
C
hemical-mechanical planarization (CMP) is an
abrasive process for polishing the surfaces of
wafer flats in integrated-circuit (IC) fabrication.
ICs are made on wafers and stacked up in three-
dimensional layer structures; for details, see

“Overview of Semiconductor Manufacturing” in [1].
The feature size or critical dimension of IC devices
is determined by the pattern lithography process. A
planarized topography of the device surface is criti-
cal for the lithography process to achieve a precise
patterned feature at the submicron level. CMP is the
enabling technology for achieving global planariza-
tion in semiconductor manufacturing. For example,
interlevel dielectric (ILD) and intermetal dielectric
(IMD) are widely used microstructures in memory
and logic integrated devices. Figure 1 illustrates the
ILD/IMD cross-section structures with and without CMP.
Nonplanarization of ILD/IMD structures accumulates
from the bottom levels to the upper levels during multilay-
er IC fabrication. Such nonplanarization layers not only
limit the depth of focus of the high-resolution lithography
process but also deteriorate the performance of ICs [2].

During CMP, the device side of the wafer is pushed
down by a wafer carrier against a moving polishing pad to
achieve surface planarization; see Figure 2. Chemical slurry
is poured onto the polishing pad to assist in material
removal and surface planarization. The chemical reaction
between the slurry fluid and the film as well as the interac-

tion between the particles in the slurry and the wafer sur-
face aid material removal during the polishing process. The
slurry fluids also help to remove the ground-off materials
and by-products. To ensure consistent performance, the
roughness of the polishing pad surface is maintained by a
pad-conditioning system, shown in Figure 2(b). Three types
of CMP polishers are used in the semiconductor manufac-
turing industry, namely, rotational, orbital, and linear pol-
ishing machines. Figure 2(a) shows a schematic of a
rotational CMP configuration, while (b) shows a linear
CMP configuration. For rotary CMP machines, both the
wafer carrier and the polishing pad rotate, while for linear
CMP machines the polishing pad moves linearly across the
wafer surface and is supported by a pair of rollers.
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CMP involves both mechanical and chemical interaction
between solids and fluids, while CMP performance is deter-
mined by several mechanical and chemical process parame-
ters. These parameters include process and machine
configurations such as polishing down force, consumable
material-related parameters, such as slurry pH values and
temperature, and wafer-related parameters, such as wafer
film materials and topography [2]. Various metrics are
defined to quantify CMP performance; see “How to Quanti-
fy CMP Performance.” From the system’s point of view, the
process input configurations and output performance are
illustrated in Figure 3. The input parameters include slurry,
pad, wafer, and equipment and process configurations. The
output performance parameters are defined at various
scales, such as wafer, die, feature, and particle scale; see
“CMP for Shallow Trench Isolation Patterned Wafers.”

Two modeling approaches, statistical and physical
models, are used to analyze CMP. The statistical modeling
approach uses statistics methods to construct a data-based

mathematical model between the process inputs, such as
process configurations, and the process outputs, such as
the material removal rate. Such a modeling approach has
been widely used for advanced run-to-run process control
of CMP [3]–[6]. The physical modeling approach, on the
other hand, investigates interactions among the wafer,
polishing pad, and slurry fluids, at both the micro and
macroscales. One of the advantages of the physical model-
ing approach over the statistical modeling approach is
that the former gives physical interpretations and can be
used as a mathematical foundation for real-time process
monitoring and control.

Although polishing is a major manufacturing process,
no single analytical model provides a precise relationship
between CMP input parameters and output performance
parameters. Poor process understanding and a lack of effec-
tive in situ process sensors due to dynamic and harsh envi-
ronmental process conditions are the main challenges to
developing analytical models. Modeling of the polishing

process can be traced back to
the beginning of the last centu-
ry [7]. In recent years, various
mathematical models have
been developed to quantita-
tively understand the material
removal mechanism in CMP
[2]. In these models, three
types of wafer/pad contact
regimes are assumed, namely,
direct solid-to-solid contact,
semidirect contact, and lubri-
cation and hydrodynamic con-
tact. The thickness of the thin
film between the wafer and
pad determines the regime to
which a particular process
setup belongs. Figure 4 illus-
trates the relationship among
contact regimes, film thick-
ness, and polishing parame-
ters, such as slurry viscosity,
relative velocity between the
wafer and pad, and applied
wafer/pad pressure.

Friction between the wafer
and the polishing pad con-
tributes significantly to CMP
performance, such as the

FIGURE 1  A schematic diagram showing multilevel integrated circuit structures. Interlevel dielectric
(ILD) and intermetal dielectric (IMD) are widely used structures for constructing multilevel integrat-
ed circuits. Metal layers/lines are marked as red color rectangular blocks. (a) The process flow of
chemical-mechanical planarization (CMP) for ILD/IMD structures and (b) a cross-section compari-
son of an ILD/IMD structure with and without CMP. (From [2], used with kind permission of
Springer-Science+Business Media.) 
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In this article, we develop an analytical model of the relationship

between the wafer/pad friction and process configuration.
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material removal rate [8]–[11]. In [12], the coefficient of
friction for a prototype of a rotary CMP polisher is mea-
sured under various polishing parameters, such as the
polishing table’s rotational speed and polishing down
force. The study in [9] concludes that the material removal
rate for copper CMP is partially driven by the coefficient
of friction. In [10] and [11], it is demonstrated experimen-
tally that the material removal rate is proportional to the
wafer/pad friction forces for both oxide- and copper-
wafer CMP. In [13], a mechanism and
method is designed to measure the friction
forces in real time. The relationship between
the wafer/pad friction forces and process
configurations is explored, both analytically
and experimentally, in [14] and [15]. The
focus in [14] and [15] is on the mechanical
friction effects at wafer, die, and feature scale
for oxide CMP. These analytical models pro-
vide a framework for studying wafer/pad
friction and thus enable the in situ monitor-
ing and control of CMP.

In this article, we develop an analytical
model of the relationship between the
wafer/pad friction and process configuration.
We also provide experimental validation of
this model for in situ process monitoring.
CMP thus demonstrates that the knowledge
and methodologies developed for friction
modeling and control can be used to advance
the understanding, monitoring, and control
of semiconductor manufacturing processes.
Meanwhile, relevant issues and challenges in
real-time monitoring of CMP are presented as
sources of future development.

This article is organized as follows. In the
following section, we describe the linear CMP,
which we focus on in this article. Then we dis-
cuss wafer/pad friction modeling in three
steps. In the first step, we present a wafer/pad
friction model without considering pad-condi-
tioning and patterned-wafer topography
effects. The pad-conditioning effect on
wafer/pad friction is investigated in the next
step. Then we discuss the effect of patterned-
wafer topography on wafer/pad friction char-
acteristics. Finally, experimental model
validations are presented, followed by some
application examples.

LINEAR CHEMICAL-MECHANICAL PLANARIZATION
The linear-planarization mechanism is different from that
of a rotary polisher. In the linear CMP setup, the polishing
pad moves linearly against the rotating wafer. A circular
air-bearing system, shown in Figure 5, is used to adjust
the polishing uniformity. Compressed air between the
polishing pad and the air platen supports the moving
polishing pad. The air zones on the platen consist of small
cocentered holes located at various radii as shown in

FIGURE 2  Typical configurations of the chemical-mechanical planarization (CMP)
modules. In (a) the rotational configuration, both the wafer carrier and polishing pad
are rotating. In (b) the linear configuration, the wafer carrier rotates, while the pol-
ishing pad moves linearly across the wafer surface. (Picture used courtesy of Lam
Research Corporation.)

Polishing Pad

Polisher Platen

Wafer

Wafer Chuck

Polishing Slurry
Dispenser

Polishing Slurry

Rotary CMP Tool

Down Force Control

Polishing Pad

Air Bearing Platen

Driving Roller

Slurry
Delivery

Wafer

Wafer Carrier

Polishing Spindle

Conditioner
Disk

Pad Conditioning

(a)

(b)

CMP is the enabling technology for achieving

global planarization in semiconductor manufacturing.



Figure 5(b). By tuning the air pressure in each air zone on
the platen and by adjusting the air gap between the platen
and the polishing pad, we can change the polishing pad
deformation and thus adjust the wafer polishing unifor-
mity [6]. Moreover, the air-bearing tuning mechanism
decouples control of the polishing process uniformity
from control of the material removal rate [16]. Compared
with rotary CMP tools, linear planarization provides a
wide range of polishing pad speeds and polishing pres-
sures and therefore increases the process throughput as
well as the planarization performance [16].

In CMP, the surface of the polish pad must be main-
tained at a specified roughness level in order to maintain
consistent performance. Conditioning the pad is an effec-
tive method for maintaining the pad surface roughness
[17]. In practice, a moving conditioner disk is pushed

against the moving pad. Hundreds of small diamonds,
shown in Figure 6(a), are usually mounted on top of the
conditioner disk surface. As the disk moves across the pad,
the disk scratches the porous pad surface, which sustains
the pad surface roughness level. Figure 6(b) illustrates a lin-
ear conditioner system. The linear conditioner disk moves
in a straight line across the polishing pad in a direction that
is perpendicular to the pad movement direction.

FRICTION MODELING WITHOUT PAD CONDITIONING
The friction force between the wafer and polishing pad
during polishing depends highly on the relative velocity
distribution and wafer/pad surface characteristics. In
this section, we discuss nonpatterned wafer/pad fric-
tion modeling without considering pad-conditioning
effects.
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Three types of CMP polishers are used in the semiconductor manufacturing

industry, namely, rotational, orbital, and linear polishing machines.

FIGURE 3  Input and output chemical-mechanical planarization (CMP) process parameters. CMP is a complex process that involves both mechan-
ical and chemical interactions between solids and fluids. Multiple input factors, such as properties and configurations of the slurry, polishing pad,
wafer, and polishing equipment, affect CMP output performance. (From [2], used with kind permission of Springer-Science+Business Media.) 
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The polishing pad is made of layers of polyurethane. Fig-
ure 7 shows a scanning electron microscope picture of the
pad cross section and a schematic of the wafer/pad contact.
During polishing, the wafer is supported by the pad pores
[18], [19]. Due to pad conditioning, numerous broken pores
are created on the pad surface, allowing slurry to accumulate
inside the pores. When a wafer is pushed against the moving
pad, slurry particles are squeezed into the pad pores, which
helps remove the thin films on the wafer surface.

Figure 8 illustrates the kinematics of the rotating wafer
on the moving polishing pad. The polishing pad speed and
wafer rotational speed are denoted by vB and ω, respective-
ly. The position of an arbitrary point A on the wafer surface
is denoted by r = (rcos φ)i + (rsin φ)j in the x-y coordinate
system, where r is the distance from the point A to the ori-
gin O, φ is the angle between the vector 

−→
OA and the x-axis,

and i and j are the unit vectors along the x- and y-axis direc-
tions, respectively. The relative velocity vrel of the point A

Several specifications are widely used in the semiconductor indus-

try to quantify CMP performance. Here we introduce a few com-

monly used metrics [2].

Material removal rate (MRR ) is the amount of film material

removal (in thickness) per unit time. In practice, wafer film thickness-

es are measured at a set of specified locations before and after pol-

ishing. We denote the film thicknesses before and after polishing at

the i th location as l pre
i and l pst

i , respectively. Denoting the polishing

time �T , the material removal rate MRR i at the i th location is

MRR i = l pre
i − l pst

i

�T
.

The CMP removal rate is then given by the average material

removal rate MRRavg at all N measurement locations

MRRavg =
∑N

i=1 MRR i

N
.

Within-wafer nonuniformity (WIWNU) describes how CMP per-

forms uniformly across the wafer. We denote the measured mate-

rial removal rate at the i th location as MRR i , i = 1, . . . , N .

WIWNU is defined as

WIWNU = MRRmax − MRRmin

2MRRavg
× 100%,

where MRRmax = max1≤i≤N MRR i and MRRmin = min1≤i≤N

MRR i . WIWNU is also approximated as

WIWNU = 6σMRR

2MRRavg
= 3σMRR

MRRavg
× 100%,

where σMRR is the standard deviation of the MMR measurements

at all N locations across the wafer. 

Dishing and erosion typically refer to copper dishing and oxide

erosion, respectively, in a copper damascene process. Copper is

increasingly being used to replace aluminum (Al) as the intercon-

nect metal in ICs due to copper’s lower resistivity. However, it is

difficult to use a dry or wet etch process to pattern copper films.

Instead, a copper damascene process is used. In the copper

damascene process, copper is deposited on patterned dielectric-

film trenches to make interconnect lines, and CMP is needed to

remove the copper film on the dielectric films. Figure S1 illustrates

an ideal and actual topography after the copper damascene CMP

[2]. In Figure S1, copper lines, both wide and thin, are marked in

red. Ideally, when CMP stops, the copper film is at the same level

as the oxide film. However, due to the fact that copper material is

removed faster than oxide material, the oxide film thickness is

reduced faster in regions of dense, thin copper lines. The amount

of oxide thickness reduction at the dense copper line region,

shown in Figure S1, is defined as erosion. For wider copper lines,

the copper is removed faster than the oxide film. The resulting

copper thickness reduction relative to its neighboring oxide films,

shown in Figure S1, is called dishing.

The oxide-erosion and copper-dishing phenomenon is unde-

sirable because oxide layer thinning leads to larger parasite

capacitance between interconnection metal layers, while copper-

layer thinning increases the resistance of the copper lines.

Therefore, smaller erosion and dishing are more desirable for

copper CMP. Erosion and dishing measurements, which are pro-

vided by a specialized metrology machine, are time consuming.

Other process output parameters include within-die nonunifor-

mity (WIDNU), planarization rate, scratch, and surface rough-

ness. More details for these parameters can be found in [2].

FIGURE S1  A schematic diagram of ideal and actual topography
after copper damascene CMP. In (a) the ideal case, the oxide and
copper layers are located at the same horizontal surface. Howev-
er, the actual material removal rates for the copper and oxide films
are different. (b) Copper dishing and oxide erosion are defined as
the recess depths of the thick copper lines and the oxide film at
thin copper lines, respectively. (From [2], used with kind permis-
sion of Springer-Science+Business Media.)
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on the wafer with respect to the contact point on the pad is
vrel = (−ωrsin φ − vB)i + (ωrcos φ)j.

For the wafer/pad friction force, we consider the LuGre
friction model [20], which captures the friction interface

between the contact surfaces. The friction force is consid-
ered as an aggregated effect of elastic contact bristles. A
first-order nonlinear differential equation is used to
describe the dynamics of the average deformation of the

FIGURE S2  Shallow-trench-isolation (STI) testing patterned wafer. (a) A 200-mm wafer top view and (b) a detailed mask layout (MIT
961) of each die. A total of 25 subdie structures are designed for a combination of various STI pattern densities and pitch lengths (b).
(c) A cross-section scanning electron microscope picture of an STI feature with 50% pattern density and 500-μm pitch length after pol-
ishing and cleaning processes.

1-mm
Pitch

200-  m
Pitch

μ

100-  m
Pitch

μ

100-  m
Pitch

μ

500-  m
Pitch

μ

20-  m
Pitch

μ

20-  m
Pitch

μ

10-  m
Pitch

μ2-  m
Pitch

μ

1-  m
Pitch

μ
5-  m
Pitch

μ

50%
Density

(Horiz Line) 

50%
Density

70%
Density

30%
Density

 

90%
Density

30%
Density

50%
Density

(Horiz Line)

60%
Density

 30%
Density

 40%
Density

 50%
Density

10%
Density

 

50%
Density

20 mm
(b)

(c)

(a)

20
 m

m
4 

m
m

4 mm

SEM
Struc

0%
Density

20%
Density

 100%
Density

LOGO

15.0 kV X50.0K

WD7
CENTER S3

600 nm

111.905nm

452.382nm

IC devices are fabricated and duplicated by each individual die

structure on the wafer. Figure S2 shows the shallow trench isola-

tion (STI) devices at wafer, die, and feature scale. The wafer shown

in Figure S2(a) is a 200-mm SK3 patterned wafer based on the MIT

961 mask layout. Figure S2(b) shows the die mask layout of the STI

devices that are designed for CMP testing. Within a die of size 20

mm × 20 mm, a set of 25 4-mm × 4-mm subdie squares are fabri-

cated with various densities and pitch lengths (pattern density and

pitch length are defined below). Polishing a testing wafer gives a

good overall indication of the CMP performance. Figure S2(c)

shows the cross-section scanning electron microscope (SEM)

image of the STI feature after the CMP process.

STI is a front-end enabling technology in submicron semi-

conductor manufacturing. STI provides an isolation layer

between active CMOS devices, such as transistors. Figure S3

shows the cross-section SEM pictures before and after the STI

CMP. To fabricate STI devices, silicon oxide and silicon nitride

are sequentially deposited on the silicon wafer. Isolation trench-

es are then plasma etched into the silicon and then overfilled

with silicon oxide by chemical vapor deposition. Next, the oxide

layer is polished back to a planar surface using CMP, while

removing as little of the nitride as possible. CMP stops at the tar-

geted endpoint, shown in Figure S3(a). The trench width and the

active film width are denoted by LT and L A, respectively. A pitch

CMP for Shallow Trench Isolation Patterned Wafers
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contact bristles. The friction force is then modeled as the
resultant effect of bending and damping forces of the bris-
tle deformation. To capture the effects of the normal force
distribution as well as physical variations between the con-

tact surfaces, several distributed LuGre friction models are
presented in [21] and [23] for automotive tire/road friction
estimation and control. We consider the distributed LuGre
friction model for wafer/pad interaction because of

FIGURE S3  Comparison of scanning electron microscope images of a shallow-trench-isolation (STI) device before and after chemical-
mechanical planarization (CMP). (a) A 50% pattern density STI device before CMP. CMP removes the deposited silicon oxide (SiO2),
and stops at the endpoint of the silicon nitride (Si3Ni4) layer, as indicated by the yellow dashed line. The STI feature after CMP and
cleaning is shown in (b). The deposited silicon oxide film topography is planarized and ready for the next layer’s processes.
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consists of a trench area and an active area. The pitch length is

L0 = L A + LT . The STI pattern density ρ is defined as the ratio

of the trench width over the pitch length, that is, 

ρ = LT

L0
= L0 − L A

L0
= 1 − L A

L0
.

The step height hS of the STI device is defined as the silicon

oxide depth after the silicon oxide is deposited into the

etched trench, shown in Figure S3(a). The formation of the

trench is due to the silicon oxide conformation to the underly-

ing device features.

A cluster tool, such as the CMP polisher, consists of many

process modules; see Figure 16. The process provided by

each module is configurable, and the process parameters on

these modules are specified by users. The saved process

setup and configuration are called process recipes. The CMP

cluster tool computer system loads the recipes and executes

the process sequences. Figure S4 illustrates a flow diagram of

a typical process sequence on one polishing module. The pol-

ishing process starts with the ex situ pad-conditioning recipe

and then the process recipe. Ex situ pad conditioning is exe-

cuted before the wafer carrier touches down on the polishing

pad. Ex situ pad conditioning is configured independently with

the in situ pad conditioning and the polishing recipes. To keep

the wafer/pad friction at the same roughness level, an ex situ

pad-conditioning process is normally needed at the beginning

of each process.

FIGURE S4  A schematic flow diagram of chemical-mechanical pla-
narization (CMP) process sequences on one polishing module.
Both ex situ and in situ pad conditioning are configurable. Pad
conditioning, both ex situ and in situ, is used to tune CMP perfor-
mance and maintain process consistency. (From [15].)
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nonuniform relative velocity and normal force distribution
across the wafer surface.

For nonpatterned wafers, the wafer/pad contact pres-
sure p is uniformly distributed, where p is equal to the pres-
sure p0 applied by the polishing spindle system, that is,
p = p0. Let S0 denote the wafer surface area, and consider a
differential surface area dS0 around the point A on the
wafer. Using the distributed LuGre dynamic friction model,
we obtain the friction force per unit area δF on dS0 as

dδz
dt

= vrel − θ
σ0|vrel|
g(vrel)

δz, (1)

δF = (σ0δz + σ1δż + σ2vrel)δFn, (2)

where δz is the friction bristle deformation on dS0, σ0, σ1,
and σ2 are the friction model parameters, and δFn = p0 is
the normal pressure applied to dS0. The model parameter
θ > 0 captures the physical interaction between the polish-
ing pad and the wafer surface, for example, the variations

of the slurry fluid film thickness. The function g(vrel) is
given by

g(vrel) = μc + (μs − μc)e
− |vrel |

vs , (3)

where μc and μs are the Coulomb and static friction coef-
ficients between the wafer and pad surface, respectively,
and vs is the Stribeck velocity. 

The spindle and roller driving systems of the polishing
module are shown in Figure 9. Since the wafer/pad rela-
tive velocity across the wafer is not symmetric with respect
to the spindle rotational center, the spindle driving system
must overcome the resultant friction torque generated by
the wafer/pad interaction. Moreover, along the polishing
pad movement direction, the wafer/pad friction force

FIGURE 5  Linear planarization systems. (a) The air bearing system
and (b) the air platen and its air zones. Controlled high-pressure air
pushes through the platen air zones (A to F). By controlling the air
zone pressures and adjusting the air gap between the platen and
the polishing pad, the pressure distribution between the wafer and
the polishing pad is tuned across the wafer surface. Linear pla-
narization technology is used to decouple control of the polishing
process uniformity from control of the material removal rate.
(Pictures used courtesy of Lam Research Corporation.)

Polishing Spindle Pressure

Air PlatenPlaten Home
Air Fluids

Polishing
Pad

Slurry
Wafer Carrier

Wafer

Platen
Height

(a)

Zone D

Zone E

Zone F

Zone A

Zone B

Zone C

Air Platen

(b)

FIGURE 4  A schematic of slurry-film thickness, friction force, and
various regimes for chemical-mechanical planarization. The
wafer/pad friction and slurry-film thickness depend on three
wafer/pad contact regimes, namely, direct, semidirect, and hydro-
dynamic contacts. This dependence is a function of the nondi-
mensional Hersey number H .  (From [2], used with kind
permission of Springer-Science+Business Media.) 
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generates a friction torque around the roller rotational axis.
The friction torques applied on the spindle and roller rotat-
ing axes are denoted by Ms and Mr, respectively.

Spindle Friction Torque Ms

The polishing spindle torque Ms with respect to the wafer
center O is calculated as

Ms =
∫

S0

r × δFdS0. (4)

We consider the steady-state friction torques by using the
steady-state solutions of (1) and (2). Following the deriva-
tion in [14], we obtain

δF =
[

g(vrel)

θ |vrel|
+ σ2

]
p0vrel. (5)

Substituting (5) into (4) and using the approximation
g(vrel) ≈ μs − (μs − μc)(|vrel|/vs) yields the torque magni-
tude Ms [14]. It is not possible, however, to obtain a closed-form
relationship between the friction torque Ms and the polishing
parameters. For most CMP, the pad speed vB is fast, and the
wafer carrier rotating speed ω is slow. By approximating
|vrel| ≈ ωrsin φ + vB , the friction torque Ms is obtained as [14]

Ms = 1
4

p0πR4ω

(
μs

θvB
+ 2σ

)
, (6)

where σ := σ2 − (μs − μc/θvs) and R is the wafer radius. 

Roller Friction Torque Mr

The friction torque applied to the driving roller rotating
axis is calculated in the same fashion as for the spindle

FIGURE 6  Linear pad-conditioning system. (a) A scanning electron
microscope image of the conditioner disk top surface. A large num-
ber of small diamonds are mounted on the conditioner disk surface
to facilitate pad conditioning. The conditioner disk rotates and
moves along (b) a linear guide, which is orthogonal to the pad
motion. The conditioner disk traveling speed vc and down force
against the polishing pad are individually controlled and config-
urable by process recipes. (Pictures used courtesy of Lam
Research Corporation.)
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FIGURE 7  (a) A cross-section scanning electron microscope
image of an IC 1000 pad. The polishing pad is made of a
porous structure. Due to pad conditioning, numerous broken
pores are created on the pad surface, allowing slurry to accu-
mulate inside the pores. When a wafer is pushed against the
moving pad, slurry particles are squeezed into the pad pores
to help remove the thin film on the wafer surface (b). The
porous material structure provides a stable contact surface
under constant pad conditioning. (From [14].)
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system. The wafer/pad friction force Fx along the direction
of the pad motion is first obtained, and then the roller fric-
tion torque Mr due to the wafer/pad contact is determined
[14]. Similar to the spindle-torque calculation, we obtain an
approximation for Mr given by

Mr = p0πR2Rr

(μs

θ
+ σ vB

)
, (7)

where Rr is the roller radius. 
The model parameter σ satisfies |σ | � 1 because σ2 is

small and μs is slightly larger than μc , namely,
μs − μc � 1. Therefore, the spindle torque Ms is propor-
tional to the external pressure p0, the wafer carrier speed
ω, and the reciprocal of the pad speed vB, while the roller
torque Mr is proportional to the pressure p0 but is not sen-
sitive to variations of the wafer carrier speed ω and the
pad speed vB since σ is small. This theoretical conclusion is
supported by experimental results in [15].

PAD CONDITIONING EFFECT ON FRICTION MODELS
Pad conditioning has a significant impact on CMP per-
formance, especially the material removal rate. Pad con-
ditioning restores the pad’s effectiveness and reduces
the decaying and glazing effects of the polishing pad.
Figure 10 illustrates the microstructure comparison
between an unused polishing pad surface and an uncon-
ditioned pad surface. Without pad conditioning, the pad
surface cannot maintain its porous structure due to the
dried slurry. Under pad conditioning, the wafer/pad
friction coefficient is no longer constant and uniform
across the entire pad surface. For the portion of the pad
that is conditioned by the disk, namely, the shaded area
shown in Figure 11, the friction coefficients are higher
than the portion that is not conditioned. Therefore, we
quantitatively capture the frictional characteristic differ-
ence between the portion of the pad that has been condi-
tioned and the remaining portion that is not actively
conditioned.

Figure 11 shows the kinematics of the conditioner sys-
tem. The calculation of the trajectory of the conditioner
disk center C on the pad is straightforward since the
motion of the conditioner disk in the x- and y-axis direc-
tions is decoupled. We obtain the velocity of point C as
vCx(t) = vB and vC y(t) = ±vc, where vc is the conditioner-
disk sweeping speed. The conditioner-disk position is
restricted by −L ≤ yC(t) ≤ L, where 2L is the maximum
travel distance of the conditioner disk.

To quantify the impact of the conditioned pad por-
tion on friction models, we consider the overlap of the
trajectory of the conditioned portion of the polishing
pad and the wafer surface. Figure 12 illustrates the
kinematic relationship between a conditioned pad por-
tion and the wafer surface. Let rc denote the conditioner
disk radius, and let h(t) denote the distance from the

FIGURE 8  A schematic of the linear chemical-mechanical planariza-
tion wafer/pad kinematic relationship. The wafer rotates about its
center O, while the polishing pad moves linearly with speed vB

across the wafer surface. The relative velocity vrel of the differential
element dS0 on the wafer surface is the vector sum of the pad lin-
ear motion vB and the wafer rotational motion vW , namely,
vrel = vB + vW .
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FIGURE 9  A schematic of the spindle and roller setup and
force/torque calculation. The wafer rotates about the spindle axis
with angular speed ω, while the polishing pad moves linearly across
the wafer surface at speed vB . The friction torque Ms around the
spindle rotating center as well as the friction torque Mr applied to the
roller rotating axis are calculated by integrating the distributed friction
forces across the wafer surface. The magnitude of Mr is given by
M r = Fx Rr , where Rr is the roller radius and Fx is the resultant
wafer/pad friction force along the polishing pad movement direction.
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wafer center O to the center of the conditioner disk C.
During one conditioning sweep, the conditioned pad
portion, shown as the shaded area in Figure 12, moves
across the wafer surface at a constant speed vc. For sim-
plicity, we assume that the end-limit positions of the
conditioner disk are tangent with the wafer surface, and
thus h(t) changes from R + rc to 0 and then to −(R + rc).
We first calculate the variations of the area of the condi-
tioned pad portion overlapping with the wafer surface
as a function of time t.

Let Tc denote the period of the conditioner-disk move-
ment per sweep, and consider a two-sweep period when
the conditioner disk moves from the rear to the front and
then back to the rear positions. The conditioner-disk center
position h(t) is then

h(t) =
{

(R + rc) − vct, if 0 ≤ t < Tc ,

−(R + rc) + vc(t − Tc), if Tc ≤ t < 2Tc .
(8)

FIGURE 10  Comparison of scanning electron microscope images of
the polishing pad surfaces. (a) An unused new pad surface and (b) a
used pad surface without pad conditioning. Without pad conditioning,
the pad surface is smoothed and glazed by slurries, in which case
the pad becomes ineffective for material removal. (Reprinted from
[27], with permission from Elsevier.) 

PAD 15.0kV 12.8mm×300 SE(M) 10/7/04 100 μm

(a)

(b)

215.0kV 10.5mm×300 SE(M) 10/7/04 100 μm

FIGURE 11  A schematic of the trajectory of the conditioned portion
of the polishing pad. The portion of the polishing pad that has been
conditioned, shown as the shaded area, has a higher friction coeffi-
cient than that of the remaining unconditioned portion due to recov-
ery of the pad porous structure.
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FIGURE 12  The kinematic relationship between the conditioned pad
portion and the wafer. The conditioned pad portion, shown as the
shaded area, moves across the wafer surface. The conditioned pad
portion has a higher friction coefficient than the portion of the polish-
ing pad that the conditioner disk does not cover. When the polishing
pad runs fast and the conditioner disk sweeps slowly across the pol-
ishing pad, the conditioned pad portion is approximately parallel to
the pad movement direction. Therefore, the effect of the increased
friction coefficient is estimated as the fraction of the shaded area
over the entire wafer surface area. (From [14].)
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Assuming that the polishing pad motion dominates the
relative velocity between the wafer and pad, the increase
in friction force due to pad conditioning is thus calculated
as a fraction of the conditioned-pad-portion area, shown as
the shaded area in Figure 12, out of the entire wafer sur-
face area. For the spindle friction torque Ms, we consider
both the magnitude and sign of the shaded area with
respect to the wafer center O . Let �Ss(t) , 0 ≤ t < Tc ,
denote the signed area of the conditioned pad portion
within one rear-to-front conditioning sweep. The signed
area �Ss(t) depends on h(t) . For example, when
0 ≤ t < (2rc/vc) , it follows that R − rc < h(t) ≤ R + rc . In
this case, it follows from Figure 12 that α2 = 0 and
α1 = cos−1[(h(t) − rc)/R] . Therefore, the shaded area in
Figure 12 is calculated as

�Ss(t) = 2α1

2π
πR2 − 1

2
(2R sin α1)(R cos α1)

= R2

⎡
⎣cos−1

(
h − rc

R

)
− h − rc

R

√
1 − (h − rc)2

R2

⎤
⎦ .

(9)

Here, h := h(t) for a simpler notation. Similarly, for
0 ≤ t ≤ Tc, �Ss(t) for the remaining cases is given by

�Ss(t) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

R2
[

cos−1
(

h−rc
R

)
− h−rc

R

√
1 − (h−rc)2

R2

]
,

if 0 ≤ t < 2rc
vc

,

R2

⎧⎨
⎩cos−1

(
h−rc

R

)
− cos−1

(
h+rc

R

)
− 1

R

[
(h − rc)

×
√

1 − (h−rc)2

R2 − (h + rc)

√
1 − (h+rc)2

R2

]⎫⎬
⎭,

if 2rc
vc

≤ t < R
vc

,

R2

⎧⎨
⎩cos−1

(
rc−h

R

)
− cos−1

(
h+rc

R

)
− 1

R

[
(rc − h)

×
√

1 − (h−rc)2

R2 − (h + rc)

√
1 − (h+rc)2

R2

]⎫⎬
⎭,

if R
vc

≤ t < R+2rc
vc

,

−R2

⎧⎨
⎩cos−1

( |h|−rc
R

)
− cos−1

( |h|+rc
R

)

− 1
R

[
(|h| − rc)

√
1 − (|h|−rc)2

R2 − (|h| + rc)

×
√

1 − (|h|+rc)2

R2

]⎫⎬
⎭,

if R+2rc
vc

≤ t < 2R−rc
vc

,

−R2
[

cos−1
( |h|−rc

R

)
− |h|−rc

R

√
1 − (|h|−rc)2

R2

]
,

if 2R−rc
vc

≤ t < Tc.

(10)

Due to symmetry, we obtain a similar formula for
Tc ≤ t < 2Tc . In practice, vc is calculated as
vc = (2L/Tc) = (2(R + rc)/Tc) . The relationship R ≥ 3rc

holds for the polishing systems, and thus conditions in the
fourth case in (10) are valid.

We are now ready to estimate the difference between
the friction torque with and without pad conditioning.
Suppose that after pad conditioning the wafer/pad friction
coefficients, both Coulomb and static friction coefficients,
are increased by the same amount γμ ≥ 0, namely, 

μccond = (1 + γμ)μc , μscond = (1 + γμ)μs, (11)

where μccond and μscond are the Coulomb and static
wafer/pad friction coefficients, respectively, after pad con-
ditioning. Since the increase of the friction coefficients hap-
pens only on the conditioned pad portion, the additional
spindle torque due to pad conditioning is proportional to
the fraction of the conditioned pad area. We thus obtain
the spindle friction torque as

Ms
cond(t) =

(
1 + γμ

�Ss(t)
πR2

|h(t)|
R

)
Ms

= (
1 + γμγ s

cond(t)
)

Ms , t ∈ [0 , Tc), (12)

where γ s
cond(t) := �Ss(t)|h(t)|/πR3 is the pad-conditioning

factor at time t.
In (12) we consider the effect of only one conditioned

pad trajectory within one pad rotational cycle. For CMP,
the polishing pad runs at high speed, and the conditioner
sweep speed is relatively slow. During one conditioner-
disk sweep, the conditioned pad trajectory passes across
the wafer surface several times. To capture the effect of
multiple pad rotational cycles, we need to modify �Ss(t)
in (12) to �Ss

e(t) as

�Ss
e(t) = �Ss(t) +

K∑
i=1

βi�Ss(t − iTB), (13)

where 0 < βi < 1, i = 1, . . . , K, are the forgetting factors,
K is the number of pad-rotation cycles within one pad-
conditioning sweep, 1 ≤ K = �vBTc/LB	 (where �x	 means
the largest integer less than x), and LB is the length of the
polishing pad. The time constant TB = LB/vB is defined
as the time period for the conditioned pad trajectory to
travel one pad length. A total of Tc/TB conditioned pad
trajectories are generated on the polishing pad during
one conditioning sweep. Intuitively, the calculation in
(13) captures the impact of the multiple conditioned por-
tions of the polishing pad on the friction models. The
decaying wafer/pad friction coefficients, from μccond to
μc and from μscond to μs, are represented by a set of for-
getting factors βi. Topologically, the conditioner-disk tra-
jectory can be viewed as linear motion on a torus since
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the polishing pad, when being cut apart along the condi-
tioner disk movement direction, is of a rectangular
shape, and the linear motion of the condition disk and
the polishing pad are perpendicular to each other along
the two sides of the rectangular pad. When the ratio
vBTc/LB is an irrational number, the conditioner disk
covers the entire pad surface after a large number of
sweeps. The values of the forgetting factors βi depend on
the polishing and conditioner systems, and in practice
these values are determined empirically.

We calculate the effect of pad conditioning on roller
friction torque Mr in the same way. One difference is that
the pad-conditioning effect always adds positive load on
the roller motor, while, for the spindle torque, the extra
load could be either positive or negative. Therefore, we
obtain an unsigned area �Sr(t) of the conditioned pad
portion for the roller friction torque [14]. We modify (12)
and (13) accordingly for the roller system torque Mr

cond(t),
while a similar factor γ r

cond is introduced to model the
pad-conditioning impact as

Mr
cond(t) = (

1 + γμγ r
cond(t)

)
Mr. (14)

Figure 13 illustrates the spindle pad-conditioning fac-
tor γ s

cond(t) and roller pad-conditioning factor γ r
cond(t),

respectively. In the calculation, we use β1 = 0.6, β2 = 0.3,
K = 2, Tc = 7 s, vB = 200 ft/min, and LB = 2.38 m. From
Figure 13, we notice different pad-conditioning effects on
the spindle and roller torques. For both the spindle and
roller systems, the extra friction torque fluctuations due to
pad conditioning look like sinusoidal curves. However,
for the spindle system, the oscillation period of the pad-
conditioning factor γ s

cond(t) is 2Tc and the value of γ s
cond(t)

is around zero, while for the roller system the period of
the pad-conditioning factor γ r

cond(t) is Tc and the value of
γ r

cond(t) is always nonnegative.

PATTERNED WAFER TOPOGRAPHY EFFECT
In this section, we consider the effect of the patterned-
wafer film topography on the friction models. Since the
local wafer/pad contact pressure decreases during pat-
terned-wafer polishing, the friction forces between the
patterned wafer and the polishing pad also decrease. At
the beginning of the polishing process,  the local
wafer/pad contact pressure p = δFn is higher than the
external pressure p0 because the wafer/pad contact area

S(t) is much smaller than the wafer surface area S0 .
Assuming that all dies on the wafer are identical, we
obtain the average pressure p as

p = δFn = p0S0

S(t)
= p0γpatt(t), (15)

where the pattern factor γpatt(t) := S0/S(t) captures the
effect of evolution of the film topography of patterned
wafers with time t. Since the pressure δFn has a multi-
plicative effect in the LuGre friction model (2), using
(12), (14), and (15), the spindle and roller torques are
therefore modified as

Ms
patt(t) = γpatt(t)

[
1 + γμγ s

cond(t)
]

Ms,

Mr
patt(t) = γpatt(t)

[
1 + γμγ r

cond(t)
]

Mr, (16)

respectively, for patterned-wafer polishing processes with
pad conditioning.

FIGURE 13  Friction torque pad-conditioning factor γcond(t). Pad
conditioning affects the friction torques of the polishing spindle and
roller systems. However, the pad-conditioning factors for the spin-
dle and roller systems have different characteristics. The period of
the spindle pad-conditioning factor is twice the period of the roller
pad-conditioning factor. Moreover, the magnitude of the spindle
pad-conditioning factor is symmetric around zero, while the magni-
tude of the roller pad-conditioning factor is always positive. These
differences are due to the distribution of the friction force across
the wafer surface. (From [14].)
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The friction modeling and analysis methods discussed in this

article can be extended and applied to other types of CMP systems,

such as rotary and orbital polishers.
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In the following, we use the shallow trench isolation (STI)
patterned wafers to illustrate how we calculate the pattern
factor γpatt(t); see “CMP for Shallow Trench Isolation Pat-
terned Wafers” for a description of the STI polishing process.

Figure 14 provides a snapshot sequence of the cross-
section film topography change during STI polishing.
The initial trench step height is denoted by hS0 , shown in
Figure 14(a). Let hc denote the contact height at which
the polishing pad starts to touch the trench oxide sur-
face, shown in Figure 14(b). Assuming hS0 ≥ hc when the
process starts, the pad contacts only the active oxide
area, and therefore the wafer/pad contact area S(t) is
equal to the total active oxide area across the wafer.
When more oxide materials are removed, the step height
hS decreases, and the polishing pad starts to touch the
trench oxide as shown in Figure 14(b). As the polishing
process continues, the contact area S(t) keeps increasing,

as shown in Figure 14(c). Finally, the active oxide area is
completely removed, namely, hS = 0, and the wafer/pad
contact area is the entire wafer surface, namely,
S(t) = S0, shown in Figure 14(d).

We consider the step height topography evolution
model in [24]. The pattern factor γpatt(t) is calculated as
two cases. In Case I, hc ≤ hS0 , and 

γpatt(t) =
{ 1

1−ρ
, 0 ≤ t < tc,
1

1−ρe
− t−tc

τB

, t ≥ tc,
(17)

where tc is the time instant when the step height hS(t)
reaches the contact height hc, τB = (ρhc/MRRB) is the pol-
ishing time constant for the film height hc, ρ is the pattern
density, and MRRB is the oxide-wafer material removal
rate. Next, in Case II, hc > hS0 , and

FIGURE 14  A snapshot of a cross-section of a shallow-trench-isolation patterned testing wafer during chemical-mechanical planarization. (a)
The cross section at the beginning of the polishing process, when the initial step height hS0 is larger than the contact height hc, (b) the cross
section when the pad starts contacting trenches, (c) the cross section when the pad touches the trenches, and (d) the patterned-wafer surface
completely planarized. During the polishing process, the wafer/pad contact area is increasing, while the wafer/pad pressure is decreasing.
(From [14].)
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γpatt(t) = 1

1 − hS0
hc

ρe−
t

τB

. (18)

A detailed derivation of (17) and (18) is given in [14].
For the patterned STI wafer shown in Figure S2, the

oxide film is deposited by a high-density plasma chemical
vapor deposition process. The average thickness of the
active oxide layer is 7053 Å, and the average trench depth
is 7090 Å. The average thickness of the silicon nitride
(Si3Ni4) layer is around 1503 Å. The step height hS0 is
around 5000 Å [15].

Since the density and pitch sizes of each subdie struc-
ture are different, as shown in Figure S2, to approximately
estimate the pattern factor γpatt(t) for each die, we separate
25 subdie structures into two groups according to the two
cases discussed above. In group I, hS0 < hc , while the
group II structures have hS0 ≥ hc . For the group I struc-
tures with pitch width L0 ≥ 100 μm and pattern density
ρ ≥ 50%, an estimate of hc = 7000 Å and τB = 20 s is
obtained. For group II, an estimate of hc = 4000 Å is used
[15]. Once the pattern factors γ I

patt and γ II
patt are obtained

for groups I and II, respectively, an average pattern factor
γ̄patt for the whole die is finally calculated as

γ̄patt =
nIγ

I
patt + nIIγ

II
patt

nI + nII
, (19)

where nI = 12 and nII = 13 are the numbers of STI subdie
structures in groups I and II, respectively. Figure 15 illustrates
an estimate of γ̄patt, γ I

patt, and γ II
patt for an STI test wafer.

EXPERIMENTAL MODEL VALIDATION
In this section, we first discuss the use of torque measure-
ments to estimate model parameters and then present
experimental model validation results.

We run experiments on a Lam Teres CMP polisher
shown in Figure 16. A baseline oxide CMP is used to vali-
date the friction models. Since the wafer/pad pressure distri-
bution is determined mainly by the air-bearing system, a
fixed configuration of the air-bearing system is used in all
experiments to focus on the remaining process parameters.
To start each experiment from the same pad surface condi-
tion, an identical ex situ pad-conditioning process is used in
each run. Oxide wafers, Cabot SS12 slurry, and a Rodel IC
1000 pad are used in the experiments. The spindle torque is
calculated based on the spindle mechanical components and

dc-motor parameters. The roller torque is captured by the
roller motor current measurements. A detailed description of
the hardware setup is given in [15].

The spindle friction torque Ms is used to estimate the
model parameters μs/θ and σ . We rewrite (6) in the form

Ms = XT�, (20)

where

XT =
[

p0πR4ω

4vB

1
2πp0ωR4

]
(21)

and 

� =
[

μs
θ

σ
]T

. (22)

A least-squares estimate �̂ of the model parameters in (20)
is obtained from the experimental data. Several polishing
processes with various low polishing pad speeds are
designed. No pad conditioning is used in the experiments.
Figure 17(a) illustrates the measured spindle torque at var-
ious pad speeds, shown as the solid curve, while the
mechanical friction torque at the wafer rotational speed
ω = 20 rpm is shown as the dash-dot curve. The spindle

FIGURE 15  Estimated pattern factor γpatt for polishing shallow-
trench-isolation patterned testing wafers. The 25 subdie structures
within one STI die are separated into two groups depending on their
initial step heights. The pattern factors γ I

patt and γ II
patt are obtained for

each group, after which the average pattern factor γ̄patt for the entire
die is calculated.
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friction torque Ms is the difference between the solid and
dash-dot curves in Figure 17(a). From the measured spin-
dle torque Ms at vB = 50, 75, 100, 125 ft/min, an estimate
of the model parameters is obtained as 

�̂ = [0.323 − 0.085]T . (23)

Figure 17(b) shows the estimated and measured spindle
torques as a function of pad speed vB. The estimated spin-
dle torque matches the measurements within 5%. We use
the estimated model parameters in (23) to calculate the
model predictions.

We present two examples to validate the wafer/pad fric-
tion model. The first example, which is presented in this sec-
tion, shows the oxide wafer polishing experiments with pad
conditioning, while the second example demonstrates an STI
patterned-wafer polishing process. The second example is also
considered as an application example of the friction models
and therefore is presented in the next section. A complete fric-
tion model validation is presented and discussed in [15].

Figure 18 indicates spindle and roller torques under var-
ious pad-conditioning settings, such as pad-conditioner
down force and conditioning percentage. The conditioning
percentage is defined as the ratio of the total conditioning

process time to the total process time.
We observe that the friction coefficient
decays without pad conditioning, as the
dashed curve shown in Figure 18(b). A
similar observation is also obtained in
[12]. This decaying trend matches the
material removal rate drop reported in
[8]. With pad conditioning, the friction
torques are maintained at a constant
level. Figure 18(b) shows that the roller
torque is sensitive to the pad-condition-
ing variations. The higher conditioner
down force increases the polishing pad
roughness level, and thus yields a high-
er friction coefficient factor γμ in (11).

Figure 19 shows the measured and
estimated spindle and roller friction
torques for a baseline process with 50%
pad conditioning. The model’s predic-
tions, shown as dotted curves, are within
a 5% error range of the spindle and roller
friction torque measurements, shown as
solid curves, respectively. The spindle
torque Ms is relatively small, which is
consistent with (6) in the case of high pad
speed vB. For this reason, we do not use
the spindle torque to estimate the decay
of the wafer/pad friction coefficient.
Instead, the roller-friction torque mea-
surement is used to estimate the decay of
μs in real time. A curve-fitting algorithm
is used to estimate the decay of the fric-
tion coefficient μs in real time. The same
curve is then used to predict the spindle
torque, shown as the dotted curve in Fig-
ure 19(a). The estimated spindle curve
matches the measured spindle torque,
shown as the solid curve in the same fig-
ure, within a 5% error range.

APPLICATION EXAMPLES
We present three examples to illustrate
the use of spindle and roller friction

FIGURE 16  Lam Teres chemical-mechanical planarization (CMP) polisher, an integrated sys-
tem for both oxide-wafer and copper-wafer planarization applications. (a) A 200-mm CMP
polisher and (b) the top view of a 300-mm CMP polisher. An unprocessed wafer is picked up
by a transfer robot from wafer cassettes and then passes through various process modules.
The sequence through which a wafer undergoes various process modules is configurable by
the process recipe. The polisher has two linear planarization process modules. After the pol-
ishing process, the wafer is cleaned and dried before it returns to the wafer cassettes.
(Pictures used courtesy of Lam Research Corporation.)
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torque measurements to monitor the process performance.
The first example of the STI patterned-wafer polishing
process serves a dual role, namely, for friction-model vali-
dation and to predict the endpoint of the polishing
process. We use the second and third examples to illustrate
that the friction is an indicator of in situ CMP performance.

Example 1: STI CMP Endpoint Detection
Figure 20 shows the spindle and roller friction torque mea-
surements during the polishing process of the STI test
wafers. Torque measurements from polishing an oxide
wafer using the same recipe are also plotted in Figure 20.
Although no significant difference in spindle torques
between the oxide and the STI patterned wafers is found,
the roller torque measurements are different, as shown in

Figure 20(b). In particular, the large friction torque at the
beginning of the STI polishing process is due to the film
topography. As the process continues, the wafer surface is
planarized (around 60 s) and the roller friction torque fol-
lows the oxide-wafer polishing trace. Finally, when the sili-
con nitride (Si3Ni4) layer is exposed, the wafer/pad friction
increases due to a higher friction coefficient between the sil-
icon nitride and the polishing pad.

An estimate of the roller torque measurement, shown as
the dashed curve in Figure 20(b), is obtained by using the
friction model and the data from polishing oxide wafers.
The oxide wafer process data are available on a daily basis
from wafer production. From Figure 20(b), we observe that
the model-estimated roller torque trajectory fits the experi-
mental data with a small range of error.

FIGURE 17  (a) The measured spindle torque at various pad speeds.
The solid curve is the total driving spindle torque, while the dash-dot
curve is the mechanical friction torque due to the rotational spindle
mechanism. The difference between these curves is the wafer/pad
friction torque Ms. (b) A comparison of the estimated and measured
spindle torques. (From [15].)
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The roller torque measurement in Figure 20(b) demon-
strates the same trend as the material removal rate varia-
tion in the STI polishing process [25]. Moreover, from
Figure 20(b), we observe an indication of the time instant
(around 60 s) when the STI film is completely planarized,
and the roller friction measurement can estimate the CMP

endpoint. The roller torque measurements are used to pre-
dict the material removal rate and to determine the process
endpoint in real time.

Example 2: 300-mm Copper CMP MRR Prediction
As an additional application, we consider 300-mm copper-

patterned wafer removal rate monitor-
ing. Figure 21 shows roller torque
measurements for four 300-mm cop-
per-patterned wafers, wafers #17, 77,
357, and 1014, from a large batch of
polishing wafers in a nonstop
marathon run over one week. The bulk
copper CMP process is automatically
stopped by an endpoint detection unit
after a thickness of 5000 Å copper film
is removed. A trend of increasing
roller torque indicates faster material
removal rate from wafers #17 to #1014.
In particular, wafer #1014 has faster
removal because a new pad condition-
er disk is used right before that pat-
terned wafer. Thus, the wafer/pad
friction monitoring also indicates vari-
ations of the CMP process consum-
ables. This observation is used for fault
detection and diagnosis of polishing
equipment and consumables [26].

Example 3: 300-mm 
Copper CMP Dishing Prediction
As a final example, we consider copper
CMP dishing estimation. Figure 22
illustrates the relationship between the
dishing average of 300-mm patterned
wafers and the corresponding average
roller friction torque measurements
during a 700-wafer copper CMP run.
The dishing average is calculated as
the average dishing value of a total of
14 dies across the diameter of the 300-
mm SEMATECH 754 patterned
wafers. Dishing is a critical process
specification for copper CMP, and it is
difficult to obtain dishing measure-
ments in real time. The square of the
correlation coefficient, namely,
R2 = 0.9529 in Figure 22, demon-
strates a statistically significant linear
relationship between the dishing aver-
age and roller motor torque measure-
ments. This linear relationship is used
to monitor the dishing performance,
prepare the consumables, and tune the
process in real time [26].

FIGURE 19  Model prediction and torque measurements for a baseline CMP process with
50% pad conditioning. (a) The estimated spindle friction torque, shown as the dotted curve
in (a), follows the measurements, which are shown as the solid curve. (b) The estimated
roller friction torque, shown as the dotted curve, follows the measurements, shown as the
solid curve. The conditioning-on and -off periods during the polishing process are shown in
both (a) and (b). (From [15].)
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CONCLUSIONS
CMP is an enabling planarization technology in semiconduc-
tor manufacturing. Due to poor understanding of this com-
plex process and a lack of in situ sensors, real-time
monitoring and control of CMP is challenging. In this article,
we report and demonstrate that wafer/pad friction modeling
provides an effective way to monitor CMP in real time. We
discuss and present an analytical friction modeling frame-
work, experimental validation, and application examples for
both oxide and copper CMP. A distributed LuGre dynamic
friction model is used to capture the wafer/pad friction char-

acteristics. Since it is difficult to measure the wafer/pad fric-
tion directly, the polisher’s spindle and roller-friction torque
measurements are instead employed to monitor the friction
without adding any new hardware. An analytical relation-
ship between wafer/pad friction coefficients and polishing

FIGURE 21  The roller-friction torque for polishing four selected 300-
mm copper-patterned wafers from a non-stop copper-polishing
process run over one week. The process stops automatically by an
endpoint detection unit after a 5000-Å-thick copper layer is
removed. Wafer #17 has the longest polishing time, and thus the
slowest material removal rate, while wafer #1014 has the shortest
processing time, and thus the fastest material removal rate. The
roller-friction torque measurements show a trend of increasing
material removal rate. The significant increase of material removal
rate of wafer #1014 is due to the use of a new conditioner disk.
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FIGURE 22  The relationship of the copper dishing average and the
roller-friction torque for a set of Sematech patterned wafers during a
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fit. The correlation between the copper dishing average and the
roller-friction torque is indicated by the square of the correlation
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the dishing average and the roller-friction torque can be used for
real-time monitoring of the copper-polishing process. (From [15].)
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parameters is presented and discussed. The effects of pad
conditioning and patterned-wafer topography on the
wafer/pad friction characteristics are also investigated. The
results show that the roller friction torque is a good candidate
for monitoring wafer/pad friction. The models are used to in
situ monitor process performance and further as a potential
tool for polisher system fault diagnostics.

The friction modeling and analysis methods discussed in
this article can be extended and applied to other types of
CMP systems, such as rotary and orbital polishers. The mod-
eling approaches derived in this article demonstrate that the
knowledge and methodologies developed in friction model-
ing and control can be used to advance understanding and
real-time monitoring of semiconductor manufacturing
processes, such as CMP. The integration of the friction mod-
els into application examples are the future research. Anoth-
er future research direction is to extend wafer/pad friction
modeling to investigate how the additional process parame-
ters, such as pad temperature and slurry chemical/mechani-
cal characteristics, affect process performance.
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