff step include reduced complexity on the
polisher and higher system throughput. Buffing is often a poorly controlled
transition from polishing to cleaning [35]. Trace amounts of slurry transported
on the wafers to a buffing pad may accumulate over time. In the case when
buffing with DI Water is used as a pre-cleaning step, the buffing parameters,
time, pressure and speed need to be optimized. The optimum buffing pressure
for dielectric cleaning will depend on the pH of the buff [36].

8.3 Mechanical Brush Scrubbing for CMP Cleaning

Double sided mechanical brush scrubbers have been the mainstay for CMP
cleaning since the inception of this planarization technology [37]. Brush scrub-
bing has the advantage of providing physical and chemical removal of surface
contamination. Mechanical brush scrubbers are available in several config-
urations utilizing cylindrical, pancake, or pen style brushes. Regardless of
brush configuration, the material of choice is invariably polyvinyl alcohol
(PVA). The porous sponge-like PVA is compressed as it contacts the wafer
surface during the cleaning process. These brush cleaning systems are often
compatible with chemistries ranging from a pH of 2 up to 12. Mechanical
brush scrubbing does have certain limitations in cleaning topography such
as alignment marks or re-entrant holes in W plugs. These features are often
foundstosbe-packedswithsslurry=Cleaning of these features is often improved
with megasonic cleaning. Often scrubbing with dilute HF will aid in removal
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of this type of topography related contamination. Brush scrubbers are often
used in combination with non-contact cleaning, typically megasonics. The
efficiency and benefits of these two techniques will often depend on the type
of defect being removed [38].

8.3.1 Principals of Mechanical Brush Scrubbing

Current mechanical brush scrubbers are capable of reducing particle counts
from >60,000 @ 0.2 microns to acceptable levels in the tens of particles
per wafer. To accomplish this task, the scrubber and the process have been
designed to remove the particles from the wafer surface, keep the particle en-
trained in the water, remove the contaminated water from the wafer surface,
and finally dry the wafer with no water spot related residues. It is also im-
perative that the brush itself does not add particles to the wafer. If the brush
is not properly maintained, a phenomenon commonly referred to as “brush
loading” can lead to periodic and uncontrolled transfer of particles from the
brush to the wafer surface. PVA brushes always contain particles within their
pore network and effectively exchange particles with the wafer surface when
brought into intimate contact during cleaning. Hydrophobic surfaces, such
as HF stripped bare Si surfaces and as-grown or deposited oxide surfaces
with high contact angles, have a strong tendency to pick up particles from
the brush relative to hydrophilic surfaces. The hydrophobic surfaces may at-
tract particles from the brush because of the multiple solid-liquid interfaces
present on hydrophobic surfaces caused by the agitation of the water during
scrubbing [39]. If the brush contamination is not severe, the brush can be
recovered by running bare Si wafers through the scrubber. These Si wafers
can accept particles from the brush and reduce the level of brush loading.
If the brush cannot be recovered by this method, then the brush must be
changed.

In order to accomplish the task of removing slurry abrasive with a mechan-
ical brush scrubber, the mechanical, chemical, and electrical forces need to
be controlled to optimize removal from various surfaces [13]. Understanding
of the zeta potential concept provides a first order model for the differences
in oxide and tungsten CMP cleaning [40]. According to this model, a particle
immersed in water develops a charge at its surface [41]. The sign of the charge
depends on the particle composition, the presence of molecular compounds
attached to the surface, if any, the chemical makeup of the liquid, and the
pH of the liquid. The zeta potential argument is based on the assumption
that materials whose zeta potential have the same sign are repelled from each
other while those materials with opposite signs are attracted. It is therefore
obvious that it is beneficial for the polished surface to have the opposite zeta
potential relative to the slurry abrasive. The zeta potential for the important
materials in brush scrubbing are shown in Fig. 8.6. This figure shows that the
PVA brush.and.asilicon.oxide surfacegand therefore the silica slurry abrasive,
have approximately the same zeta potential over a wide range of pH. This



262 John de Larios

implies that silica slurry will be relatively easy to remove from the SiO, sur-
face using DIW. Figure 8.6 indicates a significantly different zeta potential for
alumina relative to silica. For example, at a neutral pH, a SiO, oxide surface
and an alumina slurry particle have zeta potentials of opposite signs. This
suggests that alumina slurry will be difficult to remove with DIW. Indeed, as
will be seen in the section on W CMP, the use of a high pH cleaning chem-
istry is beneficial for removal of the alumina slurry. An additional method of
overcoming zeta potential constraints is through the addition of a chemical
that attaches to the surfaces and modifies the zeta potential. The ability to
modify the zeta potential with this method allows cleaning to be carried out
over a wider range of pH [42]. Figure 8.6 also suggests that alumina slurries
can be readily removed at a pH less than 2, since in this regime the alumina
and the oxide surface have positive zeta potentials.

The mechanical brush scrubbing process can be optimized by adjusting
the speed of the brush and pressure of the brush on the substrate. Smaller
brushes, such as pencil brushes, rotate at significantly higher speeds but have
a smaller contact area relative to a slower rotating cylindrical brush. The rel-
atively rigid brushes, typically nylon, that were use on brush scrubbers in
the 1970°s, could causc scratches if brought in contact with the wafer sur-
face. This problem has been alleviated as PVA came to dominate scrubbing.
This soft, flexible foam material is brought into direct contact with the wafer
surface and is actually compressed several millimeters during the cleaning
process. The PVA material has an open structure consisting of interconnect-
ing cells that allow the brush to be constantly flushed with DIW and other
chemicals during wafer cleaning. Brush life times of 20,000 wafers/brush are
typical and over 100,000 wafers/brush have been recorded.
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As the brush height is lowered and pressure on the wafer increased, the
number of particles remaining on the surface reaches a minimum. This brush
compression is usually found to be on the order of 2 mm for large cylindri-
cal brushes. As the brush is lowered beyond the optimum point and there
is excessive pressure on the wafer surface, the particle count will increase.
This relationship between brush height and defect counts illustrates that
mechanisms other than hydrodynamics are important in controlling defect
removal. PVA brushes are compatible with cleaning chemistries in the 2 to
12pH range, and NH4OH is commonly used with this brush material for
control of the zeta potential. Dilute HF in the 0.5% to 1% range can also be
used with the PVA brush to remove trace metals and strongly adhered slurry.
While the PVA is compatible with mild oxidants, such as a dilute SC-1, it is
vulnerable to ozone. Care must be taken to isolate the cleaning system if the
DI water source receives a periodic ozonation. UV light can also be used to
break down incoming ozone it is present in the DI supply.

The removal of trace metals can also be accomplished on a mechanical
brush scrubber [43]. This process used to remove metals will be discussed in
detail in the section on Oxide CMP.

8.4 Non-Contact Processes for CMP Cleaning

There are several alternatives to the standard contact clean of the double
sided mechanical brush scrubber including megasonic cleaning and spray
processing. Each of these cleaning technologies has advantages and disad-
vantages depending on cost of ownership, fab integration issues, and process
requirements. While there is some discussion that non-contact cleaning has
less risk of damaging patterned wafers compared to contact cleaning, there
is little evidence that this is the case. For example, mechanical brush scrub-
bing has been successfully utilized for the final clean in the manufacture of
Si substrates [44]. Compared to the harsh chemical environment and large
mechanical forces exerted on the wafer by polishing equipment, most cleaning
technologies can be considered relatively benign.

8.4.1 Megasonic Cleaning

Optimization of megasonic cleaning has demonstrated the ability to clean
polished wafers in batch [45] and single wafer processing [46]. Batch CMP
cleaning processes based on megasonic energy can have significant through-
put advantages over single wafer cleaning techniques, such as mechanical
brush scrubbing. Batch megasonic cleaning approaches are well character-
ized since they are based on standard non-CMP cleaning technology. Exten-
sive DOEs have been performed to optimize megasonic cleaning for CMP
applications [47].
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Single wafer cleaning using a proprietary megasonic source has demon-
strated cleaning capabilities comparable to contact cleaning [48]. This method
rotates the wafer under a quartz transducer held parallel to the wafer surface.
This single wafer process is compatible with integration into a polisher for
dry-in and dry-out cleaning. Optimizing the cleaning process with NH,OH
delivered to the frontside of the wafer and HF to the backside of the wafer
allowed removal of slurry from the bevel edge of the wafer as well as the
front- and backside. The cleaning process is optimized by adjusting process
parameters such as the chemical composition of the cleaning liquid, liquid
flow rate, the gap distance between the transducer and the wafer, and the
megasonic power. The cleaning efficiency was also found to be dependent on
the amount and type of gas dissolved in the cleaning fluid. De-gassing the
liquid substantially reduced the cleaning efficiency.

8.4.2 Spray Processing

A study of spray processing technology with dilute concentrations of tradi-
tional cleaning solutions showed that this technique is capable of cleaning
polished Si and TEOS surfaces [17]. The Si surfaces were successfully cleaned
using repeated exposure to HF and SC1 chemistries. The process times were
controlled such that the surface remained hydrophilic at all times. A compari-
son of different chemicals used on the spray processor indicate that ammonia
peroxide mixtures provide better particle results compared to a dilute HF
process. However, the HF last clean resulted in minimal levels of trace metal
contamination.

Marathon testing of a non-contact spray process has been demonstrated
to provide a reliable and effective means of wafer cleaning polished oxide sur-
face with results comparable to those with brush scrubbing [49]. No statisti-
cally significant dependency was found relating cleaning efficiency to NH,OH
concentration or temperature. In a manufacturing environment, variations in
cleaning results were related to post-polishing treatments such as buffing and
rinsing limitations, not the performance of the cleaning process

8.5 Other Cleaning Technologies

Traditional brush scrubbing and wet immersion cleaning account for nearly
all of CMP cleaning found in the manufacturing of semiconductor devices.
However, in an effort to improve cleaning technology, other methods includ-
ing aerosol cleaning, microcluster beams, and laser cleaning are being investi-
gated. Aerosol cleaning has demonstrated cleaning capabilities on topography
following CMP. This approach uses high pressure liquids, such as argon, ni-
trogen, or carbon dioxide, delivered through a properly sized nozzle to form
assnow-like:materialsThisssolidsmaterial is used to transfer momentum to the
wafer surface thereby removing surface contamination. These materials have
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the advantage of complete evaporation from the wafer surface, ideally, leaving
no residue. The use of CO5 snow on polished substrates can reduce the defect
level compared to mechanical brush scrubbing, particularly on wafers with
topography [50]. Disk media for the hard drive industry often have consid-
erable levels of topography present after polishing. The snow clean process
appears to have an advantage in certain situations over brush technology.
This technology is being developed to extend its capabilities to include back-
side substrate cleaning as well as front-side. The ability to remove silica slurry
residues with Ar aerosol cleaning has been demonstrated to be comparable
to conventional cleaning processes [51]. However, there was a risk of pattern
damage at high aerosol velocity and the cost per wafer was approximately
three times higher.

8.6 Cleaning of Oxides, W, STI, Cu, and low k Materials

8.6.1 Oxide CMP Cleaning

As CMP became identified as an enabling technology, the planarization of
oxides became the starting point for most new CMP installations. Therefore,
much of the early studies on CMP technology are focused on oxides [17,
52, 53]. Most oxide CMP is performed with silica slurry. After polishing,
the surface is grossly contaminated with Class C defects as described in the
section on Metrology of CMP Contamination and Defect Identification. These
defects are easily removed from the wafer surface using standard cleaning
techniques. With these silica slurries, it is often possible to run DIW processes
which have the advantage of being cost effective relative to those process
that require the use of chemicals [54]. One major drawback with the DIW
or NH4OH process is their inability to remove trace levels of metallics, as
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Fig. 8.7. Using HE as the final cleaning step, either (a) on the scrubber or (b) in
a wet tank, reduces the trace metals concentrations to acceptable levels. From [3]
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Fig. 8.8. Small Class D type defects >0.16 microns visible on a laser particle
counter are not removed with a DIW scrub but are removed with a HF process

indicated in Fig. 8.7. In this figure [3], TXRF analysis of polished oxides that
were first given an NH4OH scrub and then either a) dipped in an HF tank
or b) given a subsequent HF scrub. This data shows that the NH,OH scrub
has a high level of metallic contamination while either HF process brings the
metals level at or below detectability limits.

Another advantage of HF is the ability to remove small agglomerated slurry
contamination described earlier as Class D defects. This type of defect, which
can be observed with and SEM or AFM but are not always visible with laser
scattering tools because of their minimal height. These defects are difficult to
remove with DIW but readily removed with HF, as shown in Fig. 8.8.
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Fig. 8.9. Light point defects on oxide surfaces increase with increasing HF expo-
sure. Surfaces polished with a harder pad exhibit higher defect densities. From [55]
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Exposure of polished surfaces to HF does have potential disadvantages.
Laser scattering studies of blanket polished oxide surfaces indicates that over-
exposure to HF causes defect levels to increase dramatically. The degree of
damage and the related defect level is dependent on the polishing process [2],
as shown in Fig. 8.9, for defects >0.16 microns [55]. The harder pad results
in a higher level of defects compared to an unpolished surface and polishing
with a softer pad. AFM analysis of polish defects before and after exposure to
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Fig. 8.10. AFM image of the same polish defect (a) before and (b) after exposure
to HF shows accelerated etching of the damaged areas relative to the undamaged
surface
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HF reveal that CMP related scratches increased in depth from 7 nm to over
160 nm when only 15 nm of blanket oxide was removed as shown in Fig. 8.10.
TXRF analysis of the polished oxides revealed that the depth of penetration
of the K below the surface is dependent on the hardness of the polishing pad,
as shown in Fig. 8.11. A soft pad produced penetrations depths less than
10 A compared to the 15 A penetration of the harder pad.

8.6.2 W CMP Cleaning

W CMP has replaced traditional W etch-back for removing the over-burden
material and defining the inter-metal contact. Processing W plugs with a RIE
etch-back process is a notoriously dirty process which can reduce probe yields
almost 15% compared to W CMP [56]. One slurry abrasive material com-
monly used for W CMP is alumina. While the alumina performs well for
removing W, it often causes unacceptable scratching of the dielectric. There-
fore, W CMP has been traditionally a two step process. A second step silica
slurry was used to remove scratches in the dielectric caused by the alumina
particles. Recent advances in alumina slurry technology has produced slurries
which cause significantly less scratching of the oxide which can eliminate the
need for the second step polish. Following W CMP, the surface of the wafer
has exposed tungsten and barrier materials as well as the dielectric. Often the
W plug is recessed after polishing. In addition, keyholes in the W plugs and
recessed alignment marks are present. The combination of multiple materials
with the topography can complicate the cleaning process.

As W CMP was developed, it was observed that the cleaning processes
that worked well for oxide CMP were not effective. In the case of mechanical
brush scrubbing with standard DIW processes, the brushes rapidly became
loaded with the alumina slurry particles so that the efficiency of the clean was
much reduced. Non-contact cleaning processes also did not produce accept-
able results compared to oxide CMP cleaning. A first order explanation for
this difference exists in the zeta potential differences with the alumina com-
pared to silica. Figure 8.6 indicates that with a neutral pH DIW process, the
alumina slurry particles have a positive potential relative to the PVA brush
material and the oxide surface. Due to the zeta potential differences in these
materials, alumina particles mechanically removed by the brushes would be
attracted to the brush surface or redeposited on the wafer surface. This effect
reduces the ability of the cleaning process to flush the slurry from the wafer
surface in the DIW. It is well established that adjusting the pH to over 10
through the addition of NH4OH to the scrubbing process enables removal of
the alumina [57]. Particle detection analysis of patterned wafers cleaned with
a) DIW and b) NH4OH show the effectiveness of the high pH process for
removing alumina slurry, as shown in Fig. 8.12. The high pH process reduces
the defect count by two orders of magnitude.

Certaingmanufacturing=processzare sensitive to trace metals deposited
on the dielectric surface following W CMP. Therefore, processes have been
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Fig. 8.12. Defect analysis of W CMP wafers show improved leaning for (a)
a NH4OH scrub compared to (b) a DIW scrub
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Fig. 8.13. A polished W plug befoe and after scrubbing with 0.5% HF does not
show any damage to either the plug or the barrier material compared to plugs
cleaned with NH4OH. From [58]

developed to remove these contaminants with dilute HF as explained in the
section on Oxide CMP. However, in the case of W CMP, the W plug as
well as the barrier layer are exposed to the cleaning chemistry. Although W
is known to be etched in HF a judicious use of dilute HF will remove the
ug or barrier layers. This can be seen
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Fig. 8.14. The interconnect metal layers can be seriously damged if the W plug is
overexposed to HF. From [61]

in Fig. 8.13, which compares a W plug after NH,OH scrubbing and after 0.5%
HF scrubbing [58]. As can be seen from these AFM images, the plug is slightly
recessed following the polish and NH4OH scrub. There is slightly less recess
but no sign of damage to the plug after the HF process. The target for this
clean is to remove approximately 100 A from the dielectric surface. This slight
etch is sufficient to remove metals plated on the surface of the oxide as well
as mobile ions, particularly K, that have penetrated below the surface into
the damaged subsurface layer. Although HF can readily remove trace metals,
overuse of this chemistry can adversely impact the electrical properties of the
polished oxide. Electrical leakage current studies of oxides polished with W
slurries indicate that the leakage increases with increasing HF exposure [59].
Other studies show that a one step W polish followed with a dilute HF clean
produced lower contact resistance for vias compared to a one step polish only
and a W polish followed by an oxide buff [60]. These apparently contradictory
results are likely due to differences in the primary polish conditions which
would cause different levels of pitting and subsurface damage in the dielectric.
However, it is clear that HF overexposure can seriously damage the tungsten
plug and the underlying Al lines as seen in Fig. 8.14 [61].

8.6.3 Poly CMP Cleaning

Poly silicon continues to be an important material for such applications as
trench isolation and local interconnects. Following the planarization of poly,
the surface is predominantly hydrogen terminated and hydrophobic unless
steps are taken on the polisher to alter the surface. For those applications
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that do not require hydrophobic poly surfaces, most CMP cleaning process
convert the surface to a hydrophilic state. This conversion is often performed
on a megasonic tank using SC1 to grow a thin chemical oxide. An alternative
method utilizes a mechanical brush scrubber with SC1 [62].

8.6.4 STI CMP Cleaning

Shallow trench isolation in one of the latest applications benefiting from the
planarization capabilities of CMP. Since CMP is inherently sensitive to de-
vice pattern densities, integration problems are being attacked from the de-
vice side with the aid of reverse masks and dummy structures [63]. Slurry
manufacturers are developing silica-based slurries as well as high selectivity
ceria-based slurries in an effort to optimize dishing and erosion and minimize
defects. Planarization with fumed silica slurries has shown acceptable particle
residues and microscratches after cleaning. The polish process has the goal of
planarizing the deposited oxide and stopping on the nitride layer with mini-
mal erosion and dishing. Of equal importance to these polishing requirements
is the clearing of the oxide from the nitride otherwise there will be a masking
affect when the nitride is removed. The cleaning step must therefore have the
capability of removing contamination from nitride and oxide surfaces.

8.6.5 Cu CMP Cleaning

Copper CMP poses a unique set of challenges to the CMP cleaning pro-
cess [64]. Cu is much more susceptible to corrosion following planarization
compared to other materials. Indeed, in some cases photo-activated corrosion
can cause Cu lines to completely disappear. Contaminants from the polishing
process must be removed to prevent corrosion of the Cu interconnects with-
out damaging the conductor, while Cu must be removed to acceptable levels
from the dielectric between the lines. In addition, since copper as a contam-
inant diffuses quickly in silicon and silicon dioxide, it must be removed from
all wafer surfaces, (front, back, and bevel edge) in order to prevent an adverse
effect on device performance.

During the copper CMP process, the copper layer is oxidized to form
copper oxides and copper hydroxides, depending upon the slurry pH, electro-
chemical potential, and additives. In a basic or neutral pH cleaning on brush
scrubbers, these copper oxides and hydroxides do not dissolve and may be
easily transferred to the PVA brushes during brush scrubbing. If the brushes
become contaminated, or are loaded by the copper oxides, they may trans-
fer the copper contaminants onto subsequently processed wafers [65]. This
brush loading effect would then cause severe copper cross-contamination. In
the case of W CMP, this type of brush loading is prevented by delivering
NH,OH to the scrubbing process. However, while the ammonium hydroxide
can prevent loading due to the alumina slurry, it cannot prevent loading due
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to the copper oxides. Additionally, scrubbing with dilute NH,OH can cause
etching of the copper lines resulting in unacceptable surface roughening.

Brush loading from the alumina slurry and the copper oxides can be pre-
vented without attacking the Cu lines by cleaning with low pH chemistries
and the proper chemical additives. Several types of inorganic acids can be
used to modify the zeta potential [66] such that the electrostatic charges on
the surfaces are all positive during the cleaning process. As shown in Fig. 8.15,
TEOS wafers dipped in an alumina based Cu slurry scrubbed with DIW result
in typical brush loading. Those wafers scrubbed with the Cu cleaning chem-
istry containing inorganic acids to modify the zeta potential did not show
evidence of brush loading. Cu cleaning chemistries often contain fluorinated
species that are able to provide a slight etch of the dielectric to reduce trace
metal contamination levels. Several alternative sources of Cu CMP clean-
ing chemical are available that show capabilities of removing alumina slurry
particles and reducing trace levels of Cu to acceptable levels [67].

A non-contact Cu CMP clean has been demonstrated using both batch
and single wafer processing [68]. Blanket Cu-TaN-FSG (fluorinated silica
glass) films polished to clear the barrier metal using a two step polish without
a buff clcaned using a scrubber or a megasonic bath showed equivalent re-
sults for defects greater than 0.2 microns. The cleaning chemistries consisted
of caustic solutions followed by an organic fluoride mixture. A comparison of
serpent-comb yield loss due to shorts was essentially equal for both the scrub
and batch megasonic processes, indicating the effectiveness of both cleaning
processes.

TEOS Wafers Cu Slurry Dip

1600

1200 T DIW Scrub

800

400 c
Cu Clean Scrub

Particles Added @ 0.2 m

-400 t t { t t t t }

Wafer #

Fig. 8.15. Oxide wafers dipped Cu slurry and cleaned in a brush scrubber show
expected brush loading when DIW is used. Adjusting the zeta potential of the
chemical mixture results in clean wafers
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Time-of-Flight Secondary Ion Mass Spectroscopy (TOF-SIMS) has been
used to inspect copper patterned wafers for metal contamination on the di-
electric between copper lines [69]. In the standard dynamic SIMS technique,
the sample is sputtered away by a continuously operating primary ion beam.
In contrast, TOF-SIMS instruments operate in or near the static SIMS regime
where the primary ion gun operates in a pulsed mode and the secondary ions
are representative of the immediate surface area. Typical analytical depths
of TOF-SIMS are the top few monolayers of the sample. This technique is
ideal for studying trace levels of Cu on the dielectric surface after CMP
cleaning since it is also able to image the patterned Cu lines. Correlation
studies between TOF-SIMS and TXRF have shown that these measurements
are generally in agreement within a factor of two. TOF-SIMS was used to
optimize a Cu CMP cleaning process to reduce the level of Cu between the
Cu lines. As shown in Figure 8.16, a 60 micron square area is imaged using
TOF-SIMS for CMP clean A and B. Clean B was the most effective on the 10
micron Cu lines with a 20 micron pitch, reducing the residual copper levels
on the oxide areas by two orders of magnitude compared to clean A.

Cu CMP and cleaning present new problems relative to oxide and W
processing since Cu is much more liable to corrode in both acid and basic en-
vironments. To reduce this type of problem, many slurry suppliers add corro-
sion inhibitors, such as benzotriazole (BTA) to their slurry to form a Cu-BTA

[ b
Clean A Clean B

Fig. 8.16. Time of flight-SIMS is an effective technique to quantify trace levels of
Cu on the dielectric between Cu lines
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polymer on the surface. These Cu-BTA films can offer a significant degree of
protection against aggressive electrolytes as well as high humidity and ele-
vated temperatures [70]. While this passivating layer does reduce corrosion,
it makes the surface hydrophopbic and therefore more difficult to clean. Since
the presence of this organic polymer has also been linked to peeling of subse-
quent CVD films, it has limited use as a post-cleaning corrosion inhibitor. In
general, corrosion can be a more random event compared to particle removal
and it is therefore difficult, with some exceptions, to correlate corrosion to
a particular source. Corrosion is often seen associated with areas that can
trap chemical reactants such as interfaces, pits, and particles [71]. Typical
corrosion along the Cu/Barrier/Oxide area is shown in Fig. 8.17. This event
may have been caused by a defect in one of these layers that allowed the
slurry chemical to become trapped and not properly removed during the
CMP clean.

A particularly destructive corrosion process has been observed when
cleaning Cu CMP lines contacting active devices. This type of corrosion is
not observed when processing blanket Cu surfaces or patterned short loop
wafers where the Cu is not connected to the active devices. This type of cor-
rosion is attributed to current generated by exposure of the p-n junctions to
light [72]. This photo-assisted mechanism, illustrated in Fig. 8.18, results in
catastrophic displacement of Cu from the lines connected to the p-doped re-
gions to the lines connected to the n-doped regions. In this case, the cleaning
solution completes the circuit of the p/n junction and the junctions act like

ier /dielectric interfaces are prime areas for corrosion
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Photons

Cu Removal

D ition
Cu —P» Cu*?+2e Cu Depositio

Cu*?+2e- —p» Cu

STl Isolation

Fig. 8.18. Exposing p-n junctions to light can cause the connecting Cu lines to
rapidly corrode

a solar cell. This deleterious phenomena can be reduced by adding corrosion
inhibitors or reducing light impinging on the wafer surface during cleaning.

8.6.6 Low k CMP Cleaning

The path leading to the integration of low-k dielectric materials into semicon-
ductor manufacturing is not yet clear. The many families of low-k materials,
each with their own dielectric and mechanical properties, are competing in
development labs and pilot lines with no obvious victor [73]. Novel organic
and inorganic low-k materials include those dielectrics deposited by chem-
ical vapor deposition (CVD) or spin-on coating. Of particular concern for
CMP and cleaning is the ability of the low-k to withstand the pressures and
chemistry of these wet processes. Often a two-step planarization process is
required on these relatively soft, easily scratched films. Certain low-k films
require a capping layer and will not be polished directly. In these cases, ad-
hesion of the capping layer to the low-k is important just as is adhesion of
the low-k to the underlying material. For those low-k layers that are polished
directly, defect detection should not present any new issues although new
defect classifications may be observed [74].

After planarization, low-k thin films are contaminated with slurry abrasive
particles and trace metals in a situation similar to silica based dielectrics.
However, there is an additional challenge with these newer materials as they
are typically hydrophobic [75]. In the case of mechanical brush scrubbing,
s such as NH4OH and HF fail to wet
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the polished low-k surface. This has led to the development of proprietary
cleaning chemical mixtures that can be used in conjunction with Al or Cu
damascene low-k applications. These mixtures were used in a cleaning study
of a spin-on poly(arylene ether) organic low-k polished with an ZrO; slurry, an
aromatic hydrocarbon polymer polished with an Al,Og slurry, and a inorganic
hydrogen silsequioxane polished with a silica slurry. Specific cleaning mixtures
targeting Al and Cu metals were able to remove slurry particles without
degrading the dielectric properties of the low-k.

8.7 Future Directions for CMP Cleaning

CMP and CMP cleaning will continue to be important technologies for the
foreseeable future. The benefits of global and local planarization that are in-
herent with CMP will become increasingly important as device dimensions
continue to shrink. The stand-alone cleaners that dominated the semiconduc-
tor industry through the mid 1990’s are rapidly being replaced by cleaning
systems integrated into polishers. With an accelerated merging of businesses
in the semiconductor capital equipment industry, the number of companies
producing CMP equipment is steadily decreasing. Most of these surviving
companies have developed, or have purchased, their own CMP cleaners. The
market for non-polishing companies to market their own cleaners will steadily
decrease.

It appears unlikely that the established cleaning technologies, mechanical
brush scrubbing and megasonic cleaning, or combinations of the two, will
be displaced in the foreseeable future. These technologies have proven to be
cost effective and able to deliver the required die yield. Alternatives such as
snow cleaning, however, may be able to carve out a niche in certain specialty
applications. Current CMP cleaning processes have seen been able to sup-
port CMP over a wide range of materials, starting from standard deposited
dielectrics and extending to poly, tungsten, and copper. A potential hurdle
that may be insurmountable to any aqueous cleaning process is the possible
inability of very low k porous materials to handle exposure to water. Open
cell materials may not tolerate exposure to CMP cleaning chemicals. They
may require a different medium to provide momentum transfer to remove
particles and a different solvent to remove trace metals.

8.7.1 CMP Cleaning at 300 mm and Beyond

CMP cleaning has made the transition from 100mm through all the wafer
size changes up to 300mm. The cleaning process has not been pushed to its
limits during this transition. In fact, although it is not well documented, blan-
ket wafers with the smaller diameters are marginally more difficult to clean.
Comparisons of particle data from double sided mechanical brush scrubbers
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for 200mm and 300mm wafers often indicate that slightly lower defect densi-
ties are obtainable on the larger diameter wafers. Although this phenomena
is not well understood, it maybe related to a better cleaning efficiency near
the edge of a wafer compared to the center.

There are no fundamental limitations related to wafer size for the accepted
methods of CMP cleaning. Brush scrubbers and immersion technologies will
not be constrained by increasing wafer sizes. Wafer cleaning scales much eas-
ier than those technologies that rely on uniform distribution of gases and
plasma sources. Planarization using conventional slurries with various abra-
sives is a well entrenched technology. There are however, many drawbacks
with standard slurries such as consumable costs, delivery systems, and de-
fects. These real or perceived limitations have led to the development of fixed
abrasives as a replacement for traditional slurries. Polishing with these fixed
abrasives has demonstrated good planarization capabilities [76]. As with stan-
dard slurry based polishing, scratches can also be an issue [77]. Although the
fixed abrasive pads do not require a particle containing slurry, the pads are
imbedded with a hard material that may be left on the surface of the wafer
after polishing [78].

8.8 Conclusion

Wafer cleaning technology has demonstrated that it has the capability to
support chemical mechanical planarization for dielectric, metal, and silicon
applications. The user has a choice of cleaning technologies for the removal of
the abrasive slurry particles and trace metal contamination. Contact cleaning,
non-contact cleaning, and combinations of these processes are all found in
manufacturing environments. These aqueous based cleaning technologies will
likely dominate for the foreseeable future since they are cost effective and
well understood. Alternative cleaning methods, laser or aerosol based, may
have applications in niche areas where the planarized material cannot tolerate
contact with DI water.
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9 Patterned Wafer Effects

D. Boning and D. Hetherington

9.1 Introduction

Chemical-mechanical polishing (CMP) is used in integrated circuit manufac-
turing to remove material from patterned wafer surfaces. The term “polish-
ing” or “planarization” is used to describe two types of processes: 1) topog-
raphy reduction of surface features that result from deposition, etch, or other
thin-film processes, and 2) removal (“polish back”) of films leaving material
only in desired recessed regions. The later case is also called a “damascene”
or “polish-back” CMP process.

CMP was introduced in large part because of its ability to achieve better
planarity than other approaches that existed in semiconductor manufacturing
such as resist etchback and spin-on techniques [1, 2]. CMP has also been a key
enabler for the formation of damascene via and line structures. However,
CMP does not achieve ideally perfectly flat surfaces on the feature scale,
chip scale, or wafer scale.

In this chapter, we focus on how the “pattern” or initial topography on the
wafer surface (i.e., the layout pattern imprinted on the chip surface specific
to each product) impacts or interacts with CMP. We begin in Sect. 9.2 by
considering planarization terminology and the methods used to characterize
planarization processes in manufacturing. Next, Sect. 9.3 describes pattern
dependencies in oxide CMP emphasizing results obtained from experimental
studies published in the literature. This section also describes pattern depen-
dencies in shallow trench isolation (STI) polishing, an important polish-back
dielectric CMP process. STI CMP processes interact strongly with patterns
and are considered to be one of the more difficult challenges for integra-
tion into manufacturing. The polishing of metal films is then considered in
Sect. 9.4. First, we discuss pattern dependent polishing of tungsten to form
vias and local interconnects. Next, these issues are addressed for copper pol-
ishing, where dishing and erosion is a substantial yield and variation concern.

9.2 Planarization Terminology and Characterization

Planarizationrof topographysisrequiredifor advanced integrated circuit manu-
facturing primarily due to photolithography depth of focus effects. Planariza-
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tion minimizes surface topography that occurs, for example, when a thin
film is deposited over patterned features such as a metal interconnect layer.
The degree to which planarization relieves topography can range from lo-
cal smoothing to complete global planarization as shown in Fig. 9.1 based
on Wolf [3]. Complete global planarization is desired, however, there are no
known processes that produce this effect over widely varying surface topogra-
phies and pattern layout densities. A smoothing process rounds off the topog-
raphy features and is the least effective in planarizing. Local planarization
generates a flat surface within a group or array of circuit features but does
not significantly reduce topography at the edge of the array. Spin-on glass
and high density plasma (HDP) chemical vapor deposition (CVD) techniques
locally planarize [4].

Chemical-mechanical polishing processes fall into the near global pla-
narization category, which is characterized by a high degree of local flatness
with a reduction of the step occurring at the edges of large circuit arrays.
CMP processes produce an effective planarity over millimeter distances. The
degree of global planarization depends on many factors that will be discussed
in this chapter.

No B | ] || [ 1 Initial Step Height = SH |
Planarization ’_M___;.s“
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Fig. 9.1. Degrees of planarization that are possible in semiconductor processing
technology. Chemical-mechanical polishing falls into the near global planarization
category. After [3]
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Characterizing planarization is time consuming and sometimes difficult
to measure. Often the data gathered does not give a complete picture of the
process capabilities but only results specific to a set of patterns. In this section
we discuss the planarization terminology and review some of the methods
used to characterize it.

9.2.1 Step Height Reduction

The term “step height” is defined as the vertical elevation of a surface asperity
(or feature) as shown in Fig. 9.2. The step height of a film deposited over an
isolated patterned feature approximates the thickness of the underlying pat-
terned feature. An example of this is shown in Fig. 9.3. The cross-sectional
scanning electron microscope (SEM) image shows silicon dioxide material
deposited over a series of Al-Cu interconnect lines. The SiOs was deposited
using a tetraethlyorthosilicate (TEOS) precursor in a plasma-enhanced CVD
reactor. As shown in Fig. 9.3, the step height at the edge of the array ap-
proximates the thickness of the Al-Cu metal line (0.8 pym). When the lines
are closely spaced together, however, the conformal nature of the deposition
causes the profile to overlap. In this case the step height of the oxide material
reduces considerably from the underlying pattern thickness.

Step heights are measured using a stylus profilometer; however, for accu-
racy the tip must be able to penetrate and clear the space between the raised
areas. In very small areas, atomic force microscopy (AFM) [5] or high reso-
lution profilometry [6] can be used. Measuring step heights post-CMP across
a die (global planarization category) is difficult. There is no abrupt step fea-
ture, but instead, a smooth and gradually changing surface over long-range
distances (millimeters). Under these conditions, profilometer techniques can
introduce large errors from wafer substrate and stage flatness.

Dielectric film thickness measurements can be correlated to step height.
This is shown schematically in Fig. 9.2. Measurements are performed pre-
and post-CMP using optical grating spectrometry and/or ellipsometry tech-
niques. Dispersion models for each film stack are required that fit well to the
experimentally measured data (goodness of fit > 0.9). The minimum meas-

Initial Surface 5 .

Final Surface --------*------—~ g §.SH,, [T,

Fig. 9.2. Diagram of the initial and final surface above a patterned feature depict-
ing changes in step height
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Ky

AI/CuﬁInterconnect

Fig. 9.3. Scanning electron microscope cross-section image showing silicon dioxide
material deposited over an aluminum copper interconnect pattern. The step height
between each feature differs from the step height at the edge

urement spot size is on the order of 10 wm, which prevents film thickness mea-
surements in regions containing minimum size features. Measurement boxes
are usually incorporated into the test chip layout area adjacent to the small
feature size circuit region and are matched to the pattern density within the
small feature size region.
Step heights (pre and post CMP) are related to material removed during
planarization by
SHﬁnal + Tup = SHinitial + Tdown; (91)

where T, and Tqown are the material thickness values removed in the “up”
and “down” areas, respectively. SHppa is the final step height (after the
planarization process) and SHipitial is the initial step height.

The step height reduction ratio (SHRR) is a measure of the degree of
planarization and is given by

SH inal
S Hinitial
Complete global planarization has a SHRR value of 1.0. CMP processes can

produce SHRR values greater than 0.95 depending on the type of process,
the consumable set utilized, and the geometric pattern layout.

SHRR=1- (9.2)

9.2.2 Planarization Efficiency

erthe material only over raised features
uality, material is removed from both
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up and down areas. Referring to Fig. 9.2, planarization efficiency (EFF) is
determined by

Tdown
EFF =1- . .
. (93

up

An efficiency of 1.0 implies that the step is removed without loss of ma-
terial in the down areas. An efficiency of zero indicates that the down area
polish rate is equivalent to the up area polish rate and the initial step height
was not removed. Planarization efficiency described in 9.3 is equivalent to the
SHRR given in 9.1 when T, equals SH;.

Other planarization efficiency metrics have been described by Borba et
al. [7]. One term defines the time required to achieve the final step height
(or to completely remove the local step). The other metric gives the average
amount of film removed over the active area as well as the down area.

9.2.3 Pattern Characterization
Geometric Layout Parameters

The pattern dependent topography must be carefully considered when an-
alyzing CMP results. Geometric terms such as pitch, linewidth and density
are illustrated in Fig. 9.4 for a portion of an integrated circuit. The example
shown in Fig. 9.4 is a plan view layout of a metal interconnect layer. Pitch

Pattern density window

Linespace
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is defined as the length of a repeating edge of a metal line and equals the
sum of the linewidth and linespace dimensions. Layout pattern density is the
ratio of mask (chrome) layout area to the total specified area as shown in
Fig. 9.4. Pattern density is sometimes referred to as pattern factor. The pat-
tern density value is a ratio term that implies analysis over a fixed geometric
dimension (pattern density window). The ratio of mask area to total area can
produce different density results depending on the area over which density
is computed. For the specific example given here, the pattern density value
expressed as a percentage is 54.5%.

Film Deposition Pattern Dependencies

The deposition technique influences the asperity density of the initial pat-
terned topography. Several techniques are used to deposit silicon dioxide in-
cluding plasma- and thermally-assisted chemical vapor deposition (CVD) [8].
Thermal techniques include low pressure (LPCVD), atmospheric pressure
(APCVD) and sub-atmospheric (SACVD). Plasma assisted methods include
plasma enhanced (PECVD) and high density plasma (HDP). Spin-on glass
technology is also a method utilized in many low-k matecrial BEOL applica-
tions. For a review of dielectric deposition technology see Cotes, et al. [9].
The choice of deposition process is determined by the dielectric technology
requirements, the ability to fill between patterned features, the allowable
thermal budget of the process, local planarization characteristics, deposi-
tion rate (throughput), and equipment cost of ownership. Criteria such as
electrical performance, reliability, stability, and mechanical integrity are key
technology factors that must be considered in choosing a deposition method.

Figure 9.5 shows the profile of SiOy over patterned features using two
different deposition techniques: (a) HDP and (b) SACVD [10]. The density

Fig. 9.5. Scanning electron microscope cross-sectional images of silicon dioxide
material filled in a trench showing the differences between (a) high density plasma
HDP) and (b b-atmoespherieychemical vapor deposition (SACVD) techniques.
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of oxide asperities is much less for HDP compared to SACVD techniques.
The HDP process fills SiO, into high aspect ratio gaps using a simultaneous
deposition-etchback technique. This results in a triangular shaped asperity.
High density areas tend to be locally planarized after deposition. In contrast,
SACVD oxide conforms to the underlying feature. The asperity is rounded.

Deposition profiles must be taken into account when computing the pat-
tern density. Normally the deposited film topography is correlated to the
layout pattern density by applying the appropriate bias factor. If the depo-
sition profile is conformal to the underlying features, then a positive bias is
applied to the feature when computing the topography (asperity) density.
HDP films, however, translate to a negative bias since the deposition tech-
nique produces an inward pyramidal shaped surface structure above each
feature as shown in Fig. 9.5.

Dishing and Erosion

Dishing and erosion occur in damascene processes during the clearing and
over-polishing stage. They are a result of polishing dissimilar materials that
vary in pattern density. Shallow trench isolation processing is also considered
a damascene process exhibiting dishing and erosion [11]. A typical damascene
process sequence for the formation of metal interconnects was described in
Chap. 5. First, a pattern is etched into the dielectric layer followed by metal
deposition. The deposited metal films consist of a barrier layer and a pri-
mary interconnect layer, usually copper, that fills the trench. The polish step
initially removes the primary metal layer that exists across the entire wafer.
Eventually the underlying barrier layer is exposed followed by the oxide layer.
Dishing occurs due to the differences in polishing rates of the two exposed
materials, which in this case is oxide vs. metal. The oxide removal rate is
generally much lower than the metal removal rate, which leads to dishing.
Erosion is more dependent on the pattern layout. Pattern dependencies in
copper damascene polishing processes are a significant issue.

Figure 9.6 is a cross-sectional diagram of a metal damascene structure
(post-CMP) where dishing and erosion are defined. Dishing refers to the
amount of material recessed in a local metal feature such as a trench, plug,

Erosion | Dishing |

St

'}

Fig. 9.6. Schematic of a damascene process. Dishing and erosion terms are shown
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via, or interconnect. Dishing depends on the removal rate selectivity of the
two films in question. Thinning is another term used in metal CMP similar
to dishing. Erosion describes the thickness reduction of the oxide material
(between the metal features) with respect to the oxide material at the edge
of a group or array of features.

9.2.4 Characterizing Global Planarization

As described earlier, CMP processes generally fall into the near global pla-
narization range. Step height measurements are difficult to measure globally
(across the die). Other figures of merit can be used such as total thickness
variation (TTV) and planarization length (PL).

Total Thickness Variation

Total thickness variation (TTV) within a die is a measure of the oxide thick-
ness variation across a range of patterns. Figure 9.7 is a diagram depicting
the metric TTV. Oxide thickness measurements above patterned features
post-CMP are compared to the initial values. The TTV metric can quickly
assess a particular CMP process or group of processes relative to a baseline
process. However, the values are specific to a particular layout and do not
necessarily translate to other die layouts.

Initial surface /Y Y Y Y \ i Initial step /\_/\

Final surface

TIV=T,, T.

max

Fig. 9.7. Schematic cross-section of the initial and final surface over patterns of
varying density. Total thickness variation (TTV) and planarization distance are
shown

Planarization Length

The planarization relaxation distance is a metric used to compare the “char-
acteristic_planarization length” of a_given CMP process. It is a parameter
that is independent of the layout topography, but requires post processing
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and modeling of measurement data in order to extract. Sivararm et al. {12, 13]
originally defined the relaxation distance as the distance traveled over a step
whereupon the original step height returns. Equivalently, an angle can also
be used as the figure of merit. The definition was further modified to include
the distance over which the height difference between the lowest and high-
est features becomes a non-changing fraction of the original step height [14].
Conceptually, the planarization length (PL) in CMP is the distance at which
the CMP process variables (including the pad) no longer interact with step
height and do not preferentially remove material from raised regions; instead,
the entire surface continues to polish in unison. This is illustrated in Fig. 9.7.

Determination of the planarization length for a given CMP process can be
accomplished by either direct measurement or indirect modeling of the post-
CMP data. Although the direct measurement approach is by far the quickest,
it is often impractical since the required test structures needed to characterize
planarization length are large (mm distances). Instead, indirect modeling
approaches are often used that correlate measurement data to a planarization
model [15].

The procedures in determining planarization length are described in more
detail by Stine and are reviewed in the next section [16]. Most oxide CMP
processes have a planarization length on the order of 3 to 5 mm.

9.2.5 Planarization Test Masks
Background

Test patterns developed for characterizing planarization and published in the
literature have varied considerably in layout dimensions. Most masks have
been designed for testing specific effects rather than for generic use as CMP
process characterization tools. Despite this, many of the main effects related
to wafer polishing with patterns have been observed using relatively simple
test patterns.

Renteln demonstrated that varying planarization rates and efficiencies
could be characterized by using square wave test structures [17, 18]. The
structures consisted of parallel trenches etched in silicon and coated with
a deposited dielectric film. Patterns included regions of 1, 3, and 5mm wide
repeating structures. Each region was approximately square, several cm on
a side. Profilometer scans and oxide thickness measurements were performed
on wafers receiving different polishing times. From this simple set of test
structures, Renteln showed that material removal rate was dependent on
feature width. Small 1 mm wide features exhibited a faster planarization rate
than larger 5 mm wide structures.

Siviram et al. developed a polishing pad deflection model based on a min-
imal test mask [12]. The test patterns consisted of a series of lines 5 mm
in-one-dimension-and-varying.-width-and space in the other dimension. The
widest spacing was 2.5 mm and the range of feature widths was 1.0 um to
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40 um. Based on results from this mask, Siviram reported that the CMP pad
can be modeled with reasonable accuracy as a simple beam supported by the
underlying features being polished. The pad planarization distance, which
is the distance where polishing begins to occur in the down areas, varies as
a function of remaining step height.

Pattern Factor Relationship to Polish Rate

Burke fabricated test patterns varying in size from 0.5 to 9000 um and used
these to characterize the feature dependencies on CMP removal rate [19].
The structures were anisotropically etched into LPCVD silicon dioxide to
a depth of 0.6 pm. Polishing occurred for one minute at 5 psi with several
different pads. Measurements were performed using standard optical film
thickness tools. The polishing data derived from the characterization mask
revealed that the oxide material in up areas polished faster than the down
areas. The polish rate of large up features was equivalent to the polish rate
of an un-patterned oxide layer. There was a dramatic effect on step height
reduction versus the pattern density factor. The up area polish rate (PR,;p)
was experimentally determined to be related to the pattern density factor as

BPR

PF’
where BPR is the blanket polish rate and PF' is the pattern density factor.
From this data, Burke developed a closed form empirical solution for step
height reduction as a function of the down area removal rate and the pattern
density factor. He showed that the step height reduction function is an ex-
ponential relationship in time and also developed a model that successfully
predicted corner rounding of up features as well as down areas.

Warnock also used a test mask to develop a model for pattern dependent
oxide polishing [20]. The structures ranged in dimension from 5 to 500 um
in linewidth and 5 to 40 um in spacing and were etched into a thick layer of
oxide deposited on a silicon wafer. The data generated from this mask was
compared to a model that described a linear relationship of polish rate to
local pressure within the array of features.

Hayashide et al. utilized two sets of test structures to characterize pattern
sensitivity that was the basis of a model developed to analyze chip layout ef-
fects from CMP [21]. One test mask was used to determine the effects of
pattern size and edge rounding. This mask included square and rectangular
features varying from 0.2 mm to 5 mm in length. Another test mask consisted
of square structures 2mm in length formed on a 50 um pitch that varied in
pattern density from 10% to 90%. The test structures were prepared by etch-
ing the patterns into a 1 um thick oxide film deposited onto a silicon wafer
followed by an additional deposition of 1.5 um thick silicon dioxide. A dou-
ble stack polishing pad consisting of 0.8 mm thick polyurethane (top) and

PRy, = (9.4)
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1.2mm thick coated felt (bottom) was used with silica slurry for polishing.
The experimental results showed that removal was inversely proportional to
pattern density and that stress concentration at a corner of a step caused
rounding of the feature. The data also show that the bending of the polish-
ing pad of adjacent “up” features is negligible if the distance between the
features is less than 0.1 mm.

Grillaert et al. also characterized planarization using a set of test struc-
tures that included different pattern densities and pitch dimensions [22]. The
density values ranged from 0 to 75% and the pitch dimensions ranged from
0.8 um up to 1600 um. Each test structure had an area greater than 2 mm?.
Using a polishing pad similar to Hayashide’s experiments and a standard
silica-based slurry, they found that the local removal rate is influenced by the
pattern density and not the pitch dimension.

A systematic analysis of pattern dependencies in oxide CMP processes
was performed by Stine et al. [16]. In this work, four characterization test
masks were designed for rapid assessment of CMP planarization processes.
As pictured in Fig. 9.8, each mask (1.2 cm by 1.2 cm in total area) emphasized
one of four layout factors — pitch, density, area, and geometric aspect ratio.
The structures in each mask were designed to fit in a 2 mm by 2 mm window.
The pitch mask structures varied from 2 pm to 1000 um while maintaining
a constant density of 50 percent. The density mask varied systematically
from 4 percent to 100 percent in density of chrome layout and the pitch was
kept constant at 250 um. A total of 25 density structures were incorporated
onto the mask. The area mask varied the size of square regions from 100

Pitch Mask

L |
i L] ||
I & Ihﬁ| HV‘
Density Mask Perimeter.*Area

i

Fig. 9.8. Oxide CMP characterization mask set. From [16] ((©2003 IEEE)
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percent density to circuit-like density patterns across the die. Finally, the
aspect ratio mask explored equal area blocks with different perimeter areas.
Results from the polishing of patterned wafers using two different polishing
pads, an IC1000/SubalV stack, and an experimental IC2000 pad, are shown
in Fig. 9.9.

The IC2000 pad has a harder top pad compared to the IC1000 pad; how-
ever, the underlying foam pad is similar in stiffness to the Suba IV. In this
plot, the clear linear dependence is seen between final oxide thickness in the
up areas and the effective layout density (averaged over a square region with
side length equal to the planarization length for the pad/process). In contrast,
all 50 percent regions in the pitch mask polish nearly the same, indicating
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Fig. 9.9. Post-CMP oxide thickness vs. layout parameter for the four masks pic-
tured in Fig. 9.8. From [16] ((©2003 IEEE)
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again that density rather than pitch is the dominant factor for oxide polish-
ing. In the area and aspect ratio masks, the pattern density is first accounted
for (using the density mask data), and the remaining “delta” thickness as
a function of area or aspect ratio is plotted. Only minor contributions from
these two additional factors are seen. The up region polish rate dependence
on pattern density given in 9.4 was modified by Stine et al. to

BPR
PFeH’

PR, = (9.5)
where PF.g is the effective pattern (density) factor determined by computing
a weighted average of the feature densities within a dimensional window. The
key difference between this result and the earlier study by Burke is the length
scale over which the pattern density factor is calculated. Based on this work,
Stine also developed a simple analytical model relating pattern density to
oxide CMP thickness [15, 16]. The simple relationship for total thickness
variation in the up areas (T'TV,;) is given as

TTV . = SH;  APF.g, (9.6)

where APF .z is the total effective pattern density variation and (SH;) is the
initial step height. This model assumes that no polishing occurs in the down
areas. Equation 9.6 can be used to estimate the tolerances of a particular
CMP process for a specific mask layout once the total effective density vari-
ation for the mask is determined. The dimension of the window size utilized
for density calculations is equal to the planarization length.

Comprehensive Dielectric Characterization Mask

Several refinements of Stine et al.’s mask and methodology were made culmi-
nating in a comprehensive mask for use in characterization of dielectric CMP
processes, including both oxide ILD and STI processes [23]. This single mask
pattern enables the study of both up and down area polish (where the down
area polish has been found to depend on the space between features), as well
as to understand the effect of deposition profiles.

The comprehensive dielectric mask is pictured in Fig. 9.10. The mask
dimension is 20mm by 20 mm, consisting of a 5 x 5 array of 4mm blocks.
The bottom two rows are gradual density regions where a constant pitch of
250 pm is filled with varying densities of line and space patterns. The middle
row is a “step density” structure, and the pattern density varies rapidly from
one block to the next in order to accentuate the transition between density
regions. The top two rows are constant 50 percent density regions, where
the line width and line spacing varies. Within this region (to the left side
of the second row), structures are added for profilometry or SEM extraction
of deposition-profiles-as-a-function-of -patterned feature size. In addition, the
fine feature blocks in all regions have a 20 um square measurement site added
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Fig. 9.10. Comprehensive dielectric CMP characterization test masks, integrating
gradual and step density regions, pitch regions, and deposition characterization
regions. From [23]

to the middle of the block, to enable optical film thickness measurements in
these fine featured regions.

The structures included in this mask are effective in exploring the entire
range of pattern densities and feature sizes, and give the widest possible
characterization to a candidate CMP process. However, it should be noted
that product wafers rarely cover the same density range (e.g. 4% to 100%
pattern densities), and thus it is not expected that a given CMP process will
perform well across the entire characterization mask. The test mask is also
useful in determining the planarization length for a given polishing process.
Variants of the test mask for STI characterization have also been reported
that achieve pattern density using square features and include regions with
realistic circuit patterns [24].

Copper CMP Test Masks

A number of test structures have also been presented for characterization
of copper and other metal processes. Again, the entire layout of the chip is
1mp0rtant and reportlng of performance on any single test structure (without

g n of s cansbe misleading or difficult to interpret.
CMP test masks have been developed
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by MIT in collaboration with SEMATECH and others, including the 931, 954,
and 854 mask sets [25, 26, 27).

The first level of the MIT/SEMATECH 854 mask set is shown in Fig. 9.11.
The primary test structure again consists of the arrays of lines and spaces,
separated by unpatterned field regions.

Most of these structures can be electrically probed, in order to obtain
electrical resistances of particular lines within the structure (implementing
a spatial “sampling” near the edge of an array and across the width of the
array). These same structures may also be measured using high resolution
profilometry, or using emerging non-contact patterned copper optical mea-

| T Wi ||
‘ :II{H! (T

Fig. 9.11. Metal 1 mask in the MIT/SEMATECH 854 copper test pattern. The
primary test structures consist of lines of arrays and spaces, with different pattern
densities, line widths, and line spaces. Additional structures include via chains and
area structures. From [27]



298 D. Boning and D. Hetherington

surement techniques [28]. Across the entire chip, these test structures again
examine a very wide range of pattern density, line width, and line space pa-
rameters and their impact on dishing and erosion. Similar test masks have
also been used to characterize pattern dependencies in copper electroplating
processes [29].

Determining the Dielectric Planarization Length from Test Masks

Using a test mask that includes a large range of pattern densities, the pla-
narization length can be extracted for a specific CMP process [16]. All of the
local topography must be removed so that only global effects are present after
polishing. The remaining oxide thickness is measured over each patterned fea-
ture location within the die. An example data set is shown in Fig 9.12. Notice
that the 84% structure has the highest thickness value; the 100% structure is
near to low density structures and thus has a lower effective pattern density.
Next, a corresponding effective density value is computed at each site using
a geometric shaped sampling window centered at the measurement site’s co-
ordinates. This is shown in Fig. 9.13. The initial value for the density window
dimension (which varies iteratively in the model) is the as-drawn block di-
mension on the mask layout. After computing the effective density, a linear
fit is performed on the thickness data versus effective pattern density. The
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Fig. 9.12. Die-level oxide thickness versus metal pattern density using the mask
shownrin Fign9:8w Thestargetsthicknessswindow of 900 nm + /7 10 nm is shown



9 Patterned Wafer Effects 299

LIe age

T

Pattern density
values within die (%)

60| 76|88 | 96 (100
40| 56|72 |84 |92
24 |36|52|68|80
12|20 (32|48 | 64
4, 8 | 16|28 |44

TR

Fig. 9.13. Plan view micro-photograph of the die pattern density mask given
in Fig. 9.8 following post-CMP. Pattern density values for each 2mm structure
are given at the left. The variation in contrast of the die image is due to the
thickness variation of the silicon dioxide material over each pattern density feature.
The measurement data is given in Fig. 9.12. Also shown is a drawn example of
the effective density measurement window used in determining the planarization
length. From [16] ((©2003 IEEE)

window length dimension equals the planarization length when the slope of
the linear fit equals the initial step height value.

9.3 Pattern Dependencies in Dielectric CMP

Dielectric CMP is utilized in both front-end (shallow trench isolation) and
back-end (pre-metal and inter-metal dielectric) integrated circuit manufac-
turing processes. Planarization of patterned topography depends on many
polishing parameters such as speed and pressure settings, pad and slurry
types and the pattern layout itself. Regions of high pattern density planarize
(polish) more slowly than regions of sparse topography.

We begin by briefly reviewing oxide CMP applications (Sect. 9.3.1) em-
phasizing the patterning effects that occur in both the back-end-of-line
(BEOL) interconnect and the front-end shallow trench isolation (STI) mod-
ules. Section 9.3.2 presents the effect due to polishing pads; Sect. 9.3.3: pro-
elocity; Sect. 9.3.4: slurries. The final
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Sect. 9.3.5 covers techniques used in manufacturing to alleviate intra-die non-
uniformity from CMP.

9.3.1 Impact of Pattern Density in Oxide CMP Processes

Figure 9.14 shows a portion of the process flow for a conventional BEOL
multilevel interconnect technology. A silicon dioxide material is deposited on
top of a patterned metal interconnect layer. Deposition of silicon dioxide is
accomplished using plasma-enhanced chemical vapor deposition (PECVD) in
combination with sputter etchback. The etchback is performed after partial
deposition of the oxide material to ensure adequate fill of dielectric material
in the gaps located between the metal patterns. Recently high-density plasma
(HDP) deposition has been used as a method to achieve good gap-fill between
sub-micron interconnects. After oxide deposition, a CMP process is performed
to planarize the oxide topography and remove dielectric material to a desired
thickness. The BEOL oxide CMP process is a timed process [30].

A FEOL-STI process flow is shown in Fig. 9.15. A thin pad oxide is grown
on the silicon wafer surface and is followed by deposition of a LPCVD silicon
nitride layer. Next, the nitride/oxide stack is patterned and etched to remove

Al'Cu Metal
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Deposit
B dielectric
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Fig. 9.14. Cross section schematic showing a portion of the process flow for a con-
ventional back-end-of-line (BEOL) multilevel interconnect technology
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1. Grow pad oxide.
Deposit and pattern nitride layer.

Pad oxide /

Silicon Silicon

2. Pattern and etch Si trench. 5. CMP SiO,
Stop on nitride layer.

Silicon

3. Sidewall oxidation.
Trench corner rounding. l 6. Strip nitride layer.

Silicon Silicon

Fig. 9.15. Cross section schematic showing a portion of the process flow for a con-
ventional front-end-of-line (FEOL) shallow trench isolation (STI) technology

the nitride material where the trench will be formed. The nitride layer re-
maining in the active area acts as a CMP stop layer during polishing. Once
the nitride is opened, a trench is etched into the silicon substrate followed by
a sidewall oxidation step in order to minimize reactive ion etching damage
during the trench etch and assist in rounding of the top and bottom corners
of the trench. After the oxidation step, a silicon dioxide insulator is deposited
into the trench typically using a CVD or high density plasma (HDP) tech-
niques. Next a CMP polishing step is performed to remove the silicon dioxide
material and planarize the surface. The polishing process is complete when
all of the silicon dioxide material has been removed above the silicon nitride
layer. After CMP, the exposed nitride protective layer is etched away in a hot
phosphoric acid mixture.

Pattern dependent oxide polishing can impact manufacturing yield loss,
he BEOL for example, thickness vari-
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ations in the dielectric layer can cause over- or under-etching of contacts and
vias. Mismatches in capacitance loading (due to dielectric thickness varia-
tions) can also impact circuit timing [31, 32]. As described earlier, pattern
density is the most sensitive layout parameter to the CMP process compared
to other layout parameters such as pitch dimension, etc. [16, 22]. Because
the local pressure (and hence local removal rate) varies with pattern density,
within-die oxide thickness uniformity can be equal to or greater than the
wafer-level oxide thickness non-uniformity.

In the FEOL STT process, several conditions must be satisfied: (1) re-
moval of all of the silicon dioxide material above the silicon nitride layer, (2)
no exposure of the silicon material in active areas, and (3) minimal dishing of
the trench oxide material located in the trench regions. Residual oxide that
remains on top of the silicon nitride layer prevents the nitride film from etch-
ing away in the hot phosphoric acid step resulting in die loss. In addition, the
degree to which the trench oxide material is over- or under-polished impacts
transistor performance [33]. These requirements put a very tight constraint
on the polish process window. The clearing and over-polish step is a criti-
cal part of the process. As expected, variations in pattern density make it
difficult to maintain the above requirements.

Step Height Reduction vs. Pattern Density

Figure 9.16 shows a top-down microphotograph of a 256K SRAM integrated
circuit metal interconnect pattern. Two locations that have different pattern
densities are indicated — one near the middle of the dense SRAM area (high
density region) and the other at the edge of the SRAM circuit (low density
region).

Surface topography images and step height measurements were taken us-
ing an atomic force microscope (AFM) as a function of CMP planarization
time [5]. The initial step height of the PECVD TEOS oxide topography was
0.8 um. Figure 9.17 shows the AFM topography images for the two SRAM
locations after 15s, 45, and 90 s of polishing time. As shown in Fig. 9.17, the
SRAM dense region located in the center of the circuit planarizes at a much
slower rate compared to the edge of the SRAM. After 90 s of polishing time,
the edge of the SRAM circuit is locally planarized whereas the center of the
circuit has a remaining oxide step height greater than 2000 A. Figure 9.18
quantifies these results showing a plot of step height versus polishing time
for both locations of the SRAM. These results depict the main issue for CMP
when applied to arbitrary die layouts. The planarization rate varies consider-
ably within the circuit resulting in differences in final oxide thickness across
the die.

Grillaert et al. also examined the step-height reduction versus time pro-
file [34]. He showed that the exponential decay of step height versus time fit
agmodelywheresthespolishinggpadpisstreated as a compressible material that
deforms into the oxide features (at a transition step height). Initially the
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Fig. 9.16. Plan view micro-photograph of a 256K SRAM integrated circuit metal
interconnect pattern. Two locations are shown — one near the middle of the dense
SRAM area (array center) and the other at the edge of the SRAM circuit (array
edge). From [5]

pad does not contact the down regions but only up the area where polish-
ing/planarization occur. A transition occurs where the pad bends enough to
contact the down region and the local pressure applied in the down area be-
gins to remove material in the down region. The transition time is a function
of initial step height and the mechanical properties of the polishing pad.

Polish Rate in Up and Down Areas

The polish rate on patterned topography also varies as a function of time and
pattern density. In the up areas, the polish rate is initially higher than the
blanket rate due to the enhanced local pressure applied to the features. As the
step height reduces, the polish rate decreases until it approaches the blanket
polish rate of the film. Likewise, the down area polish rate initially is very
low since there is minimal contact of the pad and slurry against the material
in the down areas. As the step height reduces, the contact area increases in
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Fig. 9.17. Atomic force microscopy (AFM) images for the two SRAM pattern
locations given in Fig. 9.15. The topography images show the time evolution of
step height removal after 15s, 45s, and 90s of polishing. From [5]

Figure 9.19 shows a plot of incremental polishing rate of up and down
regions versus polishing time for different metal pattern layout densities cor-
responding to the mask of Fig. 9.13 [35]. The incremental polishing rate is
defined as the incremental amount of SiO; removed during the polishing
time interval divided by the time interval. The polishing was carried out us-
ing a conventional polyurethane stacked pad and a silica-based slurry. The
carrier pressure setting was 9 psi and the rotation rate for both the carrier
and platen was 30 rpm. A rotary CMP tool (IPEC model 472) was employed.
The silicon dioxide material was deposited in a plasma-enhanced CVD reac-
tor. The initial step helght was 0.8 um and the initial oxide deposition was 2

g ovalsrate at this speed and pressure setting
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Fig. 9.18. Plot of remaining step height versus CMP time for the two SRAM
pattern locations given in Fig. 9.15. From [5]
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Fig. 9.19. Incremental polishing rate of up and down regions versus polishing
time for different metal pattern layout densities. The incremental polishing rate
is defined as the incremental amount of SiO; removed during the polishing time
interval divided by the time interval. From [35]

As shown in Fig. 9.19 the incremental polish rate correlates with pattern
density. The lowest density structure has the highest up area polish rate.
The 84% structure has an up area removal rate very close to the blanket film
polish rate. The effective density of this location (due to the surrounding
density regions) is much closer to 100%.
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All of the down areas have a finite removal rate indicating that local pres-
sure (through the bending of the pad) is applied to these regions even during
the initial stage of the polish cycle for these particular structure dimensions.
The lowest density structure has the highest down area polish rate. The down
area polish rates increase over time as the step height is removed until they
eventually reach the blanket film polish rate.

Planarization (near global) is obtained when the up and down area polish
rates converge to the blanket oxide removal rate. For the 20% and 52% struc-
tures, the time to planarization is approximately 110s and 150 s respectively.
However, the 84% density structure is not fully planarized since the down
area polish rate does not reach the blanket polish rate as shown in Fig. 9.19.
More polishing time is required to planarize this particular structure.

Step Height Reduction vs. Pattern Density in STI Processes

Step height removal in STI processes behave similarly to continuous layer
polishing processes until the polish stop layer is uncovered. Figure 9.20 is
a plot of step height versus time for various pattern densities [36]. In this
particular study, the active region consists of a 1500 A thick layer of silicon
nitride on top of 100 A of thermally grown oxide. The trench was etched to
a depth of 5000 A. A 0.85 um thick silicon dioxide layer, deposited in a thermal
CVD reactor, covers the active and trench regions. Conventional fumed silica-
based slurry and a polyurethane stacked polishing pad were used. Polishing
was performed in a rotary polisher (IPEC 472) with the platen and carrier
rotation rates set at 30 rpm (matched). The carrier pressure was 7 psi.
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Fig. 9.20. Step height versus time for various STI pattern densities. The over-
polishywindowyis,defined as the time following the exposure of the silicon nitride
material located in the active region. From [36]
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The plot shown in Fig. 9.20 reveals that the reduction of the step follows
a similar trend to BEOL oxide planarization curve shown in Fig. 9.18 as
a function of pattern density. Step height reduction rates for dense regions
are slower than for sparse (low pattern density) regions. Once the step is
removed in an STI process, however, the over-polishing phase will eventually
cause an increase in the step height independent of pattern density [37]. This
is due in part to the differences in removal rate of silicon dioxide to silicon
nitride which is approximately 4:1 using conventional silica-based slurries.

Erosion and Dishing in STI Processes

Dishing and erosion in STI processes can occur in both the trench oxide
and the active nitride regions. Figure 9.21 shows a plot of trench oxide dish-
ing (or oxide loss) versus polishing time for various trench pattern densi-
ties. The wafer preparation and polishing conditions were described earlier
in Sect. 9.3.1. Trench oxide loss occurs when the thickness value falls below
the target value which, for this example, is 6500 A. If the maximum accept-
able value for dishing in an STI process is 500 A, then the allowable variation
in pattern density is approximately 20% as shown in Fig. 9.21.

Figure 9.22 is a plot of the silicon nitride erosion versus polish time for
the same set of trench patterns described above. The initial thickness of the
silicon nitride layer is 1500 A. The polish time at which silicon nitride erosion
increases from zero occurs when the oxide material above the nitride has been
removed. The silicon nitride layer is completely removed when the erosion
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Fig. 9.21. Trench oxide dishing (or oxide loss) versus polishing time for various
trench pattern densities. Also shown is an acceptable upper limit for dishing in
a conventional STI process of 500 A. From [36]
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Fig. 9.22. Silicon nitride erosion versus polish time for various trench pattern
densities. Also shown is an acceptable upper limit for loss of silicon nitride material
that can occur during the over-polish step (500 A). From [36]

value reaches 1500 A. Data given in Fig. 9.22 show that the nitride layer for
the 10% pattern density structure is completely removed in approximately
130 s while the highest pattern density (90%) begins to erode at a polish time
of 150s. It is clear from the data given in Figs. 9.21 and 9.22 that pattern
density has a significant effect on the STI process window.

To summarize, the STI polishing process must ensure: (1) complete re-
moval of residual silicon dioxide material over the active silicon nitride layer,
(2) minimal loss of the silicon nitride layer after exposure to the process, and
(3) minimal dishing in the deposited silicon dioxide material in the trench
region. Acceptable values for nitride loss and trench oxide dishing in an STI
process are in the 100 A range. Variation in pattern density is a crucial aspect
of the STT module due to the tight process constraints.

Polish Time Estimate for Patterned Topography

The local planarization polish rate of patterned dielectric topography assumes
an inverse relationship of pattern density factor and the blanket polish rate
of the oxide material such as the relationship given in 9.4. Calculating the
polish time (PT) for patterned oxide topography to reach a specific target
thickness is given by:

PT = PTy,p+ PTop. (9.7)

PLrprispthespolishetimeyestimatestogachieve local planarization, and PTpp
is the over-polish time estimate to reach the desired thickness once the step
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height has been removed. When considering patterns of varying density, the
average value of the polish time (PT,,) that achieves the desired thickness
over a pattern is

_ [SH(PFug, — 1)+ T, — T/]
BPR

BPR is the blanket polish rate of the deposited film, SH; is the initial topog-
raphy step height, PF.g, is the mean value of the effective pattern density
factor, T; is the deposited film thickness, and T is the target post CMP
oxide thickness. The total thickness variation (post-CMP) can be estimated
using 9.6.

As an example, assume a reticle layout was analyzed for pattern density
using a window size of 4mm. The mean pattern density factor (PFeg, ) was
determined to be 0.65 and the maximum change in effective pattern density
(APPFes) was 0.15. The blanket polish rate of the silicon dioxide material is
2500 A /min; the initial step height is 0.5 pm; the initial deposition thickness
is 2.0 um, and the final target thickness is 1.0 pm. Using 9.6 and 9.8 the mean
polish time PT, is 3.3 minutes to reach the target thickness over the 65%
pattern density lines and the intra-die thickness variation for this layout is
approximately 1500 A.

PT, . (9.8)

9.3.2 Pattern Density Effects from Polishing Pads

The polishing pad invariably has a strong influence on the planarization per-
formance. The planarization process is inherently dependent on the length
over which the polishing pad remains rigid. For conventional silica-based slur-
ries, the mechanical modulus properties of the pad show good correlation to
the planarization length [12, 18, 19, 38, 39].

The most widely used pad for dielectric CMP is a composite (or stacked)
polishing pad consisting of a hard polyurethane material placed over resilient
soft foam as described in Chap. 8. The combination of hard/soft pad stack
is intended to provide adequate wafer level polish uniformity while still pro-
ducing a relatively high degree of die-level planarity [40]. One example of
a composite pad is the IC1400 manufactured by Rodel, Inc. This pad con-
sists of a 50 mil thick closed cell polyurethane material top layer and a 50 mil
thick soft polyurethane foam sub-layer as shown in Fig. 9.23. Examples of
mechanical behaviour of these pads are illustrated in Fig. 9.24.

Planarization tests performed using the CMP characterization test
mask [16] described earlier in the chapter include patterns ranging in density
from 4% to 100% [41]. Wafers coated with a 0.8 um thick layer of sputtered
Al/Cu metal were patterned and etched. Next, a 2 pm thick film of PECVD
TEOS oxide was deposited over the metal features. Polishing was performed
on an IPEC 472 rotary polisher using standard silica-based slurry (Cabot
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Fig. 9.23. Scanning electron microscope cross-sectional image of a polyurethane
stacked polishing pad. Details of this pad technology are described in Chap. 8

SS12) for each of the composite pad types. Pressure and speed were also fac-
tors considered. The pressure settings were 3 psi and 9 psi. The polish rotation
settings were 30 rpm for both the platen and carrier.

Figure 9.25 shows the average total thickness variation (TTV) post-CMP
within the die for each processing condition. The average is based on a mea-
surement of four sites across the wafer for each density structure. The stiff
composite pad (fiberglass sub-layer) produces significantly better planarity
compared to the foam-based sub-layer pad regardless of the polishing speed
or pressure setting as shown in Fig. 9.25. Figure 9.26 shows the wafer-level
post polish oxide uniformity results for each of the pad types. The oxide
thickness uniformity is calculated from the ratio of the standard deviation
(1o) of the mean post polish thickness divided by the mean and expressed as
a percentage. The foam sub-layer pad produces superior wafer level post ox-
ide thickness uniformity compared to the hard pad consisting of a fiberglass
sub-layer.

These results indicate that the sub-layer component of the polishing pad
plays a crucial role in determining the wafer-level and die-level response.
There is a clear tradeoff between wafer-level and die-level uniformity opti-
mization and the type of polishing pad employed. The absence of the sub-layer
pad creates a much stiffer composite pad and produces a better planariza-
e pad with a soft foam sub-layer. The
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Fig. 9.24. (a) Compressive stress versus strain for two types of pad composites
which vary only in the underlying layer material. The first type includes a 50 mil
rigid fiber glass sub-layer material and the second type incorporates a soft foam sub-
layer. The top layer on both pads is a 50 mil thick polyurethane material (IC1000).
From [35]. (b) Flexural stress versus strain for the same pad types described in
Fig. 9.23a. From [35]

soft foam sub-layer improves the wafer-level polishing thickness uniformity
response; however, die-level planarity is compromised. A flexible pad such as
the stacked pad with a soft foam sub-layer minimizes the mechanical align-
ment tolerance sensitivities and wafer-level non-uniformities associated with
the polisher, wafer, and carrier design.
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Fig. 9.25. Measured post CMP results for die-level total thickness variation (TTV)
at different polishing pressure and rotation rates for the two types of pads described
earlier in Fig. 9.23a. The density mask shown in Fig. 9.8 was used. From [35]
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Fig. 9.26. Wafer-level post-CMP thickness non-uniformity at different polishing
pressure and rotation rates for the two pads types described in Fig. 9.23a. The
thickness non-uniformity is the standard deviation of the mean value expressed as
a percent of the mean. From [35]

Effect of Pad Layer Thickness

Increasing the thickness of the top-layer hard polyurethane pad makes the
overall pad stiffer and improves planarization performance. Figure 9.27 shows
a.plot.of within-die non-uniformi NIDNU) expressed as a standard devi-
ads with different thicknesses [42]. In
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Fig. 9.27. Within-die non-uniformity versus polishing time for two different top
pad thicknesses. The sub-pad layer is identical. The within-die values are the average
values of the measured oxide thickness variation across each die. From [42]

this study, the WIDNU is defined as the level difference between the up area
of the most dense structure (PD = 75%) and the down area of the most iso-
lated structure (PD = 0%). The polishing pads (FX-9) were manufactured by
Freudenburg Nonwovens Corporation. The top pad material is similar to the
1C1000 pad described earlier and consists of polyurethane with a micro-filler.
The sub-layer pad is a non-woven matrix. It was observed in this study that
the WIDNU significantly improves by ~35% for the thicker top layer pad.
However, the wafer-level non-uniformity (WIWNU) degrades as a function
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Fig. 9.28. Within-wafer thickness non-uniformity versus polish time for three dif-
ferent polishing pads that shows the effect of top layer thickness. From [42]
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of patterned polishing time for the thicker pad as shown in Fig. 9.28. This is
congistent with the earlier result given for the stiffer sub-layer pad material.

Pad Surface Conditioning

Surface pad conditioning also plays an important role in maintaining CMP
process stability as discussed in Chap. 8. The conditioning process, which
is a surface roughening technique, provides consistent transport of slurry
through the surface layer asperities of the pad [43]. It was shown in earlier
chapters that removal rate stability is a strong function of pad conditioning
(Chap. 3); here we see that pad conditioning also affects planarization. Fig-
ure 9.29 shows a plot of within-die total thickness variation (WIDTTV) as
a function of polishing time for conditioned and unconditioned polyurethane
stacked pads [44]. The result shows that WIDTTV reduces by approximately
20% for the unconditioned pad. This is attributed to an increase in stiffness
of the pad as a result of no conditioning [45], which is consistent with a mea-
sured decrease in pad surface bearing area ratio without conditioning [44].

In summary, there is a tradeoff in planarization length and wafer-level
post-CMP oxide thickness uniformity. A stiffer pad increases the planariza-
tion length at the expense of increased oxide thickness variation across the
wafer.
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Fig. 9.29. Post CMP within-die oxide thickness variation (TTV) versus cumulative

polish time for a pad that was conditioned concurrently during polishing and a pad
that employed no surface conditioning. From [44]
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Fixed Abrasive Pad

A fixed abrasive (FA) pad applied to semiconductor planarization was first
described by Rutherford, et al. [46]. This pad differs significantly from stan-
dard polyurethane pads. The fixed abrasive pad is considered to be a “slurry
less” pad since the abrasive particle is formed within the top polymer layer of
the polishing pad and no additional particle-containing slurry is required to
be dispensed during polishing. A dilute alkaline solution is normally required
to lubricate the contact interface between the pad and wafer and allows the
proper chemical reactions to occur during polishing. An example of a FA
pad developed by 3M Corporation is shown in Fig. 9.30. The top abrasive
layer is adhered to a series of backing layers. The top layer consists of a three
dimensional structured abrasive material containing cerium oxide. It is well
known that ceria behaves differently when planarizing topography compared
to silica, even in slurry formulations [47, 48]. To date, there have been no
published studies of fixed abrasive pads incorporating silica particles.

The shape and dimension of the surface cutting element has significant
influence on polishing rate and stability [49]. Fixed abrasive pads are “tough”
and require micro-topography on the wafer surface to activate the process
and maintain the condition of the pad. Exposing fresh abrasive is critical
to maintaining removal rate stability. The sub-pad layering stack also plays
a critical role in determining the overall planarization capabilities similar to
conventional polyurethane pads [50, 51].

Fixed abrasive pads can remove topography at a faster rate than con-
ventional silica slurry and polyurethane pad systems. A three times in-
crease in step height removal rate has been reported compared to conven-
tional polyurethane pad and silica slurry due primarily to the ceria abrasive
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Fig. 9.30. Schematic cross-sectional diagram of a fixed abrasive pad. [Courtesy 3M]
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employed in FA pads [51]. Cerium oxide also enables FA pads to exhibit
a high selectivity to oxide topography. Fixed-abrasive pads are categorized
as slow, medium, or fast depending on the removal rate of un-patterned blan-
ket films [52]. The slow removal rate pad has a blanket oxide polish rate of
< 100A /min. The medium and high rate pads are designed to release more
ceria during polish compared to the low rate pad. The blanket oxide pol-
ish rates for the medium and fast rate pads are 200 A/min and 2000 A /min,
respectively.

Fixed abrasive pads have been shown to significantly reduce within-die
non-uniformity for oxide interconnect and STI CMP applications [49, 53, 54,
55, 56]. Schlueter et al. reported that oxide trench erosion for 100 um trenches
filled with HDP silicon dioxide material [57] was lower when using a fixed-
abrasive pad compared to silica or ceria-based slurries. Figure 9.31 shows
a plot of trench oxide dishing versus pattern density - comparing the fixed
abrasive pad to a conventional polyurethane pad and silica slurry process.
As shown in Fig. 9.31, the trench oxide has minimal dishing when using
a fixed abrasive pad compared to the standard pad and slurry. Figure 9.32
shows a plot of active area silicon nitride erosion as a function of pattern
density. The fixed abrasive pad again erodes less than the standard pad/slurry
combination.

For STT applications, careful tuning of the oxide deposition fill thickness
value is required when using FA pads due to the high selectivity to oxide
topography. The slow removal rate pad, for example, has a limited ability to
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Fig. 9.31. Trench oxide dishing versus pattern density for a fixed abrasive pad and
a conventional pad/silica slurry consumable set. [Courtesy 3M]
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Fig. 9.32. Silicon nitride erosion versus pattern density for a fixed abrasive pad
and a conventional pad/silica slurry consumable set. [Courtesy 3M]

remove oxide material over the active nitride layer once the structures are
planarized. It is critical, therefore, to eliminate (or reduce significantly) the
overfilling of the silicon dioxide into the trench. Values greater than 500 A
are impractical for manufacturing since the over-polish time is too long [52].
The slow rate pad also has no selectivity to silicon nitride, so its ability to
self-stop is due solely to the reduction in surface topography [52].

9.3.3 Effect of Polishing Pressure and Velocity

In conventional polyurethane/foam stack pads and silica slurry systems, pol-
ish pressure has more of an influence on planarization length than does polish
velocity [58, 59, 60]. Increasing the pressure will cause the pad to bend. The
degree of bending varies as a function of pattern density.

Figure 9.33 shows the within-die total oxide thickness variation
(WIDTTYV) as a function of normalized polishing time for processes that used
a standard polyurethane pad and silica-based slurry [59]. All wafers were pol-
ished on an IPEC 472 rotary polishing system. A blanket layer of PECVD
TEOS oxide was deposited on the wafer followed by 0.8 um of sputtered
Al/Cu metal. The wafers were patterned using the MIT pattern density mask
described earlier [16]. After patterning and etching, the wafers were coated
with a 2 um thick film of PECVD TEOS oxide. Standard polyurethane polish-
ing pad (Rodel IC1400) and silica slurry (Cabot SS12) were used throughout.
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Fig. 9.33. Average value of die-level oxide thickness variation (TTV) ver-
sus normalized polish time for different combinations of polishing pressure and
platen/carrier rotation rates. The TTV values were based on the density mask
shown in Fig. 9.8. For a given process condition, each polish time is normalized to
the time required to locally planarize of the 84% density structure and reach the
target thickness. From [59]

All of the raw polish times for each process condition were normalized to
the time required to achieve a post oxide thickness of 1.0 um over the 84%
density structure. The T'TV values are computed from the range of post CMP
thickness values. Data show that die-level oxide thickness non-uniformity is
more sensitive to polishing pressure compared to polish velocity for large
pattern density variations. Polish velocity appears to have minimal impact
on intra-die thickness variation. Higher applied polishing pressures produce
larger variations in intra-die oxide thickness. The minimum WIDTTV con-
dition was a low pressure, high velocity polish setting and the worst case
WIDTTYV was a high pressure, low velocity setting. This result is consis-
tent with the earlier conclusion that the compressibility of the polishing pad
significantly influences the planarization length.

9.3.4 Effect of Polishing Slurries
Silica-based Slurries

Silica abrasives are commonly used in oxide CMP slurries. They are normally
dispersedsinsdilutesolutions.of KOH-or,NH,OH chemistries to a pH of approx-
imately 10-12 to ensure colloid stabilization. Silica particles are manufactured
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primarily by two techniques: (a) liquid-based precipitation that forms spher-
ically shaped particles or (b) high temperature oxidation. The latter forms
a “fumed” silica particle. Figure 9.34 shows a transmission electron micro-
scope (TEM) photograph for the two types of silica abrasives discussed (a)
fumed silica manufactured in a high temperature furnace process (Courtesy
Cabot) and (b) a spherical silica particle precipitated in a chemical solution
(Courtesy Rodel).

Silicon dioxide removal rate, step height reduction rate (SHRR) and pla-
narization length (PL) can potentially be affected by slurry parameters such
as pH, weight percentage of abrasive (wt. % solids), and abrasive surface area.
In an early study by Borba et al., increasing the pH from 9 to 11 in fumed
silica slurry resulted in a 22% increase in removal rate but had no real impact
on the planarization length [7]. When the wt. % solids increased from 12% to
18%, it resulted in a 13% increase in removal rate. However, the planariza-
tion length degraded when the solids content increased. This was ascribed to
the fact that a greater number of slurry particles were available for abrasion
in the lower regions which increased the down area polish rate. There was
a strong interaction between wt. % solids and surface area. A summary of
their findings is given in Table 9.1.

Evans et al. examined the effect of the cation (NH4OH vs. KOH) in silica-
based slurry on STI planarization performance [48]. The ammonia-based
slurry was manufactured by Rodel, Inc. (ILD1300). The KOH stabilized silica
slurry was also manufactured by Rodel, Inc (ILD1200). The particles were
identical for both slurries. A standard polyurethane pad (IC1400) was used
to polish PECVD silicon dioxide filled into trenches of various rectangular

& s
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(a) (b)

Fig. 9.34. Transmission electron microscope images of: (a) fumed silica slurry
(courtesy Cabot), and (b) colloidal silica slurry (courtesy Rodel)
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Table 9.1. The effect of fumed-silica slurry parameter properties on removal rate
(RR), step-height reduction rate (SHRR) and P oxide. The definition of P oxide is
the average amount removed in the up and down regions. From [7]

Response Main effects | Interactions
1 BE
1+ pH T wt. %
RR (22%) solids none
(13%)
1 abrasive
SHRR  surface area none none
(19%)

1 abrasive | wt. %
P oxide surface area solids wt. % solids * abrasive
(16%) (10%) surface area

shapes. They found that both slurries gave essentially identical dishing pro-
files. Figure 9.35 is a plot of trench oxide thickness versus pattern density
for two different silica abrasives [36]. The fumed silica is KOH-based (Cabot
SS-12) and the colloidal silica is NH;OH-based (Klebesol 1501-50). Schlueter
et al. also investigated the effect of fumed versus colloidal silica slurries on
STI CMP processing and found slight differences in the trench oxide dish-
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Fig. 9.35. Final trench oxide thickness versus pattern density for the two silica
abrasive types shown in Fig. 9.34. From [36]. (Note: presentation material only —
no paper published)
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ing characteristics [57]. The fumed silica slurry showed slightly less dishing
compared to the colloidal slurry.

Cerium Oxide

Cerium oxide slurries exhibit markedly different planarization characteristics
(feature size, pattern density, etc.) compared to silica slurries [48, 61, 62, 63].
Nojo et al. demonstrated that ceria-based slurry formulated with a surfactant
(2.5 weight %) produced self-stopping effects when the surface topography
reduced [64]. The removal rate selectivity of oxide topography to a flat surface
was 8:1. It was shown that this slurry would planarize areas as wide as 4 mm
without dishing.

Additives to cerium oxide slurries can dramatically increase the selectiv-
ity ratio of oxide removal rate to nitride removal rate by a factor of 10 or
more. High selectivity cerium oxide-based slurries (HSS) have been shown to
improve planarization characteristics for STI applications compared to con-
ventional silica-based slurries. [48, 65, 66]. An example is shown in Fig. 9.36
which is a plot of trench oxide dishing as a function of polishing time for
a range of pattern density structures [67]. The standard silica slurry shows
a fairly linear response as a function of polish time whereas the HSS ceria
slurry exhibits non-linear behavior. The incremental trench oxide polish rate
decreases over time for the ceria-based slurry as shown in Fig. 9.36. Fig-
ure 9.37 shows a plot of the nitride erosion versus polish time for the same

3000 T y T T
Pattern Density/Slurry Type
—M®— 50% / Silica
—_ —8— 70%/ Silica
lf(/ —A— 90% / Silica
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Fig. 9.36. Trench oxide dishing versus polishing time for silica and ceria abrasive
types at different pattern densities. From [67]
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Fig. 9.37. Silicon nitride erosion versus polishing time for silica and ceria abrasive-
based slurries. From [67]

two slurries. Again, the HSS ceria slurry exhibits more erosion limiting behav-
ior over time compared to the standard silica-based slurry. Data suggest that
that there is an improved planarization window when using the ceria-based
slurry for the pattern density range (50%-90%) considered in this study.

9.3.5 Minimizing Pattern Density Effects
Layout Density Control Using Dummy Features

Variations encountered in CMP can be maintained within acceptable limits
by controlling the layout pattern density. One method is to place dummy
features into open spaces within the circuit layout. Several techniques have
been reported [68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79]. Dummy fea-
tures are normally rectangular or doughnut shaped polygons and are spaced
accordingly in order to minimize capacitive coupling. They are constrained
to specific areas based on physical and electrical design rules. Figure 9.38 is
a microphotograph of an STT layout showing the placement of dummy struc-
tures between the circuit areas. As shown in Fig. 9.38, filling the sparse areas
with dummy structures enables tighter pattern density control.

The optimum placement of dummy structures (also referred to as tiling)
into an entire chip layout is an iterative procedure: (1) analyze pattern den-
sity, (2) choose dummy cell size, (3) insert cell into layout and (4) optimize
for minimum density variation. Computer software can perform the com-
plexsanalyses;showevergthesiterativesnature of the density matching problem
requires large memory space and long computing times.
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,’/

Fig. 9.38. Microscope image of a die pattern layout showing placement of dummy
cells between active circuit areas
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Fig. 9.39. Modeling results of density variation for a chip layout (a) before place-
ment of dummy cells and (b) after placement of dummy cells. From [75]

Modeling pattern density effects allows for efficient and rapid analysis of
die layouts (15, 80 81 82]. Die-level histograms and/or contour maps of pat-
: ATl erated for each level of CMP processing



324 D. Boning and D. Hetherington

(STI, Poly, Metal 1, Metal 2, etc.). Based on the results from the density
analysis, a dummy cell is chosen with the appropriate size and pitch. Fig-
ure 9.39 is an example of a density contour map showing the original die
layout (no dummy cells) and the final die layout after placement of dummy
cells [75]. As shown in Fig. 9.39, the density variation range is considerably
reduced from 29% to 18%.

Blockout Methods

The block technique is shown in Fig. 9.40. Following the dielectric film de-
position, a pattern is printed in photoresist that masks off the trench areas
(down regions). Next, a reactive ion etch process removes the majority of
the oxide material in the raised areas. Finally a polish step is performed to
planarize the remaining topography.

The advantage of this technique is that the polish time required for pla-
narization significantly reduces since a considerable amount of material is
already removed during the dry etch step. For large raised areas such as
analog capacitors this method can be tailored to match the density of other
parts of the chip [75]. The etch depth is a parameter that can be optimized for
a given oxide deposition thickness. The disadvantages of this technique are
that significant layout customizations are required in order to ensure success.
Also, the final variation in pattern density is not necessarily reduced using the
blockout method. In certain applications a blockout method combined with
dummy fill is necessary in order to ensure good global planarization [83, 84].
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Other Integration Techniques

Several authors have studied the effects of incorporating a hard polish stop
capping layer material on top of the primary dielectric film for improved
planarity [85, 86, 87]. Figure 9.41 shows an approach for STI applications
using silicon nitride as the capping layer. Following the trench oxide fill step,
a thin layer of silicon nitride is deposited which acts as a polish stop material.
This layer serves as an additional protection in the down regions during
polishing. Depending on the layout, an additional mask layer is used to etch
out the silicon nitride located in the up regions as shown in Fig. 9.40 [87].
This is particularly useful when addressing large structures such as analog
capacitors or inductors [88].

The silicon nitride capping layer thickness is determined based on the
trench fill thickness and the CMP polish rates of the oxide and nitride ma-
terials. Optimization is possible, although it does not work for all variations
of pattern density [89].

Additional integration schemes include the incorporation of a polish stop
layer within the dielectric film itself. Oliver et al. showed that planarization
improved when a silicon-rich oxide film was inserted into the dielectric film
stack at the desired final thickness level {90]. This integration scheme utilized
a cerium oxide slurry formulation with highly selective polish rate properties
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Fig. 9.41. Schematic process flow of the nitride hard mask approach for minimizing
dishing effects,due topattern,densityvariations. For improved results, the thin layer
of nitride can be patterned and etched at the cost of an additional mask level
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for standard SiOs compared to silicon-rich SiOs. The polish rate selectivity
was greater than 30:1.

9.4 Metal CMP Pattern Dependencies

Metal CMP processes, including tungsten and copper CMP, are also polish-
back processes with many similarities to STT polish. In the case of tungsten
CMP, one performs an etch of via or contact holes (or in some cases trenches
for local interconnect lines), then deposits a metal stack usually consisting
of thin Ti/TiN barrier layers followed by tungsten, resulting in excess metal
both above the recessed regions and in “field” regions above the surrounding
oxide. The metal stack must be polished back to leave a flat surface with
tungsten in the desired recessed locations. The underlying oxide layer usually
serves as the polish stop, having a much lower removal rate than the metal
stack. Just as in STT polishing, the key pattern dependencies are dishing into
individual tungsten via or line features due to the faster metal removal rates,
and the erosion of oxide or dielectric spaces in array regions resulting from
the inability of the polish stop Lo completely prevent polishing.

Copper CMP similarly enables the formation of inlaid lines or vias in
either a single or dual damascene sequence, by polishing back excess cop-
per over “field” or insulator regions to leave the deposited metal stack only
where desired. In this sense, copper CMP is quite similar to the inlaid ox-
ide trench structure in STI or inlaid vias or lines in tungsten, and many of
the same pattern dependent concerns exist in copper CMP as in these pro-
cesses. However, an additional complexity immediately presents itself in the
case of copper CMP compared to STI CMP: rather than a dual material
polish (oxide and nitride), copper CMP involves three materials often having
dramatically different polish rates: copper, barrier metal, and dielectric. In
addition, the implication of the dishing and erosion are different in the case
of metal CMP, as the resulting thinning of metal lines and features induce
not only topographical and yield concerns, but also impact the geometry and
thus the resistance and capacitance of the patterned lines.

In Sect. 9.4.1, we first review the basic dishing and erosion dependencies
in the formation of single level tungsten contacts or local interconnect. We
next discuss, in Sect. 9.4.2, similar effects of dishing and erosion in single
level copper CMP. The importance of the initial plating topography, and its
interaction with copper CMP, is discussed in Sect. 9.4.3. In Sect. 9.4.4 we
then consider another complexity not present in STI CMP arising due to
the formation of multiple levels of metal, where the topography induced by
one CMP step (e.g. at metal 1) can impact the polish of copper in subse-
quent layers (e.g. metal 2). Finally, in Sect. 9.4.5 we examine some of the
approaches being investigated to reduce pattern dependencies or their im-
pactyinscoppersCMPOf particularsinterest are dummy fill strategies, as well
as new consumables.
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9.4.1 Tungsten CMP

Several pattern dependent concerns arise with the use of CMP in the for-
mation of tungsten vias and local interconnect. These include the total loss
of line or contact thickness depending on pattern density and feature size,
as well as the individual details of dishing and erosion in different regions of
a chip. These can result in substantial yield and performance concerns.

Total Line or Contact Loss in Tungsten CMP

The earliest papers on CMP note concerns about pattern dependencies with
tungsten CMP. Landis et al. [1] reported that tungsten CMP improves yield
compared to the previous RIE etch back process by reducing center seams
and edge etch effects, and by removing random defects from the surface of
the wafer. When polishing patterned tungsten lines, however, a concern is
the total line loss or normalized line thickness as a function of line width
and pattern density. As shown in Fig. 9.42, wide lines are found to dish
more strongly, and high metal densities (low oxide support densities) erode
more strongly. An important point is that the extent of dishing and erosion
is a strong function of the overpolish time. If one were able to stop at the
nominal endpoint when the metal stack has “just cleared” in the raised field
regions, then little dishing or erosion would be expected. If one must polish
longer to ensure clearing across the entire chip due to longer range pattern
dependencies or to ensure clearing across the full wafer due to wafer scale
polish non-uniformities, then the degree of dishing and erosion will increase.
Plots such as those of Fig. 9.42 can be used to set basic design rules on the
layout. For example, if one wishes to guarantee that 90% of the line thickness
will remain after polishing for the process of Fig. 9.42 with 25% overpolish,
one might require metal pattern densities no greater than 30% and lines no
wider than 10 microns.

Oxide Erosion in Tungsten CMP

Other publications have generally served to confirm and refine the early ob-
servations of Landis et al. [1]. Elbel et al. [91] report dishing and erosion in
patterned tungsten arrays, and propose a model for dependencies on density
and line widths. For conventional tungsten polish processes where large se-
lectivity between tungsten and oxide exist, they found that erosion increases
linearly with polish time and nonlinearly with pattern density, as illustrated
in Fig. 9.43. The density of supporting oxide features inversely affects the
polish rate of oxide in patterned regions in the same fashion as in ILD ox-
ide CMP. This sets a density dependent rate for the oxide removal that is
constant throughout the overpolish stage in CMP assuming that the metal
polishes much. faster. than the oxide.and thus has little effect on the erosion
rate, resulting in a linearly increasing erosion depth with overpolish time. For
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Fig. 9.42. Metal polish using a stiff pad with 40:1 metal to oxide selectivity,
showing the normalized line thickness after CMP at (a) nominal endpoint, and (b)
after 25% overpolish. The fraction notation on the contours indicates the portion
of the line thickness remaining at the center of the lines. From [1]

the feature sizes considered (greater than 0.4 um), the erosion was found to
be independent of line width.

Tungsten Dishing

Elbel et al. also report dishing within arrays of contacts at 50% density [91].
They propose a theoretical maximum dishing parameter, d,ax, which would
be the depth of dishing (assuming zero polish rate for the surrounding oxide)
at which the pressure on the recessed region vanishes and the dishing stops.
hed; in their experiments, polishing
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Fig. 9.43. Oxide erosion in an array of tungsten lines and spaces with given pattern
density @, as a function of polishing time. Clearing of tungsten and barrier within
the array occurs at time to; clearing of the Ti/TiN barriers in the field areas occurs
at time ¢1. From [91]

is performed long enough that a steady state condition is reached where an
equilibrium is established between the polish rate in the recessed contacts and
the rate of oxide erosion. Under these conditions, the actual depth of dishing
is found to be a constant independent of the polishing time as illustrated in
Fig. 9.44. However, the observed equilibrium dishing and theoretical dishing
limit dmax do have a line width dependence as illustrated in Fig. 9.45. A spring
model is used to predict the bending of the pad into small features and to
simulate the dishing profile, with good matches to data.

The observation made by Elbel et al. of constant dishing independent of
overpolish time is not always seen. The effect of overpolish time on dishing and
erosion in tungsten lines has also been studied by van Kranenburg et al. [92].
As shown in the surface profiles of Fig. 9.46 and plot of Fig. 9.47, there is
a small amount of dishing at nominal endpoint and it is seen to increase with
overpolish time. These results are likely from a polish that is short enough
that the “equilibrium” or steady state dishing condition described by Elbel
is not yet reached. In practical CMP processes one often wishes to minimize
the overpolish time, in which case the estimation of dishing will depend on
time as well as the polish and pattern factors.
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Fig. 9.44. Dishing in an array of 0.5 um contacts, as a function of polishing time.
The amount of dishing depends on the oxide material, but does not depend on time
in this steady state dishing experiment. From [91]
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Process Interaction and Yield Concerns in Tungsten CMP

The resultant topography created by dishing and erosion, and its interaction
with other process steps, raises a number of yield concerns. While there has
been little systematic study of these interaction effects on yield reported in
the literature, yield concerns due to pattern-induced CMP variation are often
raised in a qualitative fashion.

First, substantial dishing or plug recess may make the electrical contact of
deposited aluminum metal stacks more difficult. With large dishing on small
contacts, the deposited metal may be unable to effectively “fill” into the recess
plug. Occasionally an oxide buff polish (also used to remove any residual
metal or defects from the oxide surface) after the tungsten polish is designed
so as to preferentially remove oxide and leave the top of the tungsten plug
slightly raised. If the dishing is large, however, this could require a substantial
polish and raise the process step cost.

Second, erosion can also give rise to yield concerns. The topography cre-
ated by large eroded regions could impact depth of focus in subsequent pho-
tolithography, particularly if the erosion from tungsten polish is added to
that arising from ILD oxide polish. Rutten et al. [93] also describe a via etch
concern arising from the difficulty in completing a via etch in a large recessed
region originally created due to tungsten polish induced erosion. The inter-
action between ILD CMP and tungsten CMP steps raises a similar concern.
If the oxide polish results in substantial dielectric thickness variation over
a given metal layer, then the via etch process may have difficulty in reaching
through the thickest of these regions or may overetch laterally or vertically in
the thinner oxide regions [94]. Finally, if a large recessed region exists due to
either ILD polish or previous erosion profiles, the ability to completely clear
the W/TiN/Ti stack in this recessed region may be a concern.

9.4.2 Single Level Copper CMP

In this section, we consider an idealized “single level” copper CMP process
taking place on an initially flat substrate; in Sect. 9.4.4 we expand consid-
eration to additional pattern dependent concern arising from multilevel in-
terconnect formation. In the single level copper CMP case we are concerned
with three stages of the process — overburden removal, barrier removal, and
overpolish — and the topography CMP may create. In Sect. 9.4.3 we also con-
sider the effect of initial topography variation arising from the copper plating
process.

Pattern Dependencies in Copper Overburden Polish

The initial portion of a copper CMP process is focused on the removal of
thescopperyoverburdengresultingsfromyeopper deposition and plating. Prior to
reaching the underlying barrier metal, this polish appears similar to that seen
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in a single material oxide polish, and the pattern density or area fraction of
raised copper is the key pattern parameter affecting local polish rates across
the chip.

The first concern relates to the removal of copper with different pattern
densities in different regions across the chip. As in the oxide case, a pla-
narization length parameter quantifies the spatial extent of nearby raised
topography that affects a local polish rate. The characterization of partial
polish in copper, however, is more difficult than in oxide; optical measure-
ment of absolute copper thickness in both up and down areas where copper
is still present in both is difficult [95]. Once measurements of thickness are
made for a large number of structures on the chip, the planarization length
is extracted by error minimization to account for the fact that any single
structure’s pattern density interacts with nearby structures.

An alternative approach has been used to overcome the difficulty of both
measurement and extraction of planarization length. Lefevre et al. propose
a wafer-scale pattern with trenches ranging from very small submicron fea-
tures up to 20 mm in size, with large separations between these large struc-
tures [96]. These large area trenches fill nearly conformal. Upon polishing,
one examines the amount of material removed in the center of these trenches
as a function of the trench size. For small trenches, negligible copper is re-
moved, while very large trenches will polish as if they were field regions.
In between is the interesting behavior, as shown in Fig. 9.48. The notion of
“minimum” and “maximum” planarization length is proposed to indicate, on
a logarithmic plot, where down area polish just begins and where it reaches
a maximum, respectively, with the “average planarization length” identified
as the midpoint (geometric mean) on this plot. This large trench approach
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Fig. 9.48. Planarization length plot for copper polish using large trench test mask
of indicated size. The delta copper thickness is the difference between the amount
of up area (field region) polish and down area (trench region) polish. From [96]
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closely matches the conceptual definition of planarization length, although
more work is needed to unify this measurement with values used in copper
CMP modeling [97].

Dishing and Erosion in Single Level Copper CMP

In one of the first examinations of pattern effects in copper CMP, Steigerwald
et al. reported the amount of dishing as a function of the degree of overpol-
ishing for patterned lines from 2 um to 200 um, and densities of lines from
20% to 80% (using arrays of 20 lines and spaces) [98]. By polishing a wafer
such that the barrier metal (titanium) had cleared in an outer ring of the
wafer, dishing and erosion are measured at “endpoint.” In addition, a 5%
“overpolish” measurement is made by examination of regions on the wafer
that receive approximately 5% more polish than points defined as endpoint
(based on the amount of oxide thinning in isolated field regions).

Based on these experiments, Steigerwald finds that dishing depends pri-
marily on the width of the line. Figure 9.49 shows a nearly linear amount
of dishing for lines in the 2 um to 200 wm range, both with and without 5%
overpolish. In contrast to the line width dependence of dishing, Steigerwald
concludes that erosion depends primarily on the pattern density. As shown
in Fig. 9.50, the amount of oxide erosion is only a weak function of line
width, but a strong function of pattern density. As the metal pattern density
(percentage of area occupied by the copper trench) increases, the amount of
erosion also increases. A model based on proportional loading of the pad on
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Fig:9:49: Copperidishingrasrarfunction of line width. From [98]
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the raised oxide is found to provide reasonable agreement with the observa-
tions.

Several other workers have also reported dishing and erosion results. Fay-
olle and Romagna [99] also found that when the oxide space is greater than
100 pum, oxide erosion is slight, but it dramatically increases with oxide space
reduction as shown in Fig. 9.51. They found that for fine oxide spaces, erosion
is dependent not only on oxide width but also on the copper line width of
the pattern; this statement can also be interpreted as an additional density
dependence.

Stavreva et al. report results for dishing and erosion as a function of over-
polish time for a range of pattern density, line width, and line space values, as
well as results for different polishing pressures and relative velocities [100]. As
shown in Fig. 9.52, they observe dishing to continue to increase as a function
of overpolishing time, and to show a small dependence on pressure. Oxide
erosion also shows, in Fig. 9.53, only a small or negligible dependence on
pressure.

The results from Steigerwald et al., Stavreva et al., and others require
careful interpretation. Steigerwald, for example, shows erosion vs. pattern
density for different line widths. Fayollc shows oxide erosion vs. oxide width
for different copper line widths. Of course, these results are for different pol-
ishing processes (different pads, slurries, and tools, as well as different barrier
metals and copper depositions). In addition, the sizes of the areas are not
necessarily similar (and as we saw in the case of oxide polish, density inter-
actions may depend upon relatively long length scales). Nevertheless, first
order pattern dependencies in copper polishing are clear: dishing depends

300
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Fig. 9.52. Copper dishing as a function of normalized overpolish time, for different
polish processes. A strong dependence on line width is seen, but relatively weak
dependence on pressure. From [100]
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Fig. 9.53. Oxide erosion as a function of normalized overpolish time, for different
polish processes. A strong dependence on pattern density is seen, but relatively
weak dependence on pressure. From [100]

most strongly on copper line width, and erosion depends most strongly on
pattern density. Additional effects, or the interactions between density, line
width, and line space as a function of polishing time require careful exami-
nation.

In order to study the effect of fine line features as well as larger structures
on dishing and erosion, Park et al. present test structures for both electri-
cal and physical measurement [101, 102, 103]. Arrays of lines and spaces
can be measured using surface profilometry (and using optical film thick-
ness measurements for oxides regions 10-20 um or larger), and the effective
line dimensions can be extracted from resistance measurements. Profilome-
try traces are shown in Fig. 9.54 [104]. Here we see the dominance of erosion
for narrow lines and spaces (each 1um), the dominance of erosion for very
wide lines and spaces (each 50 pm), and the importance of both dishing and
erosion in the case of intermediate lines and space (each 5 pm).

Tugbawa et al. propose models for copper pattern dependencies [97, 105];
these build on the modeling framework presented by Elbel et al. for tungsten
CMP [91]. During the copper bulk removal stage, the pattern density evalu-
ated over some planarization length determines the polish rate in local regions
across the chip. This may impact the time at which the polish “touches down”
on the underlying barrier metal in these different regions. During the second
stage the barrier metal is removed; due to selectivity differences, some degree
of copper dishing may occur during this time. For relatively small copper
features, it is conjectured that the dishing is governed by the “surface com-
pressibility” characteristics of the pad, a parameter very different from the
planarizationslengthysbutrconsistentswith a depth-dependent polish rate as
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Fig. 9.54. Copper dishing and erosion across arrays with different line widths and
line spaces (in microns). From [104]

in Elbel et al. The rate of polish within these “down” copper regions varies
inversely with the induced dishing or step height. Once the barrier has been
removed, both raised oxide and recessed copper now polish. The rate of raised
oxide removal depends on the pattern density of the oxide features (with ac-
celeration for very small oxide spaces), while the pad force is apportioned
between the oxide and copper regions. Thus the degree of dishing and ero-
sion depends fundamentally on the interplay between pattern density, line
width, and oxide spacing.

Other Feature Level Effects in Copper CMP

In addition to the dishing and erosion, other feature scale effects also occur
in copper CMP, as pictured in Fig. 9.55 [106]. The erosion “profile” across
an array of lines and spaces has been previously discussed. At the scale of
an individual oxide space, the rounding of the oxide spacer may also occur;
similarly, the shape of the dishing within each trench or feature may vary.
One effect that also merits discussion is the dishing “step” or offset from the
edge of the oxide space to the start of the copper dishing profile. This offset is
sometimes attributed to additional “chemical” etching of the slurry. Wrschka
et al., for example, found a direct correlation between the copper line recess
and etch rates for a variety of slurries used [106].
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Fig. 9.55. Feature scale non-idealities in copper CMP. From [106]

9.4.3 Interaction with Copper Plating Pattern Dependencies

In addition to the pattern effects created by copper CMP, pattern depen-
dencies in other processes can interact with copper CMP. Among these, the
copper deposition profile is important in defining the initial topography at
the beginning of the polish. In relatively simple deposition processes, one of-
ten finds arrays of features are “recessed” relative to the surrounding field
region. In some “superfill” electroplating processes, on the other hand, the
addition of various leveling agents and other chemistries can result in dra-
matic excess plating thicknesses over individual small features, or result in
“bulge” of substantial regions on the chip. Park et al. present experimental
results for a variety of processes, in terms of the feature-level step height and
the array region recess, as a function of layout parameters [107]. The same
copper CMP test masks (as shown in Section 9.2) are utilized to characterize
the amount of array recess (or array bulge) and local feature step height, as
a function of the patterned line widths and line spaces; a typical superfill
plating result is shown in Fig. 9.56.

Clearly, variation in the thickness of the initial copper in different regions
on a chip can cause different clearing times for those different structures or
regions, with a corresponding variation in the degree of overpolishing these
various regions will see. Because dishing and erosion can be sensitive to the
degree of overpolish, the overall performance of the CMP process can be
strongly affected by the pattern dependencies of the initial plating profile.
Modeling and simulation of these effects are a challenge; a proposed approach
has been presented by Tugbawa et al. which combines a contact mechanics
evaluation of large-region pad bending and pressures, with a local pattern
density and step height model [105]. While improved copper plating technol-
ogy can be expected to decrease the overfill or underfill pattern dependent
problems, it is also clear that plating variation and nonuniformity will pose
a-substantial-challenge-for-the.subsequent copper CMP process.
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Fig. 9.56. Copper recess and step height in a superfill plating process, as a function
of copper line width and line space. From [107]

9.4.4 Multilevel Copper CMP Effects

In advanced integrated circuits, multiple levels (rather than a single level)
of metal interconnect are formed using copper CMP. Pattern dependencies
create further topography during the polishing of second, third, and later
metal layers. Not only does dishing and erosion occur as before on the upper
metal level, but the initial topography existing prior to the upper metal
copper polish may generate complicated surface heights and a diversity of
copper line thickness, thus raising additional yield concerns.

Park et al. present test structures and test masks to study multilevel cop-
per CMP effects [103]. Metal 1 patterns are first polished, resulting in dishing
and erosion as shown schematically in Fig. 9.57. Subsequent oxide deposition
is approximately conformal to this large-scale topography, resulting in an
uneven surface for Metal 2 pattern and etch (assuming no additional oxide
polish is performed). Metal 2 fill must then be polished back in Metal 2 CMP,
and a substantial yield challenge is to completely clear the copper and barrier
from the large recessed metal 1 erosion regions.
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Fig. 9.57. Schematic illustration of erosion profile resulting from two level copper
CMP. From [103]

The “half overlap” structure presented by Park, with an array of lines
(as well as isolated lines) in metal is overlaid with another array of lines in
metal 2. An example resulting surface profile is shown in Fig. 9.58, where
1 pm lines and spaces are patterned on metal 1, and 5 pm lines and spaces
are patterned on metal 2. Looking from the left side, we see the dished iso-
lated line from metal 1, the dished metal 2 isolated lines, then the metal 2
dishing/erosion profile sitting within the metal 1 erosion recess, and finally
the new metal 2 dishing/erosion profile sitting over the field region from
metal 1. Despite the metal 1 and metal 2 patterns being highly regular (iso-
lated lines and fixed arrays of lines and spaces), the final metal 2 topography
is quite complicated. Clearly, accurate estimation of the copper line thickness
is difficult and the development of accurate models for copper interconnect
resistance and capacitance is a challenge.
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Fig. 9.58. Surface profile resulting from polishing of 5 pm lines and spaces (and
isolated lines) over 1 pm lines and spaces. From [103]
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9.4.5 Techniques to Address Copper CMP Pattern Dependencies

In this section, we summarize techniques to address or minimize the impact of
copper CMP pattern dependencies, including dummy fill and slotting, process
optimization, and new pad and slurry developments.

Dummy Fill and Slotting

In the case of oxide and STI polishing, process optimization has not been
able to eliminate pattern dependencies, and as a result dummy fill strate-
gies have been required and are widely used [108]. In an analogous fashion,
dummy structures may be able to reduce copper pattern effects {109, 110].
The addition of dummy metal lines or structures can better equalize the
pattern density across the chip, so that erosion is more similar across the
entire chip. Note that the addition of dummy metal can only increase the
copper line loss (by increasing erosion), but this may be preferable to un-
equal degrees of erosion. Alternatively, a dummy “slotting” approach can be
considered, in which pillars or slots of oxide are inserted into wide trenches
or large copper structures. These oxide structures conceptually “hold up”
the polishing pad to reduce the degree of dishing. Thus a tradeoff exists
between potential reduced dishing, and the inherent loss of cross-sectional
area in large lines due to the presence of the oxide structures. In the case of
pads or other large copper regions where dishing may be the largest concern
while structure resistance is not critical, the insertion of different slotting
patterns is often used. The benefits of oxide insertion in conducting lines are
less certain.

Aside from the automatic insertion of dummy metal or dummy oxide, a re-
lated approach is to establish design rules that help to minimize or bound
the pattern effects arising from copper polish. For example, design rules may
specify that metal lines must have not only some minimum width (as is com-
monly done for electromigration reasons), but also must have some maximum
width (to bound the degree of dishing in the line). Similarly, oxide space up-
per and lower bounds may be established, as well as pattern densities within
some specified area.

Process Optimization to Minimize Copper Pattern Dependencies

Customization of the process parameters and consumable set can reduce dish-
ing and erosion. One approach is to use slurries and pads with different se-
lectivity and pattern sensitivity for different stages of the process [111]. For
example, a highly selective first step slurry is used to stop on the barrier
metal, followed by a highly selective barrier step to clear the metal. Alterna-
tively, a 1:1:1 (copper, barrier, and oxide) selectivity slurry is used in the final
polishystepstosremovesexcessycoppergand barrier metal, as well as reduce any
existing oxide topography. An extreme “sacrificial oxide” approach is used
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where preferential oxide slurry removes the oxide profile arising from erosion;
the tradeoff here is that copper line loss is substantial but the topography is
reduced.

Consumable Options to Reduce Copper Dishing and Erosion

Additional consumable options are also used to reduce dishing and erosion.
Just as in STI, fixed abrasive pads are of interest as a means to minimize
“down area” dishing into copper lines. In the copper case, scratching of the
surface is a substantial concern [112, 113]. Another approach is “abrasive
free” polishing, in which chemical slurry without the usual alumina or silica
particles is used with a conventional pad and tool. In work reported by Hi-
tachi [114], very little barrier metal polishing (and thus small erosion) with re-
duced dishing occurs during a first CMP step, followed by either plasma etch
or conventional barrier metal CMP to achieve less overall dishing and erosion.
The removal rate of copper as a function of applied pressure for abrasive-free
shows a non-linear dependence on pressure, as illustrated in Fig. 9.59 [115].
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Fig. 9.59. Removal rate as a function of applied pressure for abrasive-free copper
polishing slurry. From [115]

In this case, if a line is recessed somewhat from the surface, the pressure on
the line may be decreased enough that the removal rate becomes negligible.

Such effects can be integrated into pattern density/step-height or contact
wear models [116].
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10 Integration Issues of CMP

K.M. Robinson, K. DeVriendt, and D.R. Evans

When CMP was introduced, its first role was to planarize ILD films to enable
multiple levels beyond two or three of metal interconnects. As with any other
step in semiconductor processing, the presence of any CMP step comes with
a significant number of integration issues, and their associated performance
tradeoffs. This chapter addresses those issues and tradeoffs. Though there
are a number of integration issues that are common to all CMP steps, such
as defect reduction, in general, each type of CMP, such as tungsten CMP or
STI CMP, has issues that are specific to that specific step. For that reason
the chapter is grouped into the major CMP process types: oxide, tungsten,
STI and copper. There are other CMP processes, but these four areas cover
most of the issues with the more uncommon processes, such as poly-silicon
CMP.

Again, many integration issues are similar among the various types of
CMP. But, as an example, the dishing and erosion issues of copper CMP, in
general, are much more demanding than those of tungsten. These integration
requirements drive the specific CMP process requirements for each step. The
goal of this chapter is to describe the integration issues, and how they impact
the CMP process. As with all semiconductor processing, the specific process
control limits tighten with each generation, but within a slowly evolving (from
the point of view of adding new steps) process technology, the integration
issues also evolve relatively slowly.

10.1 Oxide CMP Integration

10.1.1 Introduction

Pre-metal dielectric (PMD) and Interlayer dielectric (ILD) CMP are the most
common and most studied of the CMP steps. Originally introduced to provide
planarization for lithography, they have also come to be seen as enabling
processes for etch and metallization. Unique amongst the CMP steps, PMD
and ILD CMP are “stop-in-film” processes. There are no interfaces on which
to stop the CMP process resulting in a process very dependent upon removal
rate-controlywithin.dies-wafer;-lot-and fab, for reproducibility. Collectively
labeled “oxide” CMP, these two processes share many integration concerns



352 K.M. Robinson, K. DeVriendt and D.R. Evans

of deposition, planarity and defectivity, which will be covered first followed
by more details of PMD and ILD specific issues.

PMD is meant to provide planarization between the front-end active de-
vices and the back-end metallization. The reasons for the planarization are
multiple, a) enabling contact lithography, b) enabling contact etch unifor-
mity and c) enabling contact tungsten CMP. A new role for PMD CMP is
the enablement of copper CMP in either single or dual damascene integration.

ILD CMP is meant to provide planarization between the increasing num-
ber of metal layers in the back-end. The reasons are two-fold, a) enabling via
lithography and b) enabling via tungsten CMP. Although these two reasons
appear similar to PMD CMP, the integration concerns are very different. It
should be noted that although ILD is in the process of being replaced in the
technology roadmap with copper CMP, it still represents a majority of CMP
processing in manufacturing.

Integration of CMP began with ILD CMP. It was recognized that contin-
uing device shrinkage dictates that the depth of focus for lithography tools
would require true global flat surfaces. Depth of focus can simplistically be
defined as the width of the optical interface with sufficient process margin
to allow for within tolerance printing of mask features. It is highly depen-
dent on the numerical aperture, which is lithography tool dependent, and the
wavelength of the light [1].

F r Flat plate capacitor - substrate as bottom plate
I No PMD CMP - Single layer metallization

) LOCOS isolation

Gate structure

Stacked plate capacitor - patterned poly silicon
bottom plate

4 [ PMD CMP - W etchback / W CMP interconnect
/ LOCOS isolation
Metal isolation
contact

Vertical crown capacitor - Plug etchback / CMP
capacitor interconnect

PMD CMP - W CMP interconnect
STI CMP isolation

capacitor

Fig. 10.1. Vertical growth of DRAM architecture as generation shrinks forces the
capacitor structure from a flat plate to a three-dimensional structure
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It is readily apparent that in order to pattern smaller features, the reso-
lution of the lithography process must also improve and like depth of focus,
resolution is also wavelength dependent [1]. As an example of the conflict
inherent in shrinking dimensions, in a device such as a DRAM the minimum
capacitance required for storage in an individual memory cell are determined
by the cell area and the dielectric constant. The only way to maintain suf-
ficient capacitance as the cell area shrinks is to go three-dimensional, as
shown in Fig. 10.1 [2]. This increase in topography is counter-productive to
the shrinking depth of focus and forces the need to planarize the topography
before subsequent lithography steps. Similar arguments are used for logic de-
vices. There are very good reviews on initial planarization process such as
spin on glass and etchback and the reader is referred to those references for
a historical perspective [3]. The focus of this section is to understand the
integration of PMD and ILD CMP into present day chip manufacturing,.

10.1.2 General Oxide CMP Integration Issues

PMD and ILD CMP are known collectively as oxide CMP. For both ILD and
PMD, the slurry, pads, tools and ultimate purpose are essentially identical
with some minor modifications based on proprietary needs of the particular
devices. Subsequently many of the integration concepts are also interchange-
able and will be covered with respect to planarization of a generic oxide film.
More specific ILD and PMD concerns are covered separately.

Depth of Focus

Depth of Focus (DOF) is a description of the process margin for lithography
patterning. In essence within the DOF, patterns maintain the same resolution
across the reticle field. Variations in topography must be kept smaller than
the DOF to assure design rule specifications on line widths and spacings
are met. Local planarization techniques, such as spin-on glass and etchback,
are adequate to maintain small dimensional consistency, over distances of
1-10 pm. However they fail for the larger dimensional needs, in the range
of 10 um-10mm, (cross-die and cross-reticle). At illumination wavelengths
of 193nm and 157 nm, an improved DOF is required to enable continuing
technology critical dimension or CD shrinks [4].

Typical commercially available I-line (365nm) or KrF (248 nm) based
steppers have a DOF of ~ 1um [1]. This is calculated on a simple formula:

DOF = +K)/NAZ. (10.1)

K is an optical constant based on the stepper and resist, A is the stepper
wavelength and NA is the numerical aperture [3]. Typical values of NA range
from»0:60 tor 045 - forrI=linerandsKrF steppers. However as the limitations
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\ / Photo Resist

Depth of
Focus

—-—/_
+—
cD As deposited
PMD
rl Y I-I rl ' rl Iy Y
c —y —
DRAM array DRAM periphery

Fig. 10.2. Effect of topography on depth of focus

of KrF resists are pushed to enable 90 nm technology nodes, the DOF will
shrink to 0.5 pm to allow for 120 nm line widths [5].

CMP enables the use of a reduced DOF system by reducing the topogra-
phy height across the chip. In the DRAM example of Fig. 10.1, it is apparent
that as the capacitor stack grows more vertical to accommodate a shrinking
base, the step height induced at the edge of the array increases to greater than
the DOF. Subsequent lithography process steps require making source/drain
and gate contacts prior to metallization. As Fig. 10.2 depicts, without CMP
the memory array contacts are out of focus with the peripheral contacts. Out
of focus printing would result in underexposure of the resist. This leads to
out-of-specification contact CDs or incomplete contact patterning that would
block the subsequent etches. By reducing the topography, the array and pe-
ripheral contacts are within the DOF resulting in similar sized contacts or
line widths across the die, as shown in Fig. 10.3.

Degree of Planarization

The basic purpose of oxide CMP is to planarize the dielectric over the un-
derlying metal. By planarizing the dielectric, CMP improves interconnect
reliability and yield [6]. The definition of planarization can be broken into
three components, local, global and step height [3], which are described in
Fig. 10.4. Local globalization can be considered on the same dimensions as
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0 um - planar 0.8umstep 1.9um step 3.0pumstep

Fig. 10.3. Effect of step height on array, 0 um, to periphery, 0.8 to 3.0 um steps
in photo resist CDs. The array is in focus while the identical structures in the
periphery are out of focus. The pictures are shot using I-line steppers

the line widths or cell-to-cell structure in a DRAM. Global planarization can
be considered on the dimensions of the full die or across a bank of devices
such as the dome formed over the full memory array. Step height is similar
to local planarization however it differs in that is a measured at the edge
of a device density transition such as the edge of an array to the periph-
ery. It is a resultant defect due to incomplete CMP or insufficient deposition.
Based on a statistical approach, within die planarity variation is greater than
wafer scale planarity variation [7] and any reported planarity data should dis-

v

Local planarization - due to conformity of
|-| ﬂ deposited dielectric

Global planarization - due to pattern density
changes across the device

(M m Step Height - due to topography change at

transition of high to low density patterns

Fig. 10.4. Definitions of topography components, local, global and step height
planarization
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tinguish between these three components. As shown in Fig. 10.5, the total
planarity of a flat surface with a small step height is identical to a domed
surface with no step height, however the integration consequences are very
different.

Oxide CMP is not necessary for local planarization. Processes such as
SOG/etchback, HDP deposition and BPSG/reflow are adequate in reducing
the small-scale topography within high-density patterns. Local planarization
could be considered a by-product of the need for global planarization. One
aspect of local planarization that is benefited specifically by oxide CMP is in
the elimination of ILD voids, or bubbles, formed during deposition and reflow
of doped oxides or from conformal PETEOS deposition processes [3]. In dense
patterns, ILD deposition results in seams or bubbles in the dielectric film, as
pictured in Fig. 10.6. In doped oxides, a resultant high temperature reflow
can move these bubbles higher in the film or remove them completely. When
high temperatures are not allowed due to metallization, initial depositions
are followed by an Ar etchback to reduce the overhanging profile that leads
to seams. A subsequent deposition is performed to fill the remaining gap. The
result of both of these processes is an excess of ILD over the dense arrays.
This excess film is polished back to remove the seam/bubble, which during
subsequent metallization processes could lead to shorts caused by residual
metal in the local topography of the seam.

Step height is a distinct subset of local planarization. It marks the tran-
sition between high and low density patterns within the die. Examples of
high density patterns are a memory array in a DRAM or SRAM or a large
MIM capacitor in an analog device. Examples of low density patterns are iso-
lated NPN emitters in amplifiers or small test structures in the scribe lines.
The size and density of the underlying devices define the initial step height.
As discussed above, the actual step height may vary due to excess dielectric
deposition on high pattern density structures. The initial CMP integration
concern is the actual deposition thickness of the dielectric material. Suffi-
cient dielectric must be deposited to result in planarization of the initial step
height. A rough estimate for appropriate deposition thickness for complete

Fig. 10.5. Example of equivalent absolute topography in an IC device. Subsequent
etch processes for the two devices would require very different integration schemes
for the etch stop layer as the domed structure has more variability in the etch length
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Fig. 10.6. Deposition of doped oxides creates voids in the ILD layer as the CD
shrinks. High temperature anneals reflow doped-oxides to fill these voids but are

insufficient to planarize the ILD over the topography. ILD layers in the backend are
typically not reflowed due to the low temperature limitation of Al metallization

planarization of the step height during dielectric CMP is 1.5 times the initial
step height in addition to the target thickness over the substrate [8], as drawn
in Fig. 10.7.

Incomplete planarization of the step has several consequences. Metalliza-
tion following oxide CMP is typically RIE etched to form metal lines. To-
pography in the blanket metal layers affects the RIE etch by leaving residual
metal along the edges of the step, as seen in Fig. 10.8, known as stringers.
Stringers are a result of the anisotropic RIE etch which is timed for minimal
etch into the underlying oxide [9]. The stringers cause shorts between adja-
cent metal lines. They can be removed by increasing the RIE etch into the
underlying oxide, however this increases the aspect ratio of the next oxide
deposition. Higher aspect ratios are difficult to fill adequately and increase
the probability of bubbles and seams. In addition to affecting the subsequent
aspect ratios the increased etch requires increased thickness between metal
layers and lower device layers as the over-etch could damage the underlying
material. This increased thickness between layers increases the aspect ratio
for subsequent via and contact etch and metallization resulting in a loss in
interconnect reliability.

The most beneficial aspect of oxide CMP is measured by the improvement
in global planarity. Apart from the DOF discussion above, an improvement
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