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Abstract

Chemical-Mechanical Polishing (CMP) is one of the enabling processes used in
the manufacture of semiconductor chips. In the relentless progress to make computer
chips faster, smaller, and cheaper, the CMP process plays a prominent role. One of its
limitations, however, is non-uniform polishing rate at the die and wafer scales. In this
thesis, an innovative CMP machine configuration is proposed to minimize wafer-scale
non-uniformity. The new face-up machine lowers wafer-scale non-uniformity by
minimizing over-polishing of any particular area. The thesis discusses the kinematics
and design considerations of this machine.

Additionally, this thesis develops an analytical model for slurry flow in CMP in
two steps. First, a simple but useful method of estimating the effective gap between the
wafer and the pad during polishing is developed. The method uses pressurized fluid flow
and an analytical model to estimate the effective gap between the wafer and the pad.
Second, this effective gap is used in the Couette model that describes the slurry behavior
in CMP. The Couette model shows that rotational speeds of the wafer and pad, the
effective gap, and the sizes of the wafer and pad dictate the slurry flow rate and flow
pattern in both conventional CMP and the new face-up CMP. The Couette model can be
used to estimate the slurry flow rate whenever the process parameters are changed.
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Chapter 1

Introduction

1.1 Background

Chemical Mechanical Polishing (CMP) is a material removal process that was
used to polish and planarize glass sheets and lenses for decades before the semiconductor
industry applied it to the production of integrated circuit (IC) devices. The polishing
process consists of using small abrasive particles to remove a thin layer of material which
usually makes the surface both planar and smooth. All polishing processes fall into one
of the two categories which are differentiated by the way the abrasive particles are
introduced into the polishing area. Two-body polishing is done by fixing abrasive
particles to a flexible surface and then rubbing that surface against the work piece. The
second mode of polishing is called three-body abrasion and consists of a rough and
compliant pad which rubs against the work piece while a fluid containing abrasive
particles is introduced into the polishing area. Both types of polishing have their
advantages but a vast majority of CMP is done by three-body abrasion which offers better
planarization results and fewer scratches than two-body abrasion.

CMP has a few requirements: pressure between the work piece and the polishing
pad, relative velocity between both, and the presence of abrasive particles. Typically,
rotary CMP is done by pressing the wafer (work piece) off-center onto a large polishing
pad. Both the wafer and the pad are rotated about their own axes. Abrasive slurry, a
fluid containing the abrasive particles and other chemicals that enhance material removal
rate, 1s introduced onto the pad, so that the motion of the pad will drag the slurry into the
polishing region. Once in the polishing interface, the abrasives start removing material
by plowing and/or cutting. Figure la is a schematic of the rotary type CMP machine. Of
course, other ways of fulfilling the basic polishing requirements are possible as are
depicted in Figure 1'. Typically, linear and orbital polishing machines are more

complicated and expensive while at the same time do not offer any significant advantage
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Figure 1.1. Schematic of various CMP machines



in polishing performance over the rotary type.

There is another possibility of fulfilling the polishing requirements while, at the
same time, improving the polishing performance. This concept CMP machine was put
together due to its great potential of improving the CMP results. It is depicted in Figure
1d and it is closely related to the rotary type CMP machine. This machine will be
referred to as the face-up polishing machine, due to the fact that the wafer is held 'face' up
while it is being polished. The advantage and disadvantage of the face-up polishing
machine arise from the fact that the pad is smaller than the wafer and thus the wafer is
only partially covered by the pad. This affects the throughput of the polisher since the
pad only covers and removes material from a portion of the wafer at any given time as
opposed to the entire wafer in the typical rotary polisher. This disadvantage will have to
be counteracted by either increasing the rotational velocities or by using the slurry in a
more effective fashion. The advantage of this concept is that a small pad can generally
move away from a polished region and hence not over-polish it, which is a major
problem in CMP. Since the wafer is larger than the pad, it can be easily scanned or
imaged continuously to see whether or not the process is completed -- a process called

end point detection which is cumbersome in the typical CMP machines®.

1.2  History

The earliest application of CMP in the semiconductor industry was to prepare
silicon wafers for very-large-scale-integrated (VLSI) devices and circuits’. After the
wafers are sawed from a single crystal silicon rod, the damaged surface is planarized and
the scratches are removed by the CMP process. The term chemical mechanical polishing
arose from the fact that chemicals are used to meet the specifications for both planarity
and surface finish. The mechanical abrasive materials and sizes are also chosen to meet
those specifications. It has been investigated that material removal in CMP is mostly due
to mechanical abrasion*” while the slurry chemistry softens the polishing material®’.

In 1980s, after years of using CMP to polish silicon wafers, IBM researchers
discovered new applications for the CMP process, namely, inter-level-dielectrics (ILD)

and shallow-trench-isolation (STI). In ILD, CMP was applied in conventional aluminum
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interconnect layers, where CMP produced a planar and defect free ILD surface, typically
silicon dioxide, for the deposition of aluminum layer. The aluminum layer was then
patterned by lithography which needs a very planar surface for focusing. After
lithography, patterning was completed by etching of Al so that only desired interconnect
wires remained. The remaining interconnect wires were then insulated by another ILD
layer. The process was repeated as needed to form three dimensional electrical wiring
called interconnects. An idealization of the ILD CMP is shown in Figure 1.2.

The second application of CMP to the semiconductor industry was STI which is
used in the fabrication of transistors on the wafer. In STI, silicon nitride is deposited onto
the wafer, patterned by lithography and etched to form trenches. Then, silicon oxide is
deposited uniformly onto the surface and CMP is utilized to remove all of the oxide on
top of silicon nitride leaving trenches filled with just silicon oxide. The discussion of STI
is limited but the concept of STI is identical to Cu CMP, which came much later. Figure
1.3 shows a schematic of Cu CMP. STI is a similar process except on a slightly smaller
scale and for different materials.

In the mid 1990s as the industry was trying to meet ever more stringent
specifications required by the need to produce smaller and faster chips, Cu was looked at
as a possible replacement for Al as the interconnect material. Copper was chosen for its
low electrical resistivity and its resistance to electromigration. Copper had a promise of
increasing the speed of chips by 20%, but the major problem with Cu was that, compared
with Al, it was very difficult to etch. Hence, in order to fabricate multi-layered
interconnect wiring, a process similar to STI CMP had to be employed as opposed to ILD
used with aluminum. Cu CMP starts with a planar dielectric layer, typically silicon
dioxide, which is patterned by lithography and then etched to form 'trenches. A
uniformly thick layer of copper is then deposited onto the surface by PVD, CVD, or
clectroplating which covers the entire surface in a uniform fashion. CMP is then
employed to remove the excess copper on top of the dielectric layer. After CMP, some
portion of the dielectric layer is exposed and the only copper remaining is in the trenches
forming interconnects. This process is repeated to form as many as 8 levels of

interconnect wiring on current Intel's Pentium 4 chips.
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1.3 Cu CMP shortcomings

The CMP process is definitely an enabling process in ultra-large-scaled-integrated
(ULSI) devices and it began to be used in the fabrication of MEMS'®. But like any other
manufacturing process, it has limitations which will be discussed in light of Cu CMP.
The most troublesome problem with Cu CMP is the polishing non-uniformity which
occurs at three different scales: wafer, die, and feature scales. Feature-scale non-
uniformities are mainly caused by local material variations and scratches which may
cause the device to be defective. Local material variations may occur because of
variation in deposition; hence CMP is not directly responsible for that defect. Scratches,
however, are mainly due to CMP and can be eliminated by keeping the CMP
environment clean and by controlling the abrasive size and particle agglomeration in the
incoming slurry. On the other hand, CMP is directly responsible for die- and wafer-scale
non-uniformities.

It is generally agreed that material removal in CMP is due to mechanical
interaction between abrasive particles, the pad, and the chemically modified wafer

surface. The material removal rate (MRR) can be modeled by the Preston equation'’:

dh

E— = kppnom

Vel (1.1)

where £ is the thickness of the layer removed, ¢ the polishing time, p, . the nominal

pressure, \7R| the magnitude of relative velocity vector, and k, the proportionality

constant known as the Preston constant. Many researchers demonstrated experimentally
the validity of the Preston equation in CMP>'>!®, It must be understood that the Preston
constant is not a constant on the wafer and die scales. The Preston equation describes
material removal rate at some point on the wafer which can be characterized by local
pressure and local relative velocity. Generally, another point on the same wafer will have

different local pressure and relative velocity due to pattern geometry effects and/or spatial
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pressure variations. Hence different points on the wafer will exhibit different material
removal rates, and this difference is expressed as different Preston constants.

Spatial (radial) material removal variation occurs even if relative velocity and
pattern geometry are the same across the wafer surface. This variation is called wafer
scale non-uniformity and it is hypothesized to result from: (i) local pressure has spatial
(radial) variation and (ii) abrasive slurry is not distributed uniformly throughout the wafer
surface. Local pressure varies radially on the wafer due to the fact that a rigid wafer is
pressed onto an elastic pad which cannot support infinite curvature near the edge; hence it

415 " The semiconductor industry resolves

causes radially varying pressure distribution
this problem by two means. First, they effectively enlarge the wafer by placing a
retaining ring around the wafer which causes similar pressure distribution variation but
within the wafer region it becomes more uniform. Second, they incorporate pressure
chambers on the backside of the wafer which allows them to apply higher pressure in the
center of the wafer, and thus counteracting this phenomenon.

The slurry distribution problem is mainly caused by the fact that the slurry is fed
onto the pad outside the wafer. The slurry must enter the wafer/pad interface from the
outside and thus the outer edge will be exposed to the freshest and most effective slurry
which may cause the outer edge of the wafer to exhibit higher removal rate. This
problem can only be solved by somehow feeding the slurry throughout the wafer-pad
interface, probably through the pad. But on a rotary type CMP tool, this would cause a
large slurry consumption which would increase an already high cost of CMP ownership
(Co0).

Die-level non-uniformity is the variation of material removal rate within any die.
Typically, a die would consist of a variety of geometries such as linewidth (interconnect
width) and area fraction, which is a fraction of the projected area of interconnects.
Within a die there may be some areas with large line widths and high area fraction, small
linewidths with low area fraction or anything in between. These pattern geometries cause
die-level non-uniformity which is a major problem for the CMP industry'®**%. At present,
CMP tools are helpless against die-level non-uniformity since all of adjustable

parameters of any CMP tool such as nominal pressure, relative velocities, pad selection,
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and slurry selection are global in nature and are expected to affect each portion of the die
equally.

Wafer-level non-uniformity, however, is predominantly due to the design and
geometry of the CMP tool. Pressure distribution non-uniformity is due to the fact that the
entire wafer is pressed onto a larger and more compliant pad. Variations of slurry
availability and effectiveness throughout the wafer-pad interface are also mostly due to
the fact that the slurry is fed outside this interface and the pad is not providing an
effective way of transporting the slurry. The inverted face-up CMP machine will
eliminate both of these problems while introducing another cause of wafer-level non-

uniformity which can be easily controlled.

1.4  Face-up polisher's promise

The proposed face-up CMP tool is a rotary type CMP tool that is completely
inverted compared to a traditional rotary tool. The idea is to eliminate or at least
significantly lower wafer-level non-uniformity by geometric and kinematic means. By
holding the wafer face-up and polishing its surface with a smaller pad, the CMP tool will
have much more control over polishing uniformity provided the kinematics are well
understood and adequate end point detection is implemented. The face-up polisher can
minimize wafer-level non-uniformity caused by pressure variation and slurry distribution.

The pressure variation can be significantly reduced by having a small, compliant
polishing pad that is fully within the wafer. The only time the pressure variation will
come into play is when some portion of the pad is outside the wafer. In order to
effectively polish the edge, the pad must be moved outside the wafer so that a larger
fraction of the wafer edge is covered by the pad. This will cause similar pressure
variation as seen in conventional rotary type CMP machines. But a similar retaining ring
concept can be used to counteract it. The wafer surface can be effectively enlarged by a
retaining ring while the pad is polishing the edge area. This would eliminate any pressure
variation as long as the wafer and the retaining ring are in the same plane to within a few

micrometers.
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But the greatest improvement over a conventional rotary type CMP tool comes
from the way abrasive slurry can be distributed in the wafer-pad interface. In the face-up
configuration, the pad is smaller than the wafer so the entire pad area is constantly within
the wafer bounds and is always removing material. Hence it is possible and desirable to
distribute the slurry through perforations in the pad in such a way that slurry will be
equally available throughout the pad area ensuring a uniform Preston constant.

Both of these are benefits over a conventional rotary type CMP tool, and they will
enable the process to minimize over-polishing time on any point on the wafer. Since
incoming wafers are generally planar, as long as it does not over-polish any areas and
hence remove more material than necessary, which will cause deviations from nominal
planarity, the wafer will leave CMP with good planarity. This planarity is basically the
definition of wafer-level non-uniformity. So by using this new CMP tool, it is possible to
minimize over-polishing on the wafer-scale and keep within-wafer-non-uniformity
(WIWNU) to the desired 5%2>>. However, die-scale non-uniformity may not be affected
at all, for it is a separate problem on a smaller scale that the new face-up polisher cannot
solve. The problem must be addressed before the wafers come to CMP. One way to
solve die-scale non-uniformity is to ensure that Cu is deposited over the pattern trench in
such a way that it appears like a blanket wafer and thus eliminating pattern dependency

on polishing rates’.

1.5 Thesis Objective and Organization

It is desirable to distribute the slurry through perforations in the pad uniformly so
that the material removal can be described purely by the kinematics of the system. The
object is to make the Preston constant spatially constant. It should not vary from one
point of the interface to the next. However, the material removal rate will generally vary
spatially due to the velocity gradients and the fact that the pad is round and it does not
cover the wafer uniformly. But as long as the material removal rate only depends on the
geometry and the kinematics, both of them can be altered during polishing to remove
equal amounts of material at any point on the wafer and hence minimizing wafer-scale

non-uniformity. But the alteration of the kinematics and geometry during polishing will
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only produce improvements in wafer-scale non-uniformity if the pad can be assumed to
remove material equally within its area.

The objective of this thesis is to analyze slurry flow between the wafer and the
pad for both the face-down and for the face-up polishing machines. Such analysis is
important because it will yield a simple yet meaningful model for siurry flow in CMP. In
the past, many researchers studied slurry flow in the context of CMP but failed to provide
any useful insights of which parameters are important”” . The analysis presented in this
thesis will yield a simple analytical model for slurry flow rate and general slurry velocity
during polishing. This thesis will show which parameters are important and how they
affect scaling. The analysis will also give guidance for designing the pad for the face-up
polishing machine such that the Preston constant will not vary spatially. It is also desired
to minimize the slurry consumption during CMP since it is a large portion of CMP CoO,
in addition to the environmental issue of discarding hazardous slurry. It is believed that if
the wafer/pad interface is flooded with slurry through many holes and grooves, the slurry
distribution will be uniform, and the Preston constant will be uniform throughout that
interface. However, it is too expensive and not a good practice to do that. Thus the pad
perforations must be optimized to keep the slurry uniformly distributed but at the same
time minimize its consumption. Additionally, the thesis will also focus on defining and
characterizing certain pad properties that are important in determining slurry distribution
and flow rates. Basic fluid models will be incorporated in determining these parameters
which will give insights into how an optimized pad should be designed and what CMP
parameters dictate the slurry consumption.

The thesis is organized in chapters that address the problem in ever-greater detail
until the conclusion. The second chapter defines and fully describes the design, geometry
and kinematics of the face-up polishing machine. It is imperative to understand this
concept tool since the thesis focuses on the slurry flow in the context of this tool. The
general conclusions of this thesis can be applied to any CMP tool, but the analysis was
done with the face-up polisher in mind.

The third chapter describes the methodology of characterizing the pad for fluid
flow. Numerous papers have been published trying to determine the fluid film thickness

24,25

between the pad and the wafer** and the effect of slurry delivery in CMP?. The new
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methodology will enable researchers to obtain an effective gap between the wafer and the
pad. The described experiment is an application of Poiseuille flow solution to a more
complicated system used in CMP. However, even such a simple model can be used to
characterize the pad in terms of fluid flow capability without using a sophisticated pad
surface profilometric technique. The utility of this method is that it can be used to test
different pads under loads experienced in actual CMP process, something profilometers
cannot do. Profilometry is an excellent means of measuring roughness of the pad but
during polishing such roughness is reduced due to loading. The Poiseuille method is
used to find the effective gap between the wafer and pad even under loads experienced in
CMP.

In Chapter 4, the obtained gap from Chapter 3 is used in another fluid flow model
describing slurry flow in the face-up polisher. Since the face-up polisher uses a
perforated pad, all of the slurry flows through the interface and it is limited by the
effective gap between the wafer and the pad and their rotational speeds. The described
model is basically a Couette flow model which is boundary induced flow. The slurry is
driven from the pad perforation and out of the pad by the movement of the boundaries.
The model is quite simple and can be readily used to estimate the slurry consumption of
the polisher. The model is important to understand because in the face-up geometry, the
CMP process draws as much slurry as it needs as long as there is some in a reservoir. It
does not depend on the operator's decision of how much to feed; the given CMP
conditions will restrict the flow. The operator's only choice is whether or not to starve
the system. The desirability of such an action depends on the polishing pad used, its
effective gap between the wafer and the pad and the effect of slurry starvation on material
removal rate.

The effect of slurry flow rate on material removal rate will be discussed in
Chapter 5. Some experiments performed on both face-up machine and conventional
rotary machine will be discussed in light of slurry consumption and its effective use. In
the face-down CMP, the slurry flow rates are typically established empirically for given
CMP conditions. It is not clear how the slurry flow rates depend on CMP process
conditions and wafer size. The Couette flow model describing flow in the face-up

polisher gives some insights on the amount of slurry that needs to be fed. Its implications
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can be easily applied to the conventional rotary geometry. Material removal rates or the
Preston constants will be determined as a function of slurry feed rate for the conventional
CMP machine. That data will then be compared to data from the face-up polisher.

The conclusion will elaborate on the performed work in the context of scaling and

other CMP issues and suggest possible future research.
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Chapter 2

Design and Analysis of the face-up polisher

2.1 Design

The novelty of the face-up polisher is that the pad is smaller than the wafer. This
fact creates possibilities for an improvement in controlling wafer-scale non-uniformity.
The conceptual idea for the face-up polisher was born during an investigation of erosion
and dishing problems in CMP. The initial conclusion was that these problems were
mainly caused by over-polishing. Over-polishing, in turn, is caused by non-uniform
polishing rates across the wafer. For example, the outer area of the wafer shows faster
material removal rates than the center, so by the time CMP is completed at the center; the
edge will be noticeably over-polished. Even if a perfect end point detection is employed,
the entire wafer continues to be polished until the slowest areas are ready, and in the
meantime the fastest areas will be over-polished. This over-polishing makes the
interconnect lines thinner by removing extra oxide material, erosion, and removing Cu
below the diminished oxide level, dishing. The face-up polisher was conceived to

minimize over-polishing on the wafer scale by progressively moving the pad away from

Pressure
:ofﬂzli, Slurry

the polished regions.

Pad
Perforated)

Wafer

Figure 2.1. Schematic of face-up polisher
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Figure 2.1 shows a schematic of the face-up polisher. It consists of a wafer which
is held to-be-polished-side up and it is rotated at some angular velocity about its center.
The pad, which typically is smaller than the wafer, is pressed onto the wafer off-center;
the distance between the center of pad and the center of wafer being a variable, r.,, which
generally will change during the polishing process. The pad is also rotated about its
center and at some angular velocity which generally will not be the same as that of the
wafer. The slurry is distributed into the wafer pad interface by a number of perforations
through the pad, thus enhancing the polishing rate and uniformity. These are the only
functional requirements for the face-up CMP machine.

Due to the proposed configuration, there are a few potential concerns unique to
the face-up machine. The wafer, while rotating rather fast (200-800 rpm) carries a
normal load due to the pad and, since it is a tribological system, a tangential force which
causes a moment in the normal direction on the wafer. Hence, an important design
consideration is the way the wafer will be held during polishing. Another important
consideration is how the alignment of the pad will be controlled so that pad can lay flat
on the wafer surface and have a uniform pressure distribution and still be driven linearly
and rotationally. The way the slurry is fed and distributed through the pad must also be
considered. So, in order to design and fabricate the face-up polishing machine, these
issues must be resolved. Those issues are not necessarily present on the typical face-

down rotary CMP machine.

2.2 Wafer Carrier

The wafer carrier incorporated into the face-up polisher must be quite different
from the typical rotary type. The basic differences arise from the fact that the normal
load coming onto the wafer is usually off-centered. This will not only cause a large
torque which the wafer must carry, but also a moment that will tend to lift the unloaded
side of the wafer. On a conventional rotary CMP machine, the wafer is firmly pressed
onto the pad with the entire wafer area supporting the load. The wafer is held by
capillary forces between the wafer and the backside of the carrier, and it is constrained by

a retaining ring. This will not allow the wafer to slip out of the wafer carrier since it is

-2



firmly pressed against the pad and surrounded by the retaining ring. The face-up polisher
is a little different since the off-center moment of the pad will tend to lift one side of the
wafer upward. If the wafer is not constrained on that side it may slip out of the carrier all
together. The ideal solution to this problem is to hold the wafer by a vacuum chuck that
will provide enough normal force on the wafer that overcomes the off-centered loading.
The vacuum normal load will also provide adequate normal force so a large friction force
between the wafer and the chuck can be generated, which will easily resist the rotational
torques associated with polishing. Figure 2.2 shows a photograph of the existing face-up
polisher in operation. A cross-sectional view of the wafer carrier and the pad system is
shown in Fig. 2.3.

The design of such vacuum chuck can be complicated since it must provide large
forces to counteract the polishing forces. An important parameter in the vacuum chuck
design is making sure that the wafer will not deflect considerably beyond the vacuum
regions. It was observed that this bending is large enough during polishing so that low
material removal rates were present in the deflected regions. The pad was basically
skimming above the depressions in the wafer created by the vacuum. Hence, the vacuum
chuck must be optimized in terms of a large vacuum area for generating a large clamping
force and small vacuum areas for negligible deflections. It is believed that the optimum
vacuum chuck design will consist of a large number of small holes, so that the wafer
deflection overhanging the vacuum holes will be small, but there will be enough holes to
generate a large clamping force.

It is best to provide continuous vacuum during polishing so that it can be a
reliable clamping mechanism through out the duration of polishing. But since the wafer
rotates during polishing, the vacuum chuck/wafer carrier must be equipped with a rotary
seal that will provide a good seal and a way to continuously pump the air out. The rotary
seal must be isolated from the slurry waste or be able to adequately deal with harsh
chemicals. At present, the vacuum chuck has not been equipped with a rotary seal,

instead
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Figure 2.2. Photograph of the face-up polisher in action.
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the vacuum chamber is evacuated before the polishing and it is sealed via gaskets and a
valve so that it remains evacuated throughout the duration of polishing.

Another important design parameter concerning the wafer carrier has to do with
the edge of the wafer. In the face-up configuration, the pad is smaller than the wafer so
the pad must be moved, at least partially, out of the wafer area to effectively polish the
wafer edge. Since some slurry supplying perforations would be outside the wafer at any
given time, considerable volume of slurry would be wasted. It would be beneficial in
terms of slurry consumption, therefore, to provide additional surface beyond the wafer to
minimize slurry consumption. This surface too would be polished, so it is important that
it be made of materials that do not interact with devices on the wafer or cause defects.
This additional surface should be similar to the retaining ring used in the conventional
polishers but this time it will be used for minimizing slurry consumption and helping with
the pressure variation. The retaining ring must be as co-planar with the wafer surface as
possible. Otherwise the pad will not polish the edge regions equally around the
circumference. It is important for the retaining ring to be as planar as the wafer itself and
that it should be adjustable to compensate for a range of wafer thicknesses and its wear.
This is a critical issue with the face-up polishers since the entire reduction of wafer-scale
non-uniformity will be eradicated if not made worse than the conventional rotary type
CMP machine. Ideally, the retaining ring should be within a couple of microns below the
wafer surface. In practice this may be hard to achieve so good care must be taken to
minimize the deviation from the ideal.

Another important consideration with the wafer carrier has to do with the run-out
and tilt of the wafer. Since the wafer carrier rotates and it carries off-center loading, it
must be designed such that it does not provide large run-out and tilt. Run-out is caused
by the rotation axis not located on the center of the wafer and tilt is the surface of the
wafer not being perpendicular to the axis of rotation. Both of these problems can cause
excessive vibration and non-uniform polishing. Care must be taken in designing the
support bearings for the wafer carrier so that both of these problems are eliminated.
Preferably, the wafer carrier should be independently supported by large radial and thrust
bearings instead of being mounted on a shaft that is supported by smaller and less robust

bearings.
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2.3 Pad and Slurry Distribution

For uniform material removal rate throughout the contact region, the pad must be
able to supply uniform pressure and slurry distribution within its bounds. For uniform
pressure distribution, the polishing pad needs to include a self aligning feature to
compensate for any tilt on the wafer carrier. This aligning feature must be able to
transfer the required torque for polishing at any given speed and load, transfer the normal
load, and be self-aligning by allowing certain freedom of rotation about axes that are co-
planar with the pad. Currently, the alignment feature on the pad consists of a rotating
load-bearing shaft pressing unto the pad carrier with a cross pin engaging two vertical
pins fixed in the pad support. This way, the rotational torque is transferred through the
pins and the alignment is carried by spherical ending of the rotating load shaft. The pad
support is allowed to pivot as it desires since the spherical ending of the rotating shaft
allows easy tilt. The torque carrying pins do not interfere with the alignment because
they only transfer torque and not constrain any other motion. The cross-sectional view of
the pad/slurry cup system is depicted in Fig. 2.3.

The slurry distribution system must also be integrated into the pad. Since the pad
is perforated and it rotates, it is simplest to position a slurry reservoir above the pad that
rotates with it. This slurry reservoir would tilt and rotate with the pad while supplying
slurry for distribution through its perforations. The slurry reservoir can either be open to
atmosphere so the slurry can be fed to it from a stationary nozzle, or it can be closed and
pressurized in which case the slurry must be fed through a rotary seal. If the later option
is chosen, the slurry reservoir walls must not leak the slurry while allowing some
flexibility due to the movements of the aligning pad. It is obvious that the first option is
much simpler and can provide adequate solution to the problem. The second option is
more elegant and cleaner while providing an opportunity to save the slurry in the

reservoir for later use.
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2.4 Kinematics

The geometry of the face-up polisher is the inverse of the typical CMP machine.
Hence, new kinematic analysis must be done so that one can predict material removal
rates based on the operating conditions and geometry. As a first approximation, the
Preston equation can be used to obtain material removal rates during polishing.
However, the Preston equation expresses only the rate of material removal from relative
velocity and applied pressure and integration must be performed to obtain the actual
material removed in any given time. To use the Preston equation, the relative velocity
vector (only its magnitude) has to be known, and generally it will vary from point to
point within the pad.

The Preston equation predicts that the polishing rate is proportional to the
pressure and relative velocity between the pad and the surface to be polished as given in
Eq. 1.1. Therefore in order to analyze the uniformity of the polishing process, one must
analyze how relative velocity changes spatially underneath the pad. The following is an
analysis determining the relative velocity at any point P between the pad and the wafer.
At any point P, the wafer velocity in wafer coordinate system can be obtained by

differentiating position. Figure 2.4 shows the geometry and the coordinate systems used.

Fuafer =1 cOS6i +rsin 9]‘ 2.1

where 7

wafer

Eq. 2.1 to obtain local velocity of point P, ¥ P

is the position vector of point P in wafer coordinate system. Differentiating

{;p _ d ;wafer
dt

= —rsin69i +rcos 09}' (2.2)

wafer -
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Figure 2.4. Kinematic analysis schematic for inverted CMP process
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Considering constant angular speeds,
;pw,,ﬁ, =—rw, sin 0i + ro, cos 0] (2.3)

The same point P has pad's velocity in its coordinate system that can be obtained in a

similar manner. The local position of point P is given by:

r Prea =T, COS éi , 1, sin ¢}p (2.4)

This can be differentiated to obtain the local velocity due to the pad.

- _ drppad
vaad - dt

=—r, sin ¢¢5f +#, €08 ¢¢} (2.5)

where F,,wpad is the position vector of point P in pad coordinate system, v P the pad

velocity at point P. Recognizing that the angular speeds are constant, v P becomes:

;pp,,d = (vcc —r,0,sin ¢)1° +r,m,c08 ¢} (2.6)
dr,
y =— 2.7
cc dt ( )

The pad velocity can be converted to wafer coordinate system using the following

relations:

reos@=r, +r,cosg (2.8)

rsinf =r,sing (2.9)

Converting pad velocity at point P in Eq. 2.6 to the wafer coordinate system:

1—;1;,‘,‘, =(vcc —ro, sin9)f+(ra)p cosf—r w )j (2.10)

ccp
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The relative velocity at point P is the difference between the wafer velocity and the pad

velocity:

VP rel =Vp

wafer

~ve,, (2.11)

Substituting the expressions for both velocities in the wafer coordinate system.

Em, =(—-ra)w sinf+ro, sin&—vcc)f+(ra)w cosf—rw,cosf+r, o )j (2.12)

ccp

Combining like terms, the relative velocity vector is obtained as:

v ={—(a)w —wp)rsinﬁ—vcc}f+{(ww -—cop)r0039+r @ }j (2.13)

cc ™ p

The magnitude of relative velocity vector at point P is:

2 2
2 Q12 2 ‘ 2 2 2 2
— (a)w—a)p) r°sin 9+vcc+2((ow—a)p)vccrsm9+(a)w—a)p) recos’ 0 +r

| IP”’ B +2(a)w—a)p)a) rr,, cos6

p e

2
— 2 : 2 2 .2
—\/(a)w~a)p) r +2(a)w—a)p)r[vws1n0+r @ cos@]+vw+r ®

ccp cp

(2.14)
Typically, v, <<r,@,, so it can be omitted from consideration because it does not

contribute much to the magnitude of relative velocity. Since Eq. 2.14 is valid for any

point P in the interface, ‘17| , will be referred to as |\7 RI .

Ve | = \/(a)w —a)p)zr2 + Z(a)w -o, )wprrcc cos@+r.m, (2.15)

Equation 2.15 can be expressed in a non-dimensionalized form by taking out r_w, out of

the square-root term.
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Equation 2.16 shows that the magnitude of the relative velocity vector generally depends
on the local position rand@, and that it also depends on the ratio of pad to wafer

rotational speeds @, /@, and on the linear speed of the center of pad, 7,.®,. The non-

dimensionalized square-root term basically just scales the most general linear velocity of
the center of the pad. For completeness, here are the relative velocity vectors in both
polar and cartesian coordinate systems and for both the wafer and the pad centered

coordinate systems. Relative velocity vector expressed in pad's coordinate system is

given by:
v, ={r.o,sing}r+ {((ow ~o, )r +r,.@, oS ¢}¢? (2.17)
V= {—(a)w —wp)rsin¢}f+{(a)w —a)p)rcos¢+rw(ow}j' (2.18)

Relative velocity vector expressed in wafer's coordinate system is given by:

V, = {rma)p sin 9} F +{(a)w —a)p)r +7,0, cosB} 6 (2.19)
Vp = {—(ww —w,,)rsin&}f+{(cow —a)p)rcos*.0+rwa)p}j' (2.20)

Once the relative velocity vector is known, it is easier to compute material
removal rates and frictional forces and torques. It is important from the machine design
perspective to know the forces and torques generated by the CMP process, so proper

design of load bearing surfaces, motor size, and bearings can be selected.
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2.5 Torques and Forces

Based on the Coulomb friction law, the local frictional force between the pad and
the wafer depends on the polishing pressure and it acts opposite to the local sliding
direction. Hence, the frictional force acting on an infinitesimal area dA located in the

wafer/pad interface can be represented by:
- v
df(r,0>=—ufpnomdA[ﬁ] (221)
R

where fis the frictional force, usis the coulomb friction coefficient, p, dA4is the normal

YR

|‘ ]is the unit vector pointing in the direction
Vg

load acting on a small area dA, and —

opposite of sliding velocity. The torque generated by the frictional force can be
determined in the following way. It must be noted that one should use a consistent
coordinate system. Both the relative velocity vector and the position vector must be in

the same coordinate system.

Vv

T = [Fx—tt Prum (‘v—iIJdA (2.22)

The total torque on the pad can be calculated by:

T ax - ordod
r.,- OJ,J,upnom {a)wrccrcosgb +(a)w a)p)r }r gdr 2.23)

1A

where r and ¢ are the polar coordinates located at the center of the pad. Keeping the

same coordinate system, the total torque on the wafer can be calculated by:

o up {(Za)w —a)p)rwr cosg+m,r’ +(a)w —a)p)rz}rd¢dr

T _ J‘ J' - w'cc
wafer g ’VR,

(2.24)
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From Eqn. 2.21, the frictional force can be obtained by:

F= rﬁ— HP wom (ﬁ—RerMr (2.25)

00 |"R'

The friction force can be resolved into x and y components as:

F= [ upnn (0. 20,)rsing sy (2.26)
00 [Vl
F,= I I ~HPom (o, —0,)recst s rdgdr 2.27)
00

1"R|

Equations 2.23, 2.24, 2.26, and 2.27 can be used to find out the polishing torques and
friction forces by substituting the magnitude of the relative velocity vector in pad
coordinate system. Those equations have to be integrated numerically unless the

kinematic condition of @, =@, is used. In that case, the loads on the system become:

T.=0 (2.28)
Toer = MDY, T (2.29)
F =0 (2.30)

F, =7r,upr[f (2.31)

where p is the friction coefficient between the wafer and the pad, p is the nominal

pressure, r, is the center-to-center distance between the wafer and the pad, and 7, is the

radius of the pad.
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2.6 Material Removal Rate

The Preston equation describes material removal rate based on applied nominal
pressure and relative velocity between the pad and the wafer. However, the Preston
equation has an implicit assumption built in. That is, if the relative velocity is higher a
point has a higher MRR because more pad slid over that point per unit time. Basically,
the Preston equation assumes that the process is cyclical; it assumes the pad will come
back to the same point later in time hence the faster it moves the faster it will return, so
more material removing cycles will be done per unit time. This notion seems obvious but
it has larger implications for the face-up polisher. Typical face-down polisher have the
wafer always contacting the pad so any given point on the wafer has some local MRR so
it is relatively easy to integrate the Preston equation to get the total material removed for
a given polishing time.

The face-up polisher, however, is much more complicated since at any point on
the wafer material will be removed only when it is in the pad-wafer interface. The time it
spends outside the pad, rotating around to get back to the pad, is basically lost since no

material gets removed over that time period.

dh

- = k
dt ppnom

Vel (1.1)

Integrating both sides in time during one wafer rotation will yield an expression for

material removed, Ah.

o,

Ar= | K Dy
0

V| dt (2.32)

Changing the variables of integration will result in easier expression for material removed
since time ¢ is a dummy variable.

ar =49 (2.33)
[0}

w
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Equation 2.33 is valid because the angular rate is constant. Splitting Eq. 2.32 into parts:

é

2 P k V 2;’!—~9p k ]_) I k ‘_;
Ah(r): _[kppnom §R|_ J I’pnom R J’ ppnom R‘d9+ J‘ ppnom| R’dH
0 w 0 w ep ww ZIr—HF a)w
(2.34)
r2 _ r2 _ r2
where 6, = cos™ [—”-—;——5] is the angular span of the pad on the wafer from the
- rrCC

positive x-axis to the end of the pad at the wafer radial position ». During one wafer
revolution, time spent outside the pad is wasted since the pressure is zero, so that term

disappears. Combining the terms into single integral yields the following:

ppnom

|d0 2 j |d0 (2.35)

— W
0, w

k
Ah(r) = j Ky Poon %] e

It is clear that the amount of material removed is a strong function of radial
position on the wafer, », even if relative velocity is uniform when operating in

o, =w,mode. This is mainly due to the fact that the limit of integration @, varies

strongly in r. Alternatively, one can define average MRR at any given radius by:

HP
MRR = Ab(r) e = L [, Dron| 7216 (2.36)
2r 7w

The non-uniform material removal during polishing is the main drawback of the
face-up polisher. It is clear that if the pad was rotating but with fixed 7., then wafer level
non-uniformity would be quite large. On the one hand, it is a major problem since the
goal is to lower wafer-scale non uniformity, but on the other hand it can be used to
substantially lower non-uniformity. The idea is simple and comes from the MRR

analysis. The angular velocities must be set in such a way so that material removed per
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revolution is highest nearer the center of the wafer and decreases going outward. Once
all of the Cu in the center region is removed as desired, the pad would move slightly
outward increasing r.. so that it does not over-polish the central region. The pad would
continuously move outward very slowly once the next annulus area is completed. In this
fashion, the entire wafer can be polished uniformly due to a good control of over-
polishing. But to allow such algorithm to work, one must ensure that the average MRR is
the highest in the pad area nearest the center of the wafer.

Material removal per wafer revolution is known from Eq. 2.36 which is clearly a
function of wafer radial position ». It is also a function of wafer to pad distance 7. which

generally is a function of time ¢.

ly

_‘- Ah(r l‘) 2.37)
O

where #/1s the total polishing time. The total material removal generally is a function of »

but it is desirable to make it constant to minimize non-uniformity. Combining Eq. 2.37

with Eq. 2.35:

1 5 6,(1) .
M () = jg{ [, Do [P (7.1 it (238)
0 0

for Yoo =T, SFEr, +7,

The objective of this thesis is to design a pad so that the Preston constant can be
assumed constant in the wafer-pad interface. If the Preston constant and the nominal
pressure is uniform throughout the pad area, it can be taken out of the integral for

simplicity.

t,6,(0)

k”p nom j ﬂvR (r. 6t (2.39)

Ahtot (7') -

Tee =7, SrSrCC+rp
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The goal is to derive such an increasing function r,, (¢) so that Eq. 2.39 is within

5%, the desired wafer scale non-uniformity as stated in the Semiconductor Industry Road
Map. Analytically it is unsolvable, but numerically it can be done. Even if such 7, (¢) is
obtained, however, the polishing will still show some non-uniformity due to the fact that
the Preston constant, k,, may vary spatially and its spatial variation is generally
unknown. The assumption that the Preston constant is uniform would be violated so it
cannot be taken out of the integral and treated as a constant. Hence, the previously

obtained solution for r, () should be applied judiciously.
The optimal solution for this problem is not to follow some predetermined r,_ ()

in open-loop control, but to have continuous feedback on the polishing performance and

adjust 7, based on that information. That way, the only requirement is that the

kinematics of the polishers must ensure that the polishing starts at the center of the wafer
and continuously expands outward. This can be easily obtained by adjusting the angular
velocities of the pad and the wafer as described in the next section. As long as polishing
starts at the center and keeps growing outward, an end point detection sensor can
determine the size of the polished region and the pad location can be adjusted during the
process to minimize over-polishing. This is the most important benefit of the face-up
polisher. Even though it shows very non-uniform polishing, it can be controlled to obtain

excellent uniformity.

2.7 Polishing Condition

The average material removal rate at any point on the wafer is given by:

6[’
MRR = Ah(ry 2 = 1 LA (2.36)
2r mw

Plotting Eq. 2.36 in a normalized form can be beneficial in understanding the material

removal rate and how to set the kinematics of the polisher to get higher removal rates
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Figure 2.5. Average MRR as a function of radial position, pad outside the center.
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nearer the center of the wafer. To obtain a condition of highest material removal rate at

the side of the pad that is closest to the center of the wafer, , /@, >1should be used. If

this condition is met the material removal rate peaks near the inner region of the wafer.
Figs. 2.5 and 2.6 represent normalized MRR as a function of normalized radial

position on the wafer for various pad-to-wafer speed ratios. Average MRR was

normalized by k,pw,r, because when the pad and wafer speeds are equal this term is

WrCC
constant and is taken out of the integral in Eq. 2.36. So, such normalization is only a
function of the span of the pad and the pad-to-wafer speed ratio. The radial position was
normalized by r, because it is the only radial distance that appears in k,po This

wr cc ®
way, the only indirect variable, 7, , just scales the plots spatially (radially) and does not

affect the material removal rates. In both figures the normalized average MRR was
plotted as a function of normalized radial position on the wafer within the span of the pad
for multiple pad-to-wafer speed ratios. Combining Eq. 2.16 and 2.36 to obtain Eq. 2.37
which is the normalized MRR:

T g 2 2 2

" w
VEE_ L] \/(1__;:) H +2(1_&)(&)[L]me+(&] §6 (240
pp wwr cc T 0 ww rcc a’w @ w Ly cc a)w

BERE
t, r._
= = > (2.41)
L
8

It is apparent from Eqgs. 2.40 and 2.41 that such a normalization seems natural.

_ -1
¢9p =CoS <

Equation 2.40, illustrates what fraction of maximum MRR is being accomplished with

the maximum MRR occurring at the total pad coverage of the wafer at o, / o, =1.

Figures 2.5 and 2.6 are just graphical representation of Eq. 2.40 for various pad-to-wafer

speed ratios and for two pad radius conditions; 7, /r,. <1 in Fig. 2.5 and r, /r,. >1in Fig.

2.6.
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As long as o, /@, >1, the inner part of the wafer will be polished first, allowing

the pad to move out ever so slightly to continue to polish the un-finished outer region.
Ideally, the material removal rate should be a decreasing function of wafer radial position
so that the central region can be polished and one can continue polishing the outer region
without over-polishing. However, the actual MRR is increasing before it peaks, so it is
important to move the peak to the inner most position. Whatever material removal rate
occurs between the beginning of the pad (MRR is zero) and the maximum MRR, will be
virtually impossible to compensate for and will show up as wafer-scale non-uniformity.
Ideally the wafer should exhibit highest MRR at the inner most point, but of course it is
impossible because that inner-most point has zero area coverage of the wafer since at that

point, &, =0if 7, >7,. In practice the higher the »,/w, ratio the closer the highest

MRR is to the left hand side. Figures 2.5 and 2.6 depict average MRR for various

@, / w,, ratios. Some of these ratios probably should not be used in polishing since they

would cause larger non-uniformity but they are included in the figures for completeness.
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Chapter 3

Pad Characterization for Fluid Flow

3.1 Introduction

In any polishing process that uses liquid slurry containing abrasive particles there
are a few issues that must be addressed to ensure that the slurry is evenly distributed for
uniform polishing. Moreover, the abrasive particles must be trapped at the interface for
actual material removal. If the pad is modified by grooves to aid slurry distribution, it
also allows high flow rates which are costly in CMP. In polishing there are three
variables: slurry distribution, slurry consumption, and MRR and they are usually
coupled. The semiconductor industry, of course, is striving toward uniform polishing
with low slurry consumption and high material removal rates. It is essential to
understand transport mechanisms of the slurry so that optimum pad topography can be
designed to fulfill these requirements.

In order to analyze slurry transport mechanisms between a rough and a smooth
surface, the pad must be characterized for fluid flow for a given set of polishing
conditions. It is hypothesized that the fluid (slurry) flows between the asperities of the
rough pad surface. The main point of the following experiments is to obtain effective gap
between the wafer and the pad. The effective gap concept facilitates a fluid flow
analysis, and the gap obtained in this set of experiments can be applied in CMP to
estimate the flow behavior of the slurry.

The results of the following experiments can be compared with surface roughness
measurements for validation. For instance, if the obtained effective gap between the pad
and the wafer is much greater than the measured pad roughness, then it is clear that there
was hydrostatic or hydrodynamic lift generated, which separates the two surfaces. The
surface profiles are one-dimensional and some portions of the 'valleys' cannot facilitate
any fluid flow because they are dead ends. Also, the pad roughness measurements are

done at no load on the pad, which of course is not the actual polishing condition. The
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advantage of the following technique of estimating pad roughness for fluid flow is that it
can be done under pad compression simulating actual polishing conditions. The effective
gap for fluid flow is obtained and used to determine slurry flow during CMP.

The experiment for determining the effective pad gap is a two-dimensional
Poiseuille flow problem. The idea is to apply relatively simple fluid flow framework to a
more complicated problem to obtain an effective parameter. Basically, the experiment is
Poiseuille flow which is due to pressure gradient within a viscous fluid. The fluid is

bounded by two surfaces, the polishing pad and the wafer.

3.2 Poiseuille Flow

In CMP, a rough polishing pad is pressed against a relatively smooth surface
(wafer) and the fluid can flow between the high peaks on the pad. In order to determine
this effective gap that characterizes the flow, several assumptions are made which

describe Poiseuille flow. The main assumption is that the two bounding surfaces are

smooth and flat and some small distance apart, /. In reality, the pad is far from being
smooth and flat and it definitely contacts the wafer. But an effective /4 can be defined
which describes the pad's ability to transport fluid between the peaks contacting the
wafer. The geometry of the problem is described in Fig. 3.1.

The complete Navier-Stokes (N-S) equations in polar coordinates are:

(r):

avr avr vea"r V; avr ap a
P +v, + ——+V, =——+ U —
ot or o6 ¥ oz or or

1 6 ( v )J_i__l_@zv, +62Vr __g_ava +
rors " r? 06* oz ¥? 00 PE;

3.1)

(®):
2 2
p(aVH aV9+VgaV0+VrV9 +7Vy 6v¢9]=_l_a_p_+ (a( ar( 6)) 1 avﬁ 6v6 2 avr
r

+v +—
a T re0  r  Ca) roo Hla 00" o 7 oo

(3.2)
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Figure 3.1. Schematic of axisymmetric Poiseuille flow problem
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(z):

(5‘v2 v. v,ov, av,j op (16( 6vz] 1 8%, o,
P + v, — +u r -

-— t+——+— |+
oz or ) r* 06’ 622J 1

r or

(3.3)
where p is the fluid density, v, the radial component of fluid velocity, v, the tangential
component of fluid velocity, v, the z-directional component of fluid velocity, ¢ the time,
p the pressure, u the viscosity, g the acceleration due to gravity, and », 8, and z are

polar coordinates.
The boundary conditions relevant to the problem are:
1. No slip at stationary wafer
v.(z=0)=0 (3.4)

2. No slip at stationary pad
v(z=h)=0 (3.5)

Since it is a steady state problem with axisymmetric flow, only the radial component of
velocity remains due the following considerations:

1. There is no tangential velocity

v, =0 (3.6)
2. Radial component does not vary with 8
ov
r—( 3.7
0 (3.7
3. There is no fluid moving in the z-direction (thin film assumption)
v, =0 (3.8)
Thus the N-S equations become:
(»):
ov op o120 Y
—L =ty —| = +—= 3.9
p(v, or ] or ﬂ(@r (r or " )] oz’ ] 3.9)
(6):
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0=——"- 3.10
r 06 ( )
(2):
O=—a—p+pgz (3.11)
Oz

Equation 3.10 shows that the pressure will not vary in the 8 direction (p = p(r)), and Eq.

3.11 is hydrostatics. By introducing non-dimensional variables as:

’

N S A (3.12)
rp

where U is the maximum linear velocity of all the local velocities within the interface.

Non dimensionalized N-S equations become:

(@):
— — , -2 , -3\2 2.1
M ﬁ (v; av’,j=__poh _ap;'_*_ i a'(l, a'(r'v;)j+a er (313)
uo\T, or uUr, or r, ) or'\r'or oz
(z):
0= _ " (3.14)
oz'  p,

Since all of the non-dimensionalized terms, terms marked prime, are of the order of 1,
one can easily see the criteria by which some terms can be neglected. The inertial term

can be neglected if the following is satisfied:

(Bju%](rij <<1 (3.15)

The remaining viscous term can be neglected if the following is satisfied:

[ﬁj <<1 (3.16)

T

Gravity can be neglected if the following is satisfied:

(pgh)<<1 (3.17)
Po
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Typically, the magnitudes of above parameters are as follows: 4 = 15um, U =0.01m/s,
r,=0.0254m, p= IOOOkg/m3 , m=0.005Pa-s, p,=700Pa. So the above

dimensionless numbers can be estimated:

[—y—j P 210% << (3.18)
o\,
—\2
h “6
[—J =107 <<1 (3.19)
"
P
(pghj =10 <<1 (3.20)
Dy

Hence, it is seen that all of these criteria are easily satisfied so that many of the remaining

terms in the N-S equation can be neglected. The highly simplified N-S equation remains:

0 oy
a_lr) - ﬂ( azzrj (3.21)

Equation 3.21 can be easily solved using the boundary conditions given as Eqgs. 3.4 and
3.5. Integrating Eq. 3.21 in z and applying the boundary conditions, v, can be obtained

as:

v, =§E(zz _hzj (3.22)
2p

As one would expect with viscous flow bounded by non-moving surfaces, the velocity

profile is parabolic and dependent on the viscosity of the fluid and the pressure gradient.
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3.3 Flow Rate Analysis

Integration of Eq. 3.22 must be performed to obtain the flow rate coming out of the

system at any radial position ». Assuming a steady state and hence the volumetric flow

rate through any radial position r is equal due to continuity.

h2r
0= j jv,rdodz
00

This yields a second differential equation:

o _ Z60u

or ﬂz3r

It can be integrated using the pressure boundary conditions:

plr=r,)=p,
p(r=rp)=0

yielding:

(3.23)

(3.24)

(3.25)
(3.26)

(3.27)

where 4 is the fluid viscosity, 7, the outer radius of the pad, 7,is the inner radius of the

pad (inlet of the fluid), p, is the gauge pressure of the fluid, Q is the volumetric flow rate,

and A is the effective gap between the two surfaces.
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Equation 3.27 shows that for viscous flow between two disks h apart, the
volumetric flow rate is proportional to the applied fluid pressure, inversely proportional

to fluid viscosity and the logarithm of the ratio of the inlet and outlet radii. This result

will be used to obtain the effective gap between the wafer and the pad, h, by measuring
flow rate coming out of such a system by knowing the fluid viscosity, internal pressure,

and geometry.

3.4 Experimental Setup

A schematic of the experimental setup that was used in these experiments is
shown in Fig. 3.2, while the actual apparatus is depicted in Fig. 3.3. The apparatus
consists of a cylindrical structure with a single hole at the center of the bottom surface.
The control surface (polished bearing steel disk) is attached to the bottom via a gasket
seal. The holes at the bottom of the cylinder and the bearing steel piece are concentric so
that fluid can flow from the cylinder through both holes and out radially through the pad
roughness. The normal load is applied to the top of the cylinder with a pneumatic
cylinder which is controlled with a pressure regulator and supplied from a gas tank. The
top of the cylinder has a spherical hole made by a ball end mill so that a spherical rod end
from the pneumatic cylinder could mate with it and align the cylinder. The cylinder itself
is sealed and has two connections. The first is to allow water to be poured into it and
once that is done it is closed. The second is an air connection that provides internal
pressure for the fluid. After the cylinder is filled almost to the top with water, air at high
pressure is introduced so that the water is forced out of the cylinder and through the pad
roughness. The air pressure is controlled by a regulator and is equipped with a relief
valve.

The experimental procedure is as follows. First, the wetted pad was placed
underneath the control surface and it was cut to the same diameter to minimize pressure
variation (normal pressure). The entire water container was thus loaded with the
pneumatic cylinder to the appropriate normal pressure. The fluid (water) was introduced

into the water container and the opening was sealed.
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Figure 3.3. Photograph of the actual experimental apparatus.
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Then the internal pressure was set to the desired value and after few seconds the initial
height of the fluid was measured. The experiment was timed to start at the initial height
reading. The entire experiment ran for no more than 20 minutes and the final fluid height
was measured. Knowing the change in fluid height, the size of the water container, and
the time, the flow rate was obtained which corresponds to the flow rate in Eq. 3.27. All
the parameters but one in Eq. 3.27 are known; the missing parameter is flow rate and it

was measured. Hence, Eq. 3.27 can be solved for the effective gap between the control

surface and the pad, 4, which corresponds to the Poiseuille flow separation gap.

3.5 Results

Based on a set of experiments, several data points were obtained for different
internal pressures and three different compressive pad pressures (loads). So far only one
pad was measured due to the lack of pads without grooves. It turns out that grooves in
the pad are much larger in cross-sectional area than any effective gap between the wafer
and the pad so the grooves dominate the flow so one cannot obtain meaningful data
describing the effective gap between the wafer and the pad. The only pad that was
measured so far is Rodel IC 1400 pad without grooves (currently Rohm & Haas).

All the experiments were done at fairly high internal fluid pressures as compared
with the head pressure that will be used in the face-up polisher. This was done so large
enough flow rates were generated to get meaningful measurements. Of course by using
internal fluid pressure, the fluid flow between the pad and the control surface is also
pressurized which acts to reduce the compressive pad load. The fluid pressure wants to
lift the pad and hence reduce the effective compressive load at the pad. So the quoted
pad pressures of 14 kPa, 21 kPa, and 28 kPa are after compensation for this lift force.
Calibration experiments were done to determine the lift force as a function of the internal
fluid pressure. Hence, to obtain the quoted 14 kPa pad pressure, first, enough pressure
was applied just to compensate the lift which depends on the internal fluid pressure and

then additional load was applied to get to 14 kPa.
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The results of the Rodel IC 1400 pad without grooves are shown in Fig. 3.4. One
can see that there is some variation of obtained 4 but it is about 10um and depends

somewhat on the applied load. So the average h values for each pressure are given in the
Table 3.1. It shows the pad is somewhat compressible even when considering the rather
low down pressures. It shows that the effective gap is roughly 12 um for 14 kPa pad load
and decreases to 8 pum for 28 kPa pad load. The data show that the effective gap
between the pad and the wafer is a function of pad pressure as one would expect based on
contact mechanics. Similar experiments can be performed on different un-grooved pads
yielding the amount of gap between the pad and the wafer during polishing which cannot
really be done using any sort of profilometer measurements.

This set of experiments can estimate the effective gap between the wafer and the
pad but the obtained flow velocity is not comparable to the flow velocity in actual

polishing. For these experiments, the average flow velocity is given by:

v, =2 _ (3.28)

The characteristic radial velocity in these experiments is velocity of the order of
0.01m/s, about two orders of magnitude below the polishing velocity. However, it was
impractical and unsafe to try to reach fluid velocity of about 1 m/s in the interface since
the internal fluid pressure have to be about 700 kPa (100 psi). At those pressures, the lift
pressure would be roughly of the same magnitude thus the actual applied load would
have to be about 700 kPa to compensate for lift plus 14 kPa to actually load the pad.
Such a setup would have been impractical since the cylinder loading the pad would
operate in the range of 1 MPa and the pressure control would have to be within 1% to
make sure the pad would be loaded to 14 kPa or 21 kPa which the load during actual
polishing.
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Table 3.1 Effective gap as a function of pad pressure

Nominal Pad Pressure Rave

[kPa] L]

14 11.4
21 10.0
28 7.9
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Figure 3.5 Pad profile compared to h.
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Figure 3.5 shows the actual profile of Rodel IC1400 pad without grooves and how

it compares to the obtained # for the same pad. As may be seen, the obtained A of 11 um
seems to be validated by the profile. Obviously the actual pad is rough but one can see

the obtained effective gap of 11 pum is of the same order as the RMS roughness. Of

course, the profile was taken by a profilometer at no load while the obtained % is for 14
kPa loading. Nevertheless, the effective gap seems to be well within reason and can be

used in the Couette model to estimate actual slurry flow rate during polishing.

3.6 Summary

The primary objective of the experiments described in this chapter is to idealize

the interface between a rough pad and the relatively smooth wafer as a system of smooth,

parallel plates separated by an effective gap, h. The experiments clearly show that a

loaded rough pad is capable of transporting fluid in the valleys of asperities. Poiseuille

flow in such a system is compared to that in a system of two smooth surfaces # apart. It
is a simple way of experimentally determining the effective gap between the wafer and
the rough pad without the complex surface topography, contact mechanics, and
hydrodynamic flow analyses.

Once the effective gap is determined by the Poiseuille flow experiments, it can be
incorporated into the fluid flow model of rotating rough surfaces. For the known velocity
boundary conditions and the effective gap, the fluid flow between rotating pad and wafer

can now be modeled by recognizing that the flow is boundary-induced, as opposed to the

pressure-induced Poiseuille flow. The expectation is that the effective gap, #, would be
the same for both flows for the same normal pressure on the pad and its surface

topography.
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Chapter 4
Analysis of Slurry Flow

4.1 Introduction

One of the most critical issues in CMP is the understanding of fluid transport at
the wafer pad interface. There have been several studies investigating fluid transport
within the CMP realm, but many of them do not offer any significant insight to the
problem. Some researchers study the slurry flow assuming that the wafer is in
hydrodynamic lubrication mode.??® Others use extensive computer simulations which
are difficult to interpret and do not present meaningful information in a clear and simple
way**®, It is widely believed that the slurry transport mechanism has a large effect on
polishing performance and on slurry consumption. Hence it is imperative to have some
basic understanding of the phenomenon and draw some conclusions relating to the
kinematics and the pad design.

From the Poiseuille flow experiments, an effective gap between the wafer and the
pad is established. This gap describes the effective spacing between the two surfaces
which can be used in the next fluid flow model to estimate flow rate and general slurry
behavior. During polishing, the wafer/pad system is not as simple as the Poiseuille setup
since both are rotating. The wafer and the pad have their own local velocity which
generally is different in magnitude and direction (two dimensionally). Contrary to the
material removal rate calculation, the relative velocity vector alone is not sufficient to
describe fluid flow. Both absolute velocity vectors determine the flow pattern in the
polishing interface which determines slurry consumption and uniformity of slurry
distribution.

The analysis is based on the recognition that slurry flow is driven by the moving
boundaries, the wafer and pad surfaces being the two boundaries. Such flow is known as
Couette flow. It is also assumed that the process is not in the hydrodynamic lubrication

regime. The high peaks of the pad still support the load, but the slurry fills up the rest. It
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is assumed that the slurry does not support any load and it is just entrapped by the two
surfaces that rub against each other by the way of high peaks. The same high peaks

ensure that there is some effective gap between the remaining areas of the two surfaces,

h. During polishing, the slurry fills up the effective gap between the wafer and the pad,
and it is driven in various directions by the local velocity of the wafer from one side and
local velocity of the pad from the other. Both velocities create an effective flow velocity
which characterizes the local flow pattern.

In CMP, this relatively simple flow model can show some new insights to slurry
distribution mechanism. It will identify which variables are important from the slurry
consumption point of view. On a typical CMP machine, the slurry is fed from the outside
and the user has complete control of how much to be fed. The user, however, does not
really know what the minimum flow requirement for the process is and can either
overfeed or starve the process. For the face-up polisher, the flow rate is determined by
the velocities of the wafer and the pad. Also, the slurry flow rate is not controlled by the
operator but the process draws as much as is allowed by the pad and thus it is always
optimized in that sense. The following model will yield an estimate of the process needs
based on the effective gap between the wafer and the pad for both face-up and face-down
CMP.

4.2 The Couette Model

The fluid flow during polishing is similar to the Couette flow problem. The slurry
is entrapped and dragged by two boundaries, the wafer on one side and the pad on the
other. These boundaries have very different local velocities so the fluid near the pad is
mostly following the pad and similarly near the wafer. One can consider an average fluid
velocity which shows the direction and magnitude the fluid travels, on average, at a given
local position. The following is an analysis of such flow neglecting many terms from the
N-S equations which will be justified by making sure a few non-dimensional parameters

are much less than one.
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The boundary conditions for the N-S Egs. in 3.1, 3.2, and 3.3 with coordinate system
fixed in space and located at the center of the pad as shown in Fig. 4.1, are given by Egs
4.1 through 4 4.

Radial component of wafer velocity:

v, (2=0)=v,, = 0,7, sing @.nH
Radial component of pad velocity:
v(z=n)=v,,.. =0 (4.2)
Tangential component of wafer velocity:
v, (2=0)=v,,0, = O, 1, . COSP+ 0,1 (4.3)
Tangential component of pad velocity
v, (z=ﬁ)=v¢,pad = 4.4)

From the fact that the gap between the wafer and the pad is small, the pad and wafer are

impermeable, and the wafer is horizontal, one can recognize that

v,(r.4,2)=0 4.5)

g =8,=0 (4.6)

The N-S equations get simplified to the following:

(@):
av 2 2 2 av
ol Doy B0 W W) i(l?_(wr)]+i25_"2r+a_v2r__22__¢ (4.7)
ot o rog r or or\ror r°o0¢° 0z r° O¢
()
2 2
R ETNER. ) L. Y KT IR R P LA O
ot or  rog r r o¢ or\ror rt o¢°  oz°  r* O
(2):
0=-L.s pg, 4.9)
Oz :
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Figure 4.1 Face-up polisher’s pad coordinate system
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Equation 4.9 is just the hydrostatic pressure distribution.
By using a non-dimensional analysis one can quickly find out which remaining terms of
N-S equations are significant and which can be neglected. The following are definitions

of the non-dimensional variables:

v
' ¢ r_
ar_

P r Z =t (4.10)
U U v, Po h T

where U is the maximum local linear velocity in the polishing interface.

The Non-dimensionalized N-S equations become:

(x):

T 1 ’ ’ - 4 72 ’ —\? '
) E)(0)0% 20 00 T (0 Vo (3 (212 )t
y7; v, \\Ut ) ot o' r'ég r pur,U | or r, ) \or'\r' or r'c O¢

4.11)
()
PURN (1, %, & Ve v |_ | poh | 0P
v, tjof Tor rog ¥ pr,U |r'o0 4.12)
2
A 8(1 5 ) 1 8% 2@'} o™,
H| =1 = ==Ar"v
![J[ar rar( ) 208 r?og ) "
(2):
o [ h
0=-"2 (—]pg
oz Do
(4.13)

Since all of the non-dimensionalized terms, marked prime, are of the order of 1, given the
following criteria, the N-S equations can be easily simplified.

The spatial inertial terms can be neglected if the following is satisfied:

(M]{E] <1 (4.14)
H 7

The unsteady inertial term can be neglect if the following is satisfied:
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=
<1 (4.15)
UT

All other viscous terms can be neglected if the following is satisfied:

— N2
[ﬁ] <1 (4.16)
r
P
The gravity term can be neglected if the following is satisfied:
[—pﬂ} <1 4.17)
Po

Typically in CMP, the magnitudes of above parameters are as follows: Z;lSum,
U=z=lm/s, r, =0.0254m, p= IOOOkg/m3 , #=0.005Pa-s, p,=700Pa, 7=0.025s.

So the above dimensionless numbers can be estimated and all are less than 1 as desired.

{”—U”Iﬁ] = 0.001 <<1 (4.18)
o\,
ZZ
[L] =0.01 <<1 (4.19)
HT
—\2
h -6
[r_J =107 <1 (4.20)
/4
pg?z -4
( ];10 <<1 (4.21)
Py

Since all of these parameters are less than unity, the N-S equations become much simpler

and are of the form:

(r):
d o
a—‘r’ =u azv; (4.22)
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b v
é =u—7 (4.23)
(2):
% =0 (4.24)

The simplified N-S equations are quite easy to solve since they are uncoupled ordinary
differential equations.
To solve Eq. 4.22, one needs the boundary conditions being the radial

components of wafer and pad velocities:

v,(2=0)=v,,,,. =07, sing 4.1

wcC

v(z=n)=v,,., =0 4.2)

Integrating both sides of Eq. 4.22 in z and applying the boundary conditions given in Egs.
4.1 and 4.2:

v, =La—pz2 - i@_p+w z+@,1,, sing (4.25)
2u or 2u Or h

To solve Eq. 4.23, one needs the boundary conditions being the tangential components of

wafer and pad velocities:

Vo (2=0)=v,00, = @7, COSP+ 0,7 4.3)

wce

vy (z=ﬁ)=v¢,pad =a,r 4.4

Integrating both sides of Eq. 4.23 in z and applying boundary conditions as given in Eqs.
4.3 and 4.4:
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Vv, =
2ru O0¢

ztor, cosg+a,r (4.26)

1 ép , h a_p+wwrcccos¢+(a)w—a)p)r
2rﬂ6¢ 71 w'ce

Both components of the fluid velocity are functions of 7,¢, and z. To eliminate the

dependents on z, let the local mean fluid velocities be defined as:

h
Vr =% [v,dz (4.27)
o]

v,dz (4.28)

Integrating both equations leads to both components of mean fluid velocity vector field

under the pad.
-2
v, = P +la)wrcc sing (4.29)
or12u 2
-2
- _ O h 1
Ve _—@E?(%rx cosg+(w, +,)r) (4.30)

Neglecting the flow due to the pressure gradient between the perforations in the pad and

the outside atmospheric pressure, P_» 0. By substituting numbers from

or B Egg -
validation of N-S simplifications, the velocity due to pressure gradient is much lower

than the velocity due to moving boundaries so an even simpler solution is obtained:

sin ¢ (4.31)

- 1
Vy = Ea)wrcc

Vg = %(a)wrcc cos¢g +(a)w +a)p)r) (4.32)
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where o, is the wafer angular speed, o, is the pad angular speed, r_ is the distance
between center of the pad and the center of the wafer, » and ¢ are the polar coordinate

centered on the pad, v, is the mean (z-directional) local radial fluid velocity, and v4 is

the mean (z-directional) local tangential fluid velocity. Equations 4.31 and 4.32 show
how the mean fluid velocity depends on the wafer and pad angular rates and the local
position. Figure 4.2 is the plot of Egs. 4.31 and 4.32 for the stated speed ratio. It shows
the mean fluid velocity vectors whose radial component is Eq. 4.31 and tangential
component is Eq. 4.32. Figure 4.2 illustrates how the local fluid velocities are distributed
based on the Couette model. More of similar figures are shown in Appendix as Figs.
A.l.a-d. The fluid flow velocity is basically a vector average of both the wafer and pad
velocity. It shows how the slurry away from the center of the wafer has a much higher
average velocity than the slurry nearer the center of the pad. The actual local slurry
velocity may affect the distribution of fresh slurry coming from the perforations. Thus, it

may affect polishing uniformity even if the relative velocity is uniform.

Mean Fluid Velocity Vectors
1.5

_, DU
=0+ SRR .
\'.’I
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Figure 4.2 Mean fluid velocity vector field.
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4.3 Flow Rate Analysis

The net flow across any arbitrarily drawn closed contour within the pad, including the

pad circumference itself, is depicted in Fig 4.3 and given by:

Q=qv-Ada=0 (4.33)

cSs

Arbitrary
Contour

Wafer

Figure 4.3. Depiction of an arbitrary contour

This is true since continuity was assumed in the derivation of the Egs. 4.31 and 4.32.

- ov
Vo= Y P
or r rog

0 (4.34)
Thus, the net flow rate around the circumference of the pad will be zero since inflow will
equal outflow due to continuity. If we care to know the net flow through the pad or any
area, only positive or negative part of v-7 should be considered. So, the net outflow is

given by:

n

v, hr dg = J-—;—a) r.r Zsin¢d¢=(o rrh (4.35)

r'“p wicc' p wicc'p
0

Q()=

o'—'ﬂ:ﬁ
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Equation 4.35 shows that the net flow through the polishing interface depends on
the wafer rotational speed but not on pad speed. Pad velocity does not contribute to the
radial velocity of the fluid since the inertial term is so low. The flow rate also depends
linearly on the gap between the wafer and the pad as long as the gap does not become too
large and violate the assumptions. Grooves could violate assumptions of this model, so

grooved pad cannot be used to verify the analysis.

The Couette model shows that there is an 4 thick fluid film leaving the wafer/pad
interface. This fluid film can be either spun off the surface of the wafer or most of it can
come back to re-enter the wafer-pad interface after one revolution of the wafer. If all of
the fluid comes back around, there would be zero net flow rate due to continuity. No

fluid would ever leave the wafer-pad system. In reality, some of the fluid gets spread out

by inertial forces so that the fluid film coming back is smaller than 4. This fluid film
thickness reduction would be the minimum flow rate experienced in CMP while the
maximum would be the Couette model. To estimate the fluid film thickness reduction
during one wafer revolution, one can use flow of viscous liquid on a rotating disk
analysis derived by Emslie et al’'

The analysis by Emslie et al. makes several assumptions which do not seem
unreasonable for CMP application.
1. The rotating plane is infinite in extent.
2. The plane is horizontal so that there is no radial gravitational component.
3. The liquid layer is radially symmetric, and so thin that differences in gravitational
potential normal to the surface of the disk have negligible effect in distribution of the
liquid compared with the effect of centrifugal forces.
4. The viscosity is independent of the rate of shear; i.e., the liquid is Newtonian.
5. The liquid layer is everywhere so thin that shear resistance is appreciable only in
horizontal planes.
6. The radial velocity is everywhere so small that Coriolis forces may be neglected.
Starting with initially uniform fluid thickness distribution, Emslie et al. solved for the

fluid thickness as a function of time as:
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@:———5—55 (4.36)
oI’}
470"

3u

1+

where A, is the initial fluid thickness which is the % between the wafer and the pad, &,

the final fluid thickness after some time #, p the fluid density, x viscosity, and @, is the

angular velocity of the wafer. So in order to estimate how much fluid actually leaves the
system one needs to figure out the change in fluid thickness during one wafer rotation.

The time during one wafer rotation is ¢ = 27/w, and thus the reduction of fluid film

thickness is given by the difference between the initial and final thicknesses.

1

2
\/1+8ﬁw
3u

Ah=hy—h, =hy|1- (4.37)

Equation 4.37 estimates how much the fluid film thickness decreases during one

wafer revolution. Fluid coming back around effectively reduces 4 but most of the fluid
comes back around and reduces the space that new fluid can fill up, effectively reducing
the flow rate coming out of the system. One can still use the Couette model to estimate

what the reduced fluid flow is by substituting Eq. 4.37 into Eq. 4.35.

O=awrrhll- !

wce p —2
\/1+8_pa)wh .
3u

(4.38)

Equation 4.38 shows a significant reduction (about 95%) in flow rate as opposed
to Eq. 4.35. In the following sections, it will be apparent that Eq. 4.35 is the upper bound

and Eq. 4.38 is the lower bound on the actual polishing flow rates.
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4.4 Experimental Setup

All the experiments for the Couette flow validation were done on the face-up
polisher described in Chapter 2. The main goal of doing these experiments was to show
whether or not the Couette model can be validated experimentally for conditions
encountered in CMP. The polisher was equipped with a fairly small pad with diameter of
38 mm and 21 holes spaced 6.3 mm apart in a square matrix. The pad used for these
experiments was Rodel IC 1400 without groves. It is the same pad that was characterized
with an effective gap of about 11um by the Poiseuille experiment. The pad being smaller
than the radius of the wafer (50 mm) was able to be fully within the wafer area but at the

same time be off-center (7, =25.4mm ). The wafer was a Si wafer with a polished SiO,

top surface. The wafer was held in the wafer carrier by a vacuum chuck. Fig 4.4 is a
schematic of the face-up polisher used for these experiments.

The pad was then placed onto the wafer with the desired 7,, = 25.4mm and the cup

holding the pad was filled with water to about 63 mm in height. Before any motors were
started, the entire wafer surface was wetted and the initial height of water was recorded.
Then, the experiment proceeded to speed up the wafer and the pad simultaneously to the
desired angular speeds. Once the speeds were stabilized, the timer was started to time the
experiment. Typically, the experiment lasted 7-15min, and was marked by stopping the
wafer and the pad and then reading off the remaining height of the water. For higher
speeds the measurements were taken while the pad rotated. Because a rotating cup
generates a parabolic shape in the fluid, the measurements were taken consistently at the
top of this parabolic shape. These experiments were performed on the same face-up
machine used for CMP and with similar parameters so that they effectively exhibit
conditions encountered in CMP.

From the inner area of the cup (4, =19.6cm?), the height difference between the

cup
start and end of experiment, and the total experiment time, the total water flow rate was
calculated and compared with the Couette model. The above experiment was repeated
for various speeds of the wafer and the pad to make sure the general trends depending on

velocity were observed.
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Figure 4.4. Drawing of the face-up polisher.
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45 Results

Generally, the measured flow rates were between those predicted by the Emslie et
al. Couette correction and the pure Couette model. The actual flow rates are lower than
the pure Couette model because most of the fluid stays on the wafer and comes back
around to re-enter the interface. This effectively reduces the available space for new
slurry and hence it lowers the flow rate. The Emslie et al. Couette correction tries to
estimate how much slurry stays on the wafer and is capable of re-entering the interface.
It turns out over 95% of the slurry stays on the wafer because there is very little time for
the thin layer of slurry to be spread out by the inertial forces of the rotation. However,
the Emslie et al. Couette correction underestimates the actual slurry flow rates probably
because not all of the returning 95% of the slurry is able to re-enter the interface. There
is some efficiency at which the returning slurry can re-enter the interface at these
relatively high speeds. Only a fraction of that 95% will actually be able to re-enter the
interface, and the rest will be blocked and spun out by the pad.

The experimental results are summarized in the Fig. 4.5 and the data are available
in Table B.2 in Appendix. These results are bounded by the Couette model from the
above and the Emslie et al. Couette correction below. Both of these models do not
completely describe the actual slurry flow rates because both portray worst cases. The
Couette model assumes that no slurry will re-enter the interface which is not true. The
Emslie et al. Couette correction assumes all of the returning slurry will re-enter the
interface, which is also not true. Hence, the experimental results fall between these two
extremes and are bounded by them.

The data, however, seem to validate at least one assumption made in the

derivation of the Couette model. It was assumed that the inertial term of the N-S

equation was negligible mostly because of very low fluid thickness, #, so that rotation of
the pad would not add to the total flow rate. The experiment with stationary wafer and

the pad rotating as well as the stationary pad with wafer rotating (r,, =0) showed very

little flow, as expected from the model since the model only depends on the product of

wafer velocity and the center-to-center distance between the wafer and the pad.
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Figure 4.5. Experimental results for flow rates vs. linear velocity. Actual

data is located in Table B.2.
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The rotation of one of the surfaces does not cause any inertial forces on the fluid that
would allow flow rate. So, the decision to neglect the inertial term seems valid.
Otherwise, the inertial force due to the rotating surface would drive the flow outward and

create non-zero flow rates.

4.6 Discussion

The two equations bounding the flow rate for the face-up polishing tool are:

0, = rwa)wrph (4.35)
and
- 1
QI = a)wrccrph 1— - (4.38)
1+82%17 0,
3u

Equations 4.35 and 4.38, though simple, give some insight into how the slurry flow rate
can be approximated in CMP. These equations have been derived specifically for the
face-up polisher, but Eq. 4.35 can also be applied to the face-down polisher. Equation
4.38 however cannot be applied to the face-down configuration because the rough pad
holds and carries the slurry that leaves the interface and thus violates the assumptions of
the viscous flow model by Emslie et al., which assumes a smooth surface.

The Couette model is schematized in Fig 4.6. The flow rate equation for face-

down polisher is:

O=r.orh (4.36)

cc'plw

The basic assumption of this model is that the polishing pad has a certain capacity

to carry the slurry. The critical dimensions that characterize this capacity are the
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Figure 4.6. Couette model for face-up polishing.
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effective gap between the wafer and the pad, 4, and the radius of the pad (wafer for face-
down polishers). The product of the two gives a flow area through which sturry flows.
The slurry velocity through the flow area is dictated by the linear velocity of the wafer for
the face-up and linear velocity of the pad for the face-down polishers.

For the 100mm wafer polisher using Rodel IC 1400 pad without grooves, the

relevant parameters are: @ r_ =1m/s, r, =0.05m, Z=12um. Assuming no slurry

plec
reflux, the required flow rate is estimated to be O =36ml/min. In practice, however,
one may feed less than this amount and still not adversely affect the CMP process if
reflux is significant. For the 300mm wafers, the slurry feed rate is O =108ml/min,
assuming the magnitude of relative velocity is the same. It may be noted that in
industrial CMP practice, slurry is fed at a rate of 200ml/min in 300mm wafer polishing.

Thus the Couette flow model, though simplistic, estimates the right order of magnitude of
the slurry flow requirement. The difference may arise from several factors: the industry
uses grooved pads that contain more slurry and/or allow slurry to leave the pad
effectively through radial grooves. The relative velocity and the roughness of the pads
may also be different from those in the present experiments.

The basic Couette model can be used in both face-down and face-up polishing,
even with grooves so long as the grooves are closed within the pad, e.g., circumferential
grooves as opposed to radial grooves. If the grooves are open to the outside of the pad,

the Couette model fails to be the limiting case and large flow rates are expected. But if

closed grooves are used, to obtain the effective 4, ungrooved version of the same pad
should be used in the Poiseuille experiment. Grooves in closed form are beneficial

because they help increase the distribution of the slurry while the total flow rate is still

controlled by h.

Due to large slurry reflux, however, the required slurry feed rate may indeed be
quite low. Even so, it is desirable to feed fresh slurry frequently since the same slurry
used repeatedly may result in lower MRR and/or defects. By feeding larger quantities of
slurry than that predicted by the Couette model, the slurry will be replenished and such

problems can be eliminated.
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Based on the Couette flow model, increasing the size of the wafer is likely to
result in higher wafer-scale non-uniformity because the slurry flow rate depends on the
wafer diameter while the total volume of Cu removed depends on the area (diameter
squared). For example, if the 100mm wafer is replaced with the 300mm wafer, assuming
linear velocity is kept the same, the Couette model predicts the slurry flow rate would be
tripled while the area to be polished is nine times. So, three times the slurry flow rate
needs to remove nine times the volume of Cu. This would probably increase wafer scale
non-uniformity. Since the pad is capable of drawing only three times that of the 100mm
case, feeding more than that may not result in better uniformity. The pad is capable of
holding only a certain volume of slurry and overflowing it does not add to increased
MRR or uniformity. If more than the capacity is fed, only the volume dictated by this
capacity would actually be used and the rest would be spun off. This scaling disparity
between the slurry feed rate and the MRR is probably responsible for the wafer-scale
non-uniformity. The larger the wafer, the longer the distance the slurry needs travel to be
effective and keep non-uniformity low. By the time the slurry travels from the edge to
the center of the wafer, the abrasive particles may be worn out and cause spatial variation
in MRR.

In the face-up polisher, by contrast, the perforated pad allows efficient slurry
replenishment at the wafer/pad interface. The slurry has to travel only from one
perforation to the next where it gets mixed with the incoming slurry, thus slurry freshness
and effectiveness are maximized. For scaling purposes, then, the face-up polisher is
much better since it always has the same wafer-scale non-uniformity determined by the
distance between perforations. Thus, polishing non-uniformity will be independent of the
size of the wafer for the face-up polisher so long as the velocities are well controlled.

Another consequence of the Couette model is that for material removal rate, the
magnitude of the relative velocity vector, the difference between the wafer velocity and
the pad velocity vectors, is important while slurry flow pattern is determined by the sum
of the wafer and pad velocities. This may be another cause of non-uniformity in
polishing since optimization for MRR may adversely affect the slurry flow pattern and
cause non-uniformity. For example, if both angular velocities are equal in magnitude and

are in the same direction, the relative velocity vector field, too, is uniform in magnitude
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and direction throughout the interface, but the slurry flow pattern is rather complex.
However, if the angular velocities are in opposite directions with the same magnitude, the
slurry flow pattern is uniform and unidirectional while the relative velocity vector field is
complex. Hence optimization based solely on kinematics may not necessarily lead to
best polishing performance or uniformity. Uniform relative velocity vector field is
desired for uniform MRR, but even if the relative velocities are uniform the slurry
velocity field will not be. Non-uniform slurry velocity field will affect the distribution of
fresh slurry which in turn may affect local MRR. Thus, in the end MRR may not be
uniform even if it is expected based on the relative velocity field. An investigation of
both relative velocity and fluid velocity fields must be carried out to elucidate the
contribution of each toward MRR.

The Couette flow model does not account for all the phenomena that occur at the
polishing interface, which may be the reason for the discrepancy between the model and

the experimental results. Perhaps the assumption that the slurry is transported by two

smooth, moving boundaries 4 apart is not quite correct. In reality, the pad is a rough
surface that actually contacts the wafer at many points, and the fluid does not have the
freedom to flow as driven by the boundaries because of the many obstacles (the
asperities) along its path. Figure 4.7 shows how the slurry behavior may differ from the
idealized Couette model. The Couette model is more valid on the face-down polishers
since the pad is probably more influential over the slurry and at the same time the pad
speed is the dominant term in the Couette model. On the face-up polishers, however,
while the wafer speed is the dominant term in the Couette model, the details of pad
topography may be more influential in slurry flow. The profile and spacing of the
asperities may substantially affect the flow rate. Because the asperities are randomly
distributed, the streamlines of flow are disturbed, as shown in Fig. 4.7. This may be the

reason for the discrepancy between the Couette flow model and the experimental data.
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Figure 4.7. Slurry behavior idealization: (a) Couette Model, (b) More realistic view
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Chapter 5
Effect of Slurry Flow Rate on Material Removal Rate

5.1 Introduction

In the face-down polisher the operator has complete control over the slurry feed
rate. The operator, however, does not know the optimum slurry feed rate without an
analytical model or extensive empirical studies. At the very least, the Couette model is
able to give an upper bound on the required slurry feed rate. It is also important to study
its effects on material removal. It is not clear how MRR depends on slurry feed rate but
it seems intuitive to expect that as the slurry feed rate is reduced, the MRR should also be
reduced. It is desirable to find out what the MRR is as a function of slurry feed rate.

The face-up polisher is fundamentally different from the face-down polisher
because in the face-up configuration the operator does not have control over the slurry
flow rate. As long as the slurry reservoir is full, the process will draw as much slurry as
the pad allows. The only decision the operator makes is whether or not the slurry
reservoir should be full. Therefore, it is important to find the face-up MRR at the natural
slurry flow rate and how it compares to the face-down configuration. Such a study will
be able to show whether or not face-up is able to obtain comparable MRR at least at the
local scale.

The Preston constant will be used to compare local MRR on both face-up and
face-down machines. The Preston constant is an ideal parameter since it is independent
of relative velocity, pressure, and geometry, so it reflects the overall polishing
effectiveness. The local Preston constant is an indicator of slurry distribution in the face-
up configuration. As long as the Preston constant of the face-up configuration is similar
to the Preston constant of the face-down configuration, the slurry is adequately
distributed in the interface by the given perforation geometry. A starved polishing
interface is likely to have a low Preston constant (MRR), so the Preston constant can

indicate whether the slurry is adequately supplied or starved in the polishing interface.
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If the face-up Preston constant is lower in magnitude than the one obtained in the
face-down configuration, the pad perforation system does not allow the slurry to be
adequately drawn into the polishing interface. Thus, the perforation geometry needs to
be re-designed by adding more holes and/or closed grooves. However, if the Preston
constant is larger than in the face-down configuration, then the slurry supply system is
sufficient and one can probably conclude that the face-down machines needs a re-design

of the slurry distribution system.

5.2 Material Removal Rate

It is important from a manufacturing process point of view to determine the
Preston constant. In the conventional CMP process, the average Preston constant can be
found by polishing a blanket Cu wafer half way or so and knowing the initial Cu height

and the time taken. Thus, in regular CMP process if the angular speeds are the same

(@, = w,) the Preston constant is given by:

Ah

o= 2%
4 p‘VR[At

5.1

In the face-up polisher the Preston constant cannot be so easily determined because the
polishing is non-uniform even if the Preston constant is uniform across the contact. Thus
it is necessary to develop a methodology to measure Preston constant for some
substantial area as spatial average. Of course. the direct way to measure the thickness of
Cu removed is to measure it by electrical resistivity at some specific radial point.

A convenient and simple way to determine the Preston constant is by measuring
the total volume of material removed in a given polishing time. This can be easily done
by measuring the change in mass of the wafer before and after polishing, and knowing
the density of the material. Once the total volume removed is measured it can be used to

solve for Preston constant as follows:

-81 -



dh .
—d?—kpplle (1.1)

The change in Cu height is obtained by simple integration in time:
I
A=k, p ﬂvR lat (5.2)
4]

Figure 5.1 shows the geometry of the system along with the variables used in the

analysis. By changing variables to eliminate time we obtain:
% do
AW =k,p | |vR|; (5.3)
-6, w

Total height removed is the integral of Eq. 5.3 over total number of revolutions:

_ @

[
0~ 1d0 1
_gp

27 27

w
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ook, [[9:ld0 (54)
_Bp

Total volume of material removed is the integration of Eq. 5.4 over affected wafer area:

AV = T]Ah(r)rdrd@ = :-ZI;texp k, pzﬁ gij ldordrd® =1, k,, pr] 0]}@ dérdr  (5.5)
05 0n-0, n -6,

If the entire pad area is within the wafer, the integrals in Eq. 5.5 are nothing more than

integrals over the pad area hence if ]ﬁRIis expressed in the pad coordinate system, it

reduces to the following.
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Figure 5.1 Face-up polisher geometry
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Yo 21

AV =t k,p | ﬂvR (¢, r)dgrdr (5.6)

Equation 5.6 is a general equation valid for any speeds, but only if the entire pad is within

the wafer. If the goal is to determine the Preston constant, then the simplest way is to run

an experiment with @, =w,. Then ]iRI = o r,, which is constant over the contact

interface so that change in volume is given by:

"o 21 p2rm

AV =t k,p [ [o-r drdr =tk por., | | dgrdr (5.7)

00, 00,

Where the right-hand side integral is just the area of the pad:

AV =t k,por A, (5.8)
Thus:
k= o (5.9)
pa)rccApadtexp pCu

where k,is the Preston constant, Am the measured change in mass, pthe nominal
pressure, @ the angular rate of both the pad and the wafer, 4, the area of the pad (or
the area of the pad within the wafer), ¢, the total polishing time, and p, is the density

of Cu.

5.3 Resiults

Experiments were performed on the face-up polisher to determine the Preston

constant for two different pads. The first pad was Rodel IC 1400 without grooves. The
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second was similar Rodel IC 1400 pad with grooves. Both pads were cut to a diameter of
38 mm so that the entire pad would lay within the wafer area. This condition is not a
necessity for actual CMP but a good way to simplify Eq. 5.6 in order to determine the
Preston constant. Also, both pads were perforated in the same manner. The perforations
were done by a punch and their diameter was 2.4 mm. The perforations were spaced in a
square matrix 6.3 mm apart. Each pad contained 21 perforations.

Both experiments were performed on Cu blanket wafers 100 mm in diameter.
The center-to-center distance between the wafer and the pad was 25.4 mm and was held
constant throughout the experiment. From the above analysis it is clear that the angular
velocities of the pad and the wafer should be equal, for simplicity. For both experiments
the angular velocities were set at 250 rpm. The nominal polishing pressure was 14 kPa.
Both experiments were performed using Cabot ICUE 5001 slurry with 10% by volume
addition of 30% Hydrogen Peroxide in accordance with manufacturer specifications.
The change in mass of the wafer was obtained by weighing before and after polishing.

The results of the two experiments are listed in Table 5.1.

Table 5.1 Slurry flow rate and MRR for two pads in face-up polishing.

Lo Initial Final Am AV 0 k,
mass mass

Pad m mm’ ml/min [1/Pa]
[e] [g] e Lent] |

[min]

Rodel
1C1400
without
groves

Rodel
IC1400

with
grooves

12 112601 11.2500 10.1 1.13 0.83 1.5x10°

15 9.2657  9.2503 15.4 1.73 5.50 1.8x1078

Puon =14 kP2, 0, =@, =26.18radss, r,, =254 mm, r,=19mm, p. = 8900 kg/m’

The experiments were performed to investigate the effect of slurry flow rate on

material removal rate, too. The Rodel IC 1400 pad without grooves allowed average
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slurry flow rate of about 0.8 ml/min and obtained the average Preston constant of

1.5x107°1/Pa. The same pad but with grooves allowed slurry to flow at about 5.5

ml/min and obtained the average Preston constant of 1.8x107 1/Pa. The grooves were

roughly linear as the pad was cut from the outer region of a much larger pad with
concentric grooves. Both pads had the same topography except for the grooves. It seems

the grooves themselves allow higher slurry flow rates because they act like deep and wide

channels compared with the effective gap, h. Asa result, slurry was drained from the
interface without actually allowing it to be effectively used. The experiment seems to
show that by providing grooves that allow slurry to flow outside from the interface, the
Preston constant is only marginally increased and it is probably due to a slightly more
uniform slurry distribution. The slurry consumption, however, is greatly increased.
Hence, to minimize slurry consumption and keep the MRR constant, pads without
grooves should be used in face-up polishing. Alternatively, pads with concentric and
closed grooves may be used since they do not allow slurry to be drained from the
interface. Such a pad would also provide an effective way of distributing the slurry more
uniformly in addition to the perforations.

These two experiments are meant to show the effect of slurry flow rate on MRR
in face-up polishing. The quoted slurry flow rates must be put in context, since the pad
was smaller than necessary and the rotational speeds were also low. Consequently, the
overall material removal rate (wafer-scale) was quite small even though the Preston
constant was about what it is in regular CMP. In regular CMP, however, the entire wafer
is being polished at once so that total polishing time is around 5 min. In the present

experiment, the pad only covered a small portion of the wafer (roughlyl/7th) so that

overall material removal rate was low. In actual face-up polishing the pad would be
almost twice the diameter and the speeds should be roughly doubled so the slurry
consumption should be quadrupled (based on Couette flow model). Hence, to compare
slurry consumption in the face-up polisher with that in regular CMP, it is necessary to
consider the total polishing time required to finish the wafer and not just the Preston

constant.
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5.4 Face-down Polishing

The following experiment was performed to determine the effect of slurry flow
rate on MRR in conventional rotary (face-down) CMP. The effect of slurry feed rate on
MRR is not clearly understood. It is imperative to understand this phenomena from the
slurry consumption point of view. The following is an empirical attempt to show the
effect of slurry flow rate on the material removal rate.

The experiment attempted to measure the average Preston constant of Cu blanket
wafers for various slurry flow rates. It was performed on a 100mm face-down CMP
machine with applied pressure of 14 kPa and with equal angular rates for both the wafer
and the pad. The pad was Rodel IC1400 with grooves (concentric K-grooves) that was
thoroughly cleaned before each experiment with water and high pressure air to rid of any

residual abrasive or wear particles.

Table 5.2 Face-down polishing conditions

Wafer Diameter [mm] 100
r,. [mm] 89
o, [rad/s] 78
@, [rad/s] 7.8
Pressure [kPa] 14
Pad Rodel IC1400 with grooves
Slurry Cabot ICUE 5001 with H,O,

Cabot ICUE 5001 was the slurry with the addition of 10% by volume of 30% Hydrogen
Peroxide, as specified by the manufacturer. The slurry was supplied by a low flow rate
peristaltic pump to obtain such a low-range flow rates. The polishing conditions are

given in Table 5.2.
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Each experiment began with a new 100mm blanket wafer with a 1um Cu coating
by PVD. The overall spatial Preston constant can be determined from Eq 5.1 by

determining average Cu height reduction from the total change in mass.

Ah,,
=—7k (5.1)
p‘vR At

P

where At is the total polishing time (f,) and Ah_ is the average Cu height reduction
which can be calculated using the total change in mass of the wafer by:

Ap =BV Am (5.10)

avg -
Awafer P Cu Awafer

Where Amis the measurable change in mass as a result of polishing, 4 . is the wafer

wafer
area, and p,, is the density of Cu. The basic assumption behind this analysis is that only
Cu is being removed from the wafer by polishing. It is a reasonable assumption since the
total polishing time was not long enough to completely remove Cu from the wafer. The

entire wafer area is used to average the material removal rate to obtain the average

Preston constant throughout the wafer area. Substituting in Eq 5.10 into Eq 5.1:

Am
texp Awafer P, Cu

k

p

(5.11)

B p“_;R

The experiments were performed with equal wafer and pad's angular velocities so Eq.

5.11 becomes:

k = Am (5.12)

p =
p a)rcctexp Awafer p Cu
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Figure 5.2 The effect of slurry flow rate on the Preston constant
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Equation 5.12 was used to obtain the average Preston constant by measuring the
total change in mass of the wafer. This analysis is only valid for an average Preston
constant throughout the wafer area and cannot be used to obtain a point-wise Preston
constant. The experiment consisted of polishing a new wafer for about 4 min at the
conditions listed in Table 5.2 at various slurry flow rates. The wafer was weighed before
and after the experiment to obtain the change in mass. The overall Preston constant was
determined from equation 5.12 and the experiment was repeated with another new
blanket wafer for another slurry flow rate condition.

The results of these experiments are summarized in Figure 5.2 and the data are
listed in Table A3 in Appendix. The Preston constant is a useful way to describe MRR
because it factors out speed and pressure, but depends on the slurry feed rate in a
complicated way. First, MRR increases as the slurry feed rate is increased up to
20ml/min. This shows that a starved polishing interface will exhibit lower MRR and as
the starvation is reduced, MRR is increased. At slurry feed rate over 20ml/min, MRR
seems to drop as feed rate is increased. This is counterintuitive since it is expected that as
the feed rate is increased past the pad capacity, MRR should level off. These
experiments show that MRR actually drops as slurry feed rate is increased beyond the
optimum feed rate. Based on the Couette flow model, this optimum which is the pad

capacity to accommodate slurry flow rate is around 23ml/min from Eq. 4.35, where

o, =0.7m/s, r,=0.05 m, and h=11 um. It appears that once the slurry feed rate is

e
higher than this pad capacity then MRR drops off. Also, the point of zero flow rate was
obtained by polishing with 50 ml/min flow rate of just water. That way the effect of
residual abrasives or contaminants can be accounted for.

It was noticed that when the slurry feed rate was below 30ml/min then there was
noticeable stick-slip motion of the wafer carrier during polishing. Hence, one can
conclude that the friction coefficient was higher than the friction coefficient during
polishing with higher slurry feed rates. Since the friction coefficient provides the shear
stress for material removal, higher shear stress would create higher MRR as long as there
are enough abrasives present. All the experiments below 23ml/min experienced some
sort of starvation and hence high friction since the interface is not well lubricated. As

more and more slurry is fed, MRR increases because there is a much larger volume of
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abrasives flow through the interface even if the shear force decreases. At 23ml/min,
shear force is low enough that adding more abrasives will not increase MRR; instead it
would lubricate the system and hence reduce the shear force even more. As more slurry
is fed, the system is better and better lubricated with lower and lower shear force while
the total number of abrasives remains the same inside the interface because the pad can
only carry so many. Thus, an optimum MRR condition is obtained at around 23ml/min.
It must be noted full fledged hydrodynamic lubrication is not occurring in CMP.
However, localized lubrication may be occurring consistent with mixed lubrication
regime since there seems to be a decrease of friction if slurry feed rate is larger than 23

ml/min.

5.5 Summary

Based on experiments, both the face-up and the face-down polishers have the
same Preston constant. It may be assumed therefore that the current perforation geometry
is optimal enough to be used in the face-up polisher. But there is room for improvement,
for the grooved pad showed a slightly higher MRR than the un-grooved pad. The slurry
flow rate with the grooved pad, however, was much greater since the grooves drained the
slurry away from the interface faster. Thus, by cutting closed grooves on the pad, in
addition to the perforations, the slurry can be distributed more evenly and thus increased
MRR and polishing uniformity are expected.

While the Preston constants are about equal and the local MRR is the same for
both configurations, the face-up polisher takes longer to polish the entire wafer. This is
because the pad covers only a fraction of the wafer in the face-up configuration, whereas
in the face-down configuration the pad covers the entire wafer at once. This is one of the
limitations of the face-up design, but can be easily overcome by using higher pad speeds,
also required for achieving uniformity in polishing.

Indeed, this is an unexpected benefit, for the slurry flow rate is determined only

by the wafer angular speed (by the Couette model) while MRR is a function of the
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angular speeds of both the wafer and the pad. So, by increasing the pad speed as required
to get high uniformity, overall MRR is also increased and slurry consumption is held low.
On the face-down polisher, however, different angular speeds for the wafer and the pad
will result in non-uniform polishing. So, the face-up polisher has an added advantage in
that the increased pad speed results in higher uniformity and MRR, but not in slurry flow
rate. Nevertheless, it is also necessary that fresh slurry enter the contact interface

continuously. Otherwise, MRR in fact will decrease.
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Chapter 6

Conclusion

6.1 Concluding Remarks

In this thesis, an innovative face-up polisher configuration is proposed to control
over-polishing and hence dielectric erosion and Cu dishing in CMP. In the face-up
configuration, over-polishing is controlled kinematically. A smaller pad initially removes
Cu at the center of the wafer and then moves radially out, progressively removing Cu
from center to edge. As a result, it will not over-polish the completed central regions.
However, this method works only if the rotational speed of the pad is greater than that of

the wafer, i.e. @, > @, . The kinematics and the frictional forces of the face-up CMP tool

are described in Chapter 2.
A methodology of characterizing the effective gap between the wafer and the pad

is developed by Poiseuille flow analysis and experiments in Chapter 3. Asperities of the

pad contact the wafer and the fluid fills the space between them. The effective gap, h,is
of the same order of magnitude as the roughness; it is closer to the RMS roughness of the
pad than to the average roughness. Thus, the Poiseuille method for characterizing the
pad’s capacity for fluid flow seems reasonable.

In Chapter 4, a model based on Couette flow is developed to study the slurry flow
behavior in both face-up and face-down CMP tools. The Couette model is simple in that
it does not account for slurry reflux. Thus, the Couette model overestimates the flow
rate. A correction to the Couette model is also developed to estimate the remaining slurry
film thickness in the face-up configuration, which would re-enter the pad/wafer interface
and reduce slurry consumption. The Emslie et al. correction shows that over 95% of the
slurry that leaves the interface will stay on the wafer and re-enter, but it grossly
underestimates the flow rate possibly because not all the returning slurry re-enters the
interface. Therefore, the actual slurry flow rate is bounded from above by the Couette

model and from below by the Emslie et al. correction to the Couette model.
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The Couette model provides an analytical solution for the average local fluid
velocity at the polishing interface. The average fluid velocity vector is proportional to
the vector sum of the local pad velocity and the local wafer velocity, not to the difference
as in MRR. Average fluid velocity vectors for various polishing speeds are shown in the
Fig. A.1 in Appendix A.

Polishing experiments show that the Preston constants of the face-up and face-down
configurations are about equal. This suggests that in the face-up scheme, the slurry
distribution generated by the current perforation geometry is adequate, or at least
equivalent to that of the face-down configuration. The grooved pad yields a slightly
higher Preston constant than the un-grooved pad, but also causes much larger slurry flow
rates. Since the grooves were not closed, they allowed the slurry to be drained from the
interface at high rates. This result suggests, however, that the Preston constant for the un-
grooved pad can be increased substantially by providing a better slurry distribution
network, in addition to the perforations. Possibly, the pad should have closed grooves

that aid slurry distribution at the interface but not allow the slurry to be drained from it.

6.2 Overview

Several objectives have been accomplished in this work. First, an innovative
method of characterizing the pad roughness for fluid flow is developed. The procedure
outlined in Chapter 3 may be followed to determine the effective gap between the pad
and the wafer. Basically, a fixture has to be made so that a small circular pad with one
central hole can be pressure loaded and simultaneously allow pressurized fluid to flow
from the central hole to the outside. To accomplish this task, a design similar to the one
shown in Figure 3.2 may be employed. The pad should not have grooves since grooves
by far dominate the flow and skewed measurements will be obtained. If for actual
polishing purposes a grooved pad is used, to characterize that pad an un-grooved version
of it must be used. It should have the same surface roughness excluding the grooves. In
face-down polishing, the circular grooves do not contribute to slurry flow since they are

closed and act as reservoirs—once filled, they remain filled. The important parameter is

h, the effective gap between the wafer and the pad due to the roughness of the pad.
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Experiments similar to those described in Chapter 3 should be done and Eq. 3.27 used to

calculate the effective 4.
The next contribution of this thesis is the analysis of slurry flow during polishing.
The model discussed in detail in Chapter 4 may be used to estimate the slurry

consumption in CMP or in similar processes. From the effective gap between the wafer

and the pad, A, the required slurry feed rate can be estimated for either the face-down or
the face-up polishers. The model is not exact in predicting the flow rates obtained
experimentally, but is able to bound the actual flow rates. The upper bound is the simpler
Couette model, which overestimates the flow rate because it does not take into account
slurry reflux. The lower bound is the Emslie et al. correction to the Couette model,
which estimates the amount of slurry that remains on the wafer and assumes that it re-

enters the interface. The Emslie et al. correction basically re-establishes the effective gap

at the interface as the difference between % and the thickness of returning slurry. Only
about 5% of the gap will be able to accommodate new slurry and hence allow some flow
rate. The Emslie et al. correction, however, grossly underestimates the flow rate because
substantial portion of the returning slurry will not be able to re-enter the interface. That
difference will allow fresh slurry to fill the remainder of the gap and hence the actual

flow rates will be higher than the correction due to Emslie et al. to Couette flow.

6.3 Future work

It is apparent that the Couette flow model overestimates the slurry flow rate.
Future work may include research to refine this model and incorporate corrections for the

discrepancies. For instance, some secondary phenomena might be taking place so that
the % value obtained from Poiseuille experiments does not fully describe an effective gap

between the rotating wafer and pad. Future work may include tying together h from
Poiseuille flow to Couette flow by incorporating pad waviness into the Couette model.
Future work may also involve continuing improvements on the face-up polisher.

The current machine has numerous problems and limitations. Stiffness of the pad carrier
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needs to be increased to avoid chatter due to stick-slip motion. The wafer carrier needs to
be modified so that the height differential between the wafer and the retaining ring is
minimized. Also, endpoint detection sensors should be incorporated into the design and
integrated with automated kinematic controls.

Once a fully operational and fully integrated with sensors and kinematic controls,
the face-up polishing machine should be used to obtain numerous data on reducing wafer
scale non-uniformity. Several algorithms may also be proposed to uniformly polish the

wafer depending on incoming wafer non-uniformities.
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Appendix A
Fluid Velocity Based on the Couette Model

In this work, the Couette flow is used for modeling the slurry transport in CMP.
Equations 4.31 and 4.32 derived by that model can be used to plot the integrated mean
fluid velocity vector as a function of position in the wafer pad interface for various speed
ratios. Equation 4.31 and 4.32 respectively show the mean radial component and the
mean tangential component of the fluid velocity. To obtain effective local fluid velocity
both radial and tangential components were averaged in z. Equation 4.31 and 4.32

express that average fluid velocity.

vr=%a) 7. sing (4.31)

wce

v =%[a) r cos¢+(a)w +a)p)r] (4.32)

wice

where o, is the wafer angular speed, @, the pad angular speed, ., the distance between

> Tec

center of the pad and the center of the wafer, » and ¢ are the polar coordinates centered

on the pad, v, is the mean (z-directional) local radial fluid velocity, and vs the mean (z-

directional) local tangential fluid velocity. Figure A.1 shows the mean fluid vector field
for various angular speed combinations where each vector comprises radial and
tangential components from Eqs. 4.31 and 4.32, respectively. The magnitude of the
vectors is automatically scaled for each of the setting so they can easily fit into the graph.
The magnitudes show, relatively, the speed of the flow within each figure. However,
they should not be compared across figures since not only the speed ratio is important but
also the absolute velocity. Each figure may have a different scaling normalization so the
magnitudes should not be compared between the figures.

Figure A.1 shows the flow pattern of the fluid. For instance, if the angular speeds

are set the same and the midpoint of the pad and wafer centers lies within the pad, there is
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a point of zero mean fluid velocity. On the average, the net flow is zero at that point, but
in reality the top surface drags the top portion of the fluid in one direction and the bottom
drags the bottom portion of the fluid with equal velocity in the opposite direction.
Another interesting point is that when both angular speeds are set equal but in
opposite directions the mean fluid velocity field is uniform. The net flow will be equal in
magnitude and direction at every point within the pad. All of the Figs. A.1 are mere
visualizations of Eq. 4.31 and 4.32 and just show how on average (in z-direction) the
fluid is flowing at the wafet/pad interface. Such analysis of the fluid flow could be used

in the future to possibly explain polishing non-uniformity.

-98 -



Mean Fluid Velocity Vectors

1
o
n
ha

15 -1 -05 0 0.5 1

x/ 7,

Figure A.1a. Fluid velocity vector field for a given condition.

-99 .

1.5



Mean Fluid Velocity Vectors

1.5

0.5

0
x/ 7,

Figure A.1b. The average velocity vector field for a @

-0.5

Yo,

I3

- 100 -



Mean Fluid Velocity Vectors

field for » . .

c. The average velocity vector

Figure A.1

- 101 -



Mean Fluid Velocity Vectors

0.5 - NN
— - \
- \\"\\\\\\ '\'\\

1
o
wn
hal

"'1.\4 | 1
-1.5 -1 -0.5 0 0.5 1

Figure A.1d. The average velocity vector field for 0, = 20w, .

-102 -

1.5



Appendix B

Experimental Data

In Chapter 3, the Poiseuille flow is used to characterize the pad for fluid flow.
The derived model, though simple, is used to estimate the effective gap between the
wafer and the pad that facilitates fluid flow. An experiment was performed to estimate
the effective gap between the two surfaces. Table B.1 lists the data.

In Chapter 4, the Couette flow model is used to characterize the behavior of slurry
in CMP. An experiment was performed for various operating speeds to verify some of
the assumptions derived in the model and also to validate its applicability. Table B.2 lists
the data from the experiment where the change in height of fluid in the cup was converted
to the flow rate for given operating speeds.

In Chapter 5, material removal rate was mapped as a function of slurry feed rate
for the face-down polishers. MRR was represented by the Preston constant and was
obtained for Cu blanket wafer polishing. The average Preston constant was obtained
from the change in mass of the wafer after a known time in polishing at known
conditions. Table B.3 shows the data obtained from these experiments.

Figure C.1, shows the prototype face-up CMP machine. One can see the wafer
carrier and the pad mounted on an arm that supplies the load and it is able to move
sideways on a linear stage. Numerous accessories are required for the machine to work.
For instance, the vacuum pump below evacuates the vacuum chamber in the wafer carrier
to hold the wafer fixed during polishing. Two peristaltic pumps were used to pump
slurry into the slurry cup and water for cleaning after polishing. Various controllers are
also required for the operation of the wafer carrier motor, the pad motor, and the linear
stage. In the future a data acquisition system can be used along with the endpoint

detection to control wafer level non-uniformity during polishing.
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Table B.1. Data of the Poiseuille Flow Experiments

Effective Change
Fluid Lift Applied Pad in Fluid _
Pressure  Force Load Pressure  Height At 0 h

[kPa] — [N] [N]  [kpa]  [wm]  [min] [mlmin] [um]
17 14 15 1.4 2.5 20 0.3 10.4
28 24 31 59 2.5 20 0.3 8.9
24 21 23 1.4 5.1 25 0.5 10.8
50 46 61 13.8 5.1 20 0.7 9.1
50 46 61 13.8 10.2 9 2.9 15.0
43 38 53 13.8 12.7 25 1.3 12.1
34 31 46 13.8 3.8 20 0.5 9.4
21 19 34 13.8 5.1 25 0.5 11.4
41 36 51 13.8 19.1 17 2.9 16.0
45 40 55 13.8 3.8 32 0.3 7.4
34 31 46 13.8 8.9 25 0.9 11.6
41 36 59 20.7 12.7 22 1.5 12.8
34 31 53 20.7 25 20 0.3 8.2
48 44 66 20.7 7.6 32 0.6 9.1
41 36 66 27.6 5.1 20 0.7 9.8
34 31 61 27.6 25 25 0.3 7.6
48 44 74 27.6 2.5 30 0.2 6.4

Rodel IC1400 pad without grooves, ... =0.001Pa-s, 7, =19mm, 7,  =3.1mm,

A,,=25.6cm’

- 104 -



Table B.2. Data of the Couette Flow Experiments

Initial  Final

Wafer Pad fluid fluid

Speed Speed e Tec®y height height Ak At Q

[(pm] [pm] [mm] [m/s] [mm] [mm] [mm] [min] [ml/min]
100 0 0 0.00 67.3 67.3 0.0 15 0.00
300 0 0 0.00 67.3 66.0 1.3 15 0.17
100 0 25.4 0.27 68.6 67.3 1.3 15 0.17
100 0 254 0.27 69.9 68.6 1.3 12 0.21
150 0 25.4 0.40 67.3 54.6 12.7 8 3.11
200 0 254 0.53 71.1 533 17.8 9 3.87
225 0 254 0.60 61.0 53.3 7.6 8 1.87
250 0 254 0.66 71.1 50.8 20.3 8 4.98
275 0 254 0.73 53.3 48.3 5.1 9 1.11
300 0 254 0.80 71.1 62.2 8.9 12 1.45
350 0 254 0.93 69.9 58.4 114 8 2.80
400 0 254 1.06 71.1 64.8 6.4 10 1.24
100 200 254 0.27 61.0 50.8 10.2 9 2.21
150 200 254 0.40 61.0 50.8 10.2 8 2.49
200 200 254 0.53 53.3 47.0 6.4 12 1.04
300 200 254 0.80 47.0 40.6 6.4 10 1.24
200 300 25.4 0.53 78.7 71.1 7.6 10 1.49
300 300 254 0.80 74.9 66.0 8.9 10 1.74
400 300 254 1.06 72.4 63.5 8.9 8 2.18
400 400 254 1.06 73.7 66.0 7.6 8 1.87

Rodel IC1400 pad without grooves, u,... =0.001Pa-s, r,=19mm, 4, =19.6 cm?,

Pad with 21 perforations g,,, =2.4 mm each, arranged in 6.3 mm square grid.
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Table B.3. Effect of slurry flow rate on the Preston constant in the face-down polisher

Initial

Final

Polishing k
0 Mass Mass Time Am AV P i
[ml/min]  [g] [e]  [min]  [mgl  [mm’] [YPax10"]
0 11.2651 11.2650 4 0.1 0.01 0.0
3 9.2418 9.2256 5 16.2 1.82 0.7
7 9.1330 9.1140 4 19.0 2.13 1.1
12 9.1140 9.0818 4 32.2 3.61 1.8
15 9.1197 9.0950 4 24.7 2.77 14
15 9.0945 9.0642 4 303 3.40 1.7
15 9.3926 9.3631 4 29.5 3.31 1.7
20 9.0795 9.0390 4 40.5 4.55 2.3
30 9.2256 9.1906 4 35.0 3.93 2.0
45 9.1459 9.1250 4 20.9 2.34 1.2

Rodel IC1400 Pad with concentric K-grooves, 0,=0,= 8.37rad/s, r_=88.9mm,

s Tee

p =14kPa, 100mm wafer diameter, Cabot ICUE 5001 slurry with 10% by vol. of 30%

H0,,
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Appendix C

Photographs

Figure C.1. Photograph of the prototype face-up polisher.
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Gravitational acceleration

Height

Effective gap between the wafer and the pad
Preston constant

Mass

Pressure

Characteristic pressure

Nominal applied pressure
Normalized pressure

Radial position

Wafer-centered polar coordinates
Pad-centered polar coordinates
Center-to-center distance between the pad and the wafer
Revolution of the wafer

Pad radius

Normalized radial position

Time

Total experiment time

Normalized time

Velocity

Average velocity

Linear outward velocity of the pad
Velocity at point P

Relative velocity

Normalized velocity
Vertical position
Normalized vertical position
Area

Force

Volumetric flow rate
Torque

Characteristic velocity
Volume

Viscosity
Coefficient of friction
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8 VDD

S

Angular span of pad on the wafer
Density

Characteristic time
Pad angular velocity

Wafer angular velocity
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