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ABSTRACT

During the chemical-mechanical polishing (CMP) process, a critical step in the manufacture
of ultra-large-scale integrated (ULSI) semiconductor devices, undesirable nano-scale scratches
are formed on the surfaces being polished. As the width of the interconnect Cu lines continues to
shrink to below 60 nm, and as the traditional SiO, dielectric is replaced by the compliant, low-
dielectric-constant materials, scratching has emerged as a challenging problem.

This thesis presents a contact mechanics based approach for modeling nano-scale scratching
by the hard abrasive particles in the slurry. Single-particle models that use elastic and plastic
analyses to determine both the lower- and upper-bounds for the load per particle are introduced.
These bounds are established for both homogenous and composite coatings. Multi-particle
models are also presented. These models use contact mechanics at the pad-particle-coating
interface to relate the global parameters of CMP, such as pressure, particle radius, slurry volume
fraction and the material and geometrical properties of the pad and coating, to the widths and
depths of scratches in the coatings. A lower- and upper-limit for the scratch width and depth in
CMP is defined. Controlled indentation and scratching experiments have been conducted using a
Hysitron Tribolndenter to validate the single-particle models. Based on these experiments, the
upper-bound load per particle is used to predict the widths and depths of scratches in coatings.
Furthermore, polishing experiments have been conducted using a CMP tool to validate the limits.
The upper-limit for the semi-width of a scratch is equal to the product of the particle radius and
the square root of the ratio of pad hardness to coating hardness. For a typical CMP pad and Cu
coating, this upper-limit is one-fifth of the particle radius. Based on the models and the
experiments, practical solutions for mitigating scratching in CMP, especially Cu CMP, are
suggested.
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Thesis Supervisor: Dr. Nannaji Saka
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CHAPTER 1

INTRODUCTION

1.1 Background

In 1965, Dr. Gordon E. Moore, a pioneer of integrated circuit (IC) technology, had observed
that the number of components per integrated circuit approximately double every year, the so-
called "Moore's Law." Figure 1.1 is a graph from Moore's 1965 paper [Moore, 1965]. Since
1965, "Moore's Law" has remained roughly accurate. Figure 1.2 shows, however, that the
historical data match more closely with a doubling of components every two years, rather than
every year. As of 2006, the ICs have approximately 1.7 billion transistors per chip. In order for
this trend to have persisted for over four decades, the semiconductor manufacturing industry has
had to innovate enabling technologies to meet the demands of ultra-large-scale-integrated (ULSI)
electronics.

One such enabling technology is the chemical-mechanical planarization (CMP) process. As
more and more transistors are crammed at the device level of an IC, ever increasing levels of
interconnects are required above that level. As of 2005, the number of interconnect levels above
the device level was 11 [ITRS Roadmap]. Figure 1.3 shows a cross-section of a semiconductor
device with 12 metal layers.

Chemical-mechanical planarization is both a surface planarization and a polishing process.
Two different types of CMP are used in IC manufacturing: inter-level dielectric CMP and metal
CMP [Kaufman et al., 1991; Lai et al., 2002; Yi, 2005]. In inter-level dielectric CMP, Al strips
are created by lithography and then a uniform layer of SiO, is deposited over the Al
interconnects. Then, CMP is used to planarize the remaining SiO,. This process is shown
schematically in Figure 1.4(a)-1.4(c). In metal CMP, the dual-damascene process is employed.
First, a uniform layer of SiO: is deposited over a planar surface. Then, photolithography is used
to create narrow trenches (on the order of 100 nm wide) and vertical vias in the surface of the
SiO; followed by the deposition of a uniform layer of metal (in most cases Cu) over the SiO,

Finally, metal CMP is used to planarize the remaining metal, as shown in Figure 1.4(d)-1.4(f).

11
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Figure 1.1: Graph of the number of components per integrated circuit over time [Moore, 1965].
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Figure 1.2: Graph of the number of components per chip over time [Chang and Sze, 1996].
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Figure 1.3: Cross-section of a device with 12 metal interconnect layers (IBM).
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Figure 1.4: Schematic of (a)-(c) inter-level dielectric CMP and (d)-(f) metal CMP [Noh, 2005].
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Due to its low electrical resistivity, recently Cu has emerged as the preferred interconnect
material, and the dual-damascene process utilizing Cu is the industrial standard. Therefore, in
this thesis, only Cu CMP will be addressed and the term CMP generally refers to copper

chemical-mechanical planarization.

1.2 Copper/Low-k Dielectric Interconnects and CMP

As the number of transistors at the device level of an IC has increased, so too have the
number of metal interconnect layers. But the widths of the metal interconnects on the first metal
layer must continuously shrink, for the first metal layer interconnects make local, transistor-to-
transistor connections. Recently, the width of interconnects on the first metal layer has shrunk to
below 60 nm. Due to the small width between the insulating materials, the RC delay in the
interconnects has greatly increased. RC time delay is the most common measure of the
interconnect delay and is the time taken for the voltage at one end of an interconnect to reach
63% of a step-voltage imposed at the other end. Figure 1.5 shows a schematic of Cu/SiO;
interconnects.

The resistance, R, of the interconnect is given by:

I
R=p— (1.1)

where p is the electrical resistivity, w is the width, 4 is the height and / is the length of the

interconnect. The capacitance, C, is given by:

c=k%ﬂTW (1.2)

where £ is the dielectric constant of the insulating material, ¢, is the permittivity of free space (a
constant) and 4 is the pitch of the metal interconnects. Therefore, the RC time delay is given by:
2

RC = pkgom

(1.3)

Thus, as the width of the metal interconnects, w, and the width of the insulating material, 1 —w,
continue to shrink, the RC time delay increases [Steigerwald ez al., 1997]. There are only two
methods of reversing the increase in the RC delay: decrease the resistivity of the metal

interconnects, and/or decrease the dielectric constant of the insulating material [Ma ef al., 1998;

15



Figure 1.5: Schematic of Cu interconnects embedded in the SiO, dielectric.
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Chen et al., 1999; Martin et al., 2000; Wrschka et al., 2000; Maier, 2001; Maex et al., 2003].
The semiconductor industry has already changed the electrical resistivity of the interconnects by
replacing Al with Cu. The only metal with an electrical resistivity less than that of Cu is Ag, but
the difference is negligibly small. Therefore, the semiconductor industry is now attempting to
replace Si0,, which has a dielectric constant of about 3.9, with low-k dielectrics [Morgen et al.,
2000]. Low-k dielectrics are insulators that have dielectric constants less than that of SiO,.
Current low-k dielectrics are variations of doped SiO, with porosity on the order of 30%. The
dielectric constants of these materials are in the range 3.05-2.50, a significant reduction.
However, despite their superior electrical properties, the low-k dielectrics have poor mechanical
properties [Neirynck ef al., 1996; Borst ef al., 2002]. This is the current problem hindering the
IC manufacturing industry from completely replacing SiO, with ultra-low-k dielectrics (k < 2.5).
Table 1.1 shows the relevant electrical and mechanical properties of Cu, SiO,, and two low-k
dielectrics.

As can be seen in the table, the new low-k dielectrics have a Young's modulus an order of
magnitude smaller than that of SiO,. In addition, the hardness of the new low-k dielectrics is
also an order of magnitude less than that of SiO,. Furthermore, the new low-k dielectrics have
hardnesses that are very similar to that of Cu. As a result of replacing the traditional insulator,
Si0», with the compliant, soft low-k dielectrics, scratching during CMP has emerged as a
challenging problem. The ITRS roadmap from 2000 shows that in 1999, the effective dielectric
constant of interlevel dielectrics was 3.5-4.0, which essentially means that in 1999 SiO, was still
predominant. The 2000 ITRS roadmap also predicted that by 2005 the effective dielectric
constant of interlevel insulators would be 1.6-2.2. Thus, it was expected that by 2005, ultra-low-
k dielectrics would be commonplace. However, according to the 2005 ITRS roadmap, the
effective dielectric constant of interlevel insulators in 2005 was in fact 3.1-3.4. This means that
the introduction of low-k dielectrics into IC manufacturing has been significantly delayed. One
of the primary reasons for this delay given by the ITRS roadmap is that the new low-k dielectrics
are not yet compatible with current processes, including CMP. Nano-scale scratching of low-k
dielectrics during CMP is one such compatibility issue [Zhong et al., 1999; Ring et al., 2007].

During CMP, a wafer is pushed against a polishing pad at some pressure, typically in the
range 6.9 — 69 kPa (1-10 psi). Both the pad and the wafer are rotated at a given rotational

velocity [Runnels and Eyman, 1994]. A schematic of this is shown in Figure 1.6. The wafer and

17



Table 1.1: Dielectric constant and material properties of SiO,, low-k dielectric A, low-k
dielectric B and Cu.

Material k E (GPa) H(GPa)
Si0, 3.90 92.00 15.00
low-k A 3.05 1130 2.09
low-k B 2.50 8.00 1.37
Cu - 128.00 1.22

Figure 1.6: Schematic of the CMP process.

18



the pad are usually positioned such that their centers are off-axis, thereby ensuring the linear
velocity to be constant at all points on the wafer [DeJule, 1998]. In addition, an abrasive slurry
is pumped into the interface of the wafer and the pad [Cook, 1990; Gutmann et al., 1995; Qin et
al., 2003; Teo et al., 2004]. A typical slurry consists of approximately 95% H,0, 3% H,0; and
2% Al,Os particles by volume. The chemical component of CMP is the reaction of the wafer
surface with the slurry chemicals to form a soft layer [Che et. al, 2003]. The mechanical
component is the removal of the softened surface by hard abrasives in the slurry [Steigerwald et
al., 1995; Singh and Bajaj, 2002]. The material removal rate of the excess Cu is governed by
the Preston equation [Preston, 1927]:

dhg,
—ag——=k[,pv, (1.4)

where k, is the Preston constant, p is the pressure applied to the wafer during polishing, v, is

the relative velocity of any point on the wafer surface, 4, is the thickness of the Cu coating

removed and 7 is time.

Table 1.2 shows the average and root-mean-square roughness of three homogenous coatings
after being polished by CMP at Intel. These measurements were made using a Tencor P10
Profilometer. Note that the roughness measurements are about 1 nm. Therefore, CMP is more
than capable of meeting the planarization needs of the semiconductor manufacturing industry.

However, polishing nano-scale structures comprising of low-k dielectrics poses a great
challenge. Since low-k dielectrics are both soft and compliant compared with SiO, scratching is
now a dominant problem in nano-scale CMP. An example of nano-scale scratching in CMP is

shown in Figure 1.7.

1.3  Thesis Organization

The overall goal of the thesis is to model scratching by hard abrasives in CMP and to propose
practical solutions to mitigate scratching. Chapter 1 describes the background and organization
of the thesis. In Chapter 2, single-particle models based on the contact mechanics of a rigid,
spherical particle with smooth, planar coatings are introduced. The models relate the load per
particle to the width and depth of a scratch based on the elastic and plastic analyses. From this,

lower- and upper-bound limits for the load per particle are introduced. The models consider both

19



Table 1.2: Average and root-mean-square roughness of coatings after CMP.

Material R, (nm) R, (nm)

low-k A 0.24 0.29
low-k B 0.29 0.36
Cu 2.14 2.67

i b bttt
4 . L\
%

Figure 1.7: An example of nano-scale scratching in CMP from Intel.
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homogenous and composite coatings. In Chapter 3, multi-particle models based on the contact
mechanics of the pad-particle-coating interfaces are introduced. These models comprise again
elastic and plastic analyses to relate the global, controllable parameters in CMP (pressure,
particle radius, slurry volume fraction and the material and geometrical properties of the pad and
coating) to the scratch width and depth. In Chapter 4, the models are validated by scratching
experiments on a Hysitron TriboIndenter and by polishing experiments on a CMP tool. Finally,
conclusions of the thesis and suggestions for future research on scratching in CMP are presented

in Chapter 5.
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Nomenclature

C = capacitance (F)
E = Young’s modulus (N/mz)
H = hardness (N/m?)

h = thickness of metal interconnect (m)

h., = thickness of Cu coating to be removed (m)
k = dielectric constant

k, = Preston constant (m*/N)

[ = length of interconnect (m)
P = pressure (N/m”)
R = resistance (QQ)
R, = average roughness (m)
R, = root-mean-square roughness (m)
t =time (s)
v, = relative velocity (m/s)
w = width of Cu interconnect (m)
£, = permittivity of free space (F/m)
A = pitch of Cu interconnects (m)

P = electrical resistivity of the metal interconnect (Q2m)
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CHAPTER 2

SINGLE-PARTICLE CONTACT MECHANICS

2.1 Introduction

This chapter introduces the contact mechanics models of a single particle interacting with a
planar, smooth coating. It is assumed that the particle is spherical, and rigid compared with the
coating. Hertzian analysis is used to determine a lower-bound on the load per particle for
scratching on the coating surface to initiate. Fully-plastic analysis is used to define an upper-
bound on the load per particle. The goal of this chapter is to relate the load per particle to the
width and depth of a scratch in the coating.

2.2  Elastic Contact of Two Smooth Spheres

Figure 2.1 is a schematic of two spheres in elastic contact. For the Hertzian analysis to be
valid, it is assumed that: (a) the dimensions of the contact area of the two spheres are smaller
than the radii of the spheres, (b) the surfaces of the two spheres are assumed to be frictionless so
that only a normal force exists between the two spheres, (c) the strains are small, and (d) the
materials of the two spheres are homogeneous and isotropic. With these assumptions, each

sphere can be treated as an elastic half-space which is loaded over a small region of its "planar"

surface and the Hertz equations can then be used [Johnson, 1985]. The equivalent radius, R, of
two smooth spheres is defined as:
1 1 1

s =—+— 2.1
R R R, @D

where R, and R, are the radii of the spheres. The equivalent Young's modulus, E, is given by:

1 1-v? 1-v}

= +
E~ E  E

(2.2)

*

where E| and E, are the Young's moduli and v,and v, are the Poisson's ratios.
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contact circle

Figure 2.1: Schematic of two spheres in elastic contact.
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The radius of the contact circle, a, is given by:

5
a= 3 PIE (2.3)
4 F
where P is the applied load. The approach of distant points, &, is given by:
) » W
s=9 |2 L (2.4)
R |16 R'E"

The contact pressure distribution, p , is a function of the radius, r:

[ﬁjé {EI -1 (2.5)
po a

where p, is the pressure at » =0, z =0 and is given by:

*2 %

3 P 6 PE

pP,=m——==| 5= (2.6)
2 ra 7T R

A diagram showing the coordinates as well as the contact region is shown in Figure 2.2. The

maximum contact pressure, p , occurs at ¥ =0, z=0. The maximum shear stress, 7 is

max °

given by:
r.=031p, (2.7)
and occurs at 7 =0, z =0.48a. The maximum tensile stress, o, . , is given by:
1
O)max = 5(1 - 2V)po (28)

and occurs at ¥ =a, z=0.

2.3  Elastic Analysis of a Homogenous Coating

The Hertzian equations presented in Section 2.2 can be adapted to model a sphere in elastic
contact with a homogenous, planar surface. A schematic showing the geometry of an Al,O3
sphere in elastic contact with a planar, homogeneous coating is shown in Figure 2.3. In this case,

the equivalent radius is given by:
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p,

contact area

Figure 2.2: Schematic of contact pressure distribution.

Z

Figure 2.3: Schematic of the geometry of a hard particle in elastic contact with a smooth,
homogenous coating.
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1,, :L+l:L 2.9
R R o R

where R, is the radius of the Al,Os3 sphere and the radius of the smooth surface is taken to be
infinity. Rearranging Eq. (2.9),

R=R=R (2.10)
where R now is equal to the radius of the Al,O; sphere.

The equivalent Young's modulus is given by:

1-v,,° 1-v?2
L "Vao 17V @.11)
E E,, E

¢

*

where £, , and v, , are the Young's modulus and Poisson's ratio, respectively, of the Al,O;

sphere and E, and v, are the Young's modulus and Poisson's ratio, respectively, of the planar

coating.

Eq. (2.11) can be simplified by the following approximations:

1=v,0°1-v, =1 (2.12)
and
E,o > E. (2.13)
Eq. (2.11) then simplifies to:
E'~E, (2.14)

In the elastic regime, the radius of the contact area circle between the particle and the coating, g

c?

is calculated by substituting Egs. (2.10) and (2.14) into Eq. (2.3):

’
3 PR
a = [ZE} 2.15)

The approach of distant points in the elastic regime, J,, is obtained by substituting Eqgs. (2.10)
and (2.14) into Eq. (2.4):

2 2 %
5 =% :[i p J (2.16)
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The maximum contact pressure, in the elastic regime, between the sphere and the coating is

obtained by substituting Egs. (2.10) and (2.14) into Eq. (2.6):

3 P 6 PE} %
=5E=[; — J (2.17)

o

The above three equations are valid while the contact between the sphere and the coating
remains in the elastic regime.
Figure 2.4 shows a schematic of a particle in contact with a homogenous coating at the yield

point. At the onset of yield, the radius of the contact circle, a,, is calculated by:

s
3P R
—| 2 e 2.18
aY.c {4 E(_. :| ( )

where B, . is the yield load of the coating applied by the Al,O; sphere. At yield, the approach of

distant points, &, _, is given by:

P 2 %
o, =|=-Lt= 2.19
e {16 RE}] | (219)
The maximum contact pressure at yield, p, , , is given by:
l
6 P, _E’ %
Poy {; Y‘R2 } (2.20)

The above three equations are valid at the onset of yielding and thus can be used in
conjunction with different yield criteria in order to explicitly solve for the yield load of the
coating, P, .. Two common yield criteria in solid mechanics are the Mises criterion and the

Tresca criterion [Johnson, 1985]. The Mises criterion is given by:

2

é{(o]—0'2)2+(0'2—0'3)2+(0'3—a,)z}zkz=O-; (2.21)

where o,, 0,, o, are the principal stresses, & is the yield strength in shear and o, is the yield
strength in tension or compression. The Tresca criterion is given by:

max {Ial —0'2|,|o'2 —-0'3|,|0'3 —O'll} =2k=0, (2.22)
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Figure 2.4: Schematic of a hard particle in contact with a homogenous coating at the onset of
yielding.
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or
r =k=2r (2.23)

For simplicity, the Tresca criterion may be used for yielding. Therefore, by substituting Eq. (2.7)

into the Tresca yield criterion (i.e., Eq. (2.23)), the maximum shear stress at yield, 7, is

max,Y ?

given by:
Oy .
Toay =031p,, =k= —é- (2.24)

where o, is the yield strength of the coating. Substituting Eq. (2.20) into Eq. (2.24) gives:

274
P E2)
0.31[-6—3 rele J _Gre (2.25)
V.4 2

Eq. (2.25) can be rewritten as:

24
6 P.CEC
oy, =0.62 [FY—R—} (2.26)
By approximating 0.62 as 2/3, Eq. (2.26) can be rewritten as:
2 VA
2| 6 B E,
==| =—5= 2.27
O-Y.c 3 l:ﬂ_:{ Rz } ( )
Using Eq. (2.27), the yield load can be solved for:
97’ Oy ’ 2
| = —— 2.28
16 E? &2

Therefore, for a given coating with a Young's modulus of £, and yield strength of o, and a

particle with a radius of R, the transition load between the elastic and plastic deformation

regimes is given by F, . in Eq. (2.28). Because the hardness of the coating is approximated as

H, =30y, (2.29)
Eq. (2.28) can be rewritten as:
~ H> ,
P = ¢ R2 2.30
"¢ 48 E? (2.30)

30



Table 2.1 shows a list of the modulus and hardness of typical CMP materials: Al>Os, SiO,, Cu,
and low-k dielectrics A and B. In commercial CMP processes, the particle size currently is of
the order of 100 nm. For a 100-nm particle, the yield loads for SiO, and the low-k dielectrics are
approximately 1 pN, whereas the yield load for Cu is three orders of magnitude smaller.
Therefore, for a given particle size, it is comparably easier to initiate scratching on Cu than on
the dielectrics.

Once the yield load has been explicitly solved for, the radius of the contact area at yield and
the approach of distant points at yield can be expressed by substituting Eq. (2.30) into Egs. (2.18)
and (2.19), respectively, to give:

T H
=R 2.31
b= E (2.31)
and
T H’
o, =——R 2.32
Y.c 16 EC; ( )

2.4  Fully-Plastic Analysis of a Homogenous Coating

For fully-plastic analysis, it assumes that (a) the coating does not undergo strain hardening
(i.e., the coating will continue to strain at a constant stress) and (b) the coating does not exhibit

any elastic deformation. The hardness of the coating is given by:

B. .
H :f:;’i 233)
41 ~ 2
2 ¢

where 4, is the horizontal projection of the contact area between the sphere and the coating due

to the normal force, a, is the semi-width of the scratch, and P, is the upper-bound normal load

applied to the particle [Suh, 1986; Luo and Dornfeld, 2001]. A schematic of a particle scratching
(i.e., plastically deforming) a homogenous coating is seen in Figure 2.5.

Eq. (2.33) can be rewritten to solve for the scratch semi-width:

b
a, = [&} (2.34)
TH,
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Table 2.1: Young's modulus and hardness of typical CMP materials.

Material E.(GPa) H. (GPa)
Diamond 1140.00 140.00
ALO; 350.00 20.00
Si0, 92.00 15.00
Cu 128.00 ol
A 110 2.09
B 8.00 127
Rohm and Haas Pad (IC1000) 0.50 0.05
Thomas West Pad (TWI817) 0.30 0.06

scratch

oW
—

IPUB
(e )

projected area: Ah

Figure 2.5: Schematic of a hard particle scratching a soft, homogenous coating.
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Eq. (2.34) can be normalized by R to give:
/
ua {————ZPUB } (2.35)
R

From the geometry of the indentation, the following expression is obtained using the
Pythagorean theorem:

R —(R-6) =a’ (2.306)

where o, is the depth of indentation of the sphere into the coating surface. Using the assumption

that 5, < R, Eq. (2.36) can be rewritten as:

). a
= 2.37
a. 2R (237)
Eq. (2.37) can alternatively be rewritten as:
% G _ l(i) (2.38)
R 2R 2\ R

[t may be noted the factor 1/2 appears in Eq. (2.38) whereas in the elastic analysis, the factor 1/2
is not present. Substituting Eq. (2.38) into Eq. (2.35) and rewriting to solve for the upper-bound
load provides:
P, =m0 RH, (2.39)
The upper-bound loads for Cu and the two low-k dielectrics A and B are very similar,
whereas the upper-bound load for SiO» is an order of magnitude larger. This is a good indication
of why scratching has recently emerged as a challenging problem in CMP. When SiO, was used
as the insulating material, its large hardness required that the normal load be quite large for
scratching to occur. Therefore, in the composite coatings consisting of Cu lines alternating with
Si0; lines, the Si0; provides a certain degree of protection for the Cu interconnects against
scratching. However, now that the semiconductor industry has changed the insulating material
from SiO, to low-k dielectrics, which have hardnesses similar to that of Cu and thus similar
upper-bound loads, the insulating material no longer provides protection in the composite

coatings, and thus scratching takes place during CMP.
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2.5 Elastic Analysis of a Composite Coating

The equivalent radius of the spherical particle and composite coating is given by Egs. (2.9)

and (2.10). The equivalent Young's modulus of the particle-composite contact is given by:

l=v,,> 1-v,°
1* Vo TV (2.40)

E E AL0, Ee/j'

where £, and v, is the Young's modulus and Poisson's ratio, respectively, of the composite

coating. Figure 2.6 shows an aluminum oxide particle in elastic contact with a composite
coating consisting of Cu and a low-k dielectric.

Using the following approximations:

1=v 05 1=v,, =1 (2.41)
and
Eypo >Ey (2.42)
Eq. (2.40) simplifies to:
E'~E (2.43)

eff

The Young's modulus of the composite surface, £, , can be calculated using two different

;ff b
assumptions: an upper-bound, parallel assumption and a lower-bound, perpendicular assumption.

The upper-bound assumes that the Cu and low-k dielectric act like parallel springs. Therefore
w A-w
Epara/lel - ECL/ (E) + Ed ( Z, ] (244)

where E, is the Young's modulus of Cu, E, is the Young's modulus of the low-k dielectric, w

1s the linewidth of the Cu interconnect, and A is the pitch of the patterned lines. The lower-

bound assumes that the Cu and dielectric act like springs in series. Therefore

SR (K)+l(’l‘w) (2.45)
E perpendicular ECu /1 - Ed A‘

Figure 2.7 shows a graph of the effective Young's modulus for a composite coating versus the

area fraction of Cu, w/A. Both the upper-bound (parallel springs) and lower-bound (series

springs) have been plotted for composite coatings consisting of Cu with the two low-k dielectrics
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Figure 2.6: Schematic of a rigid particle in elastic contact with a composite coating.
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Figure 2.7: Effective Young's modulus of the composite coating versus the Cu area fraction.
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as well as Cu with Si10,.

For the Hertzian analysis used in this thesis, £, is more relevant. Therefore, the effective

Young's modulus of the composite coating is given by:

E'~E,=E

parallel =

E, +%(ECU ~E,) (2.46)

Egs. (2.10) and (2.46) can be substituted into Eq. (2.3) so that the radius of contact in the elastic
regime is given by:
2
PR
W
E,+—(E
S+

a =

3
bl 2.47
¢ 4 ( )

“Ed)

Cu

The approach of distant points in the elastic regime is given by combining Egs. (2.4), (2.10) and
(2.46):
)

s =2 il : (2.48)

‘ 16 B
R[Ed +%(Ecu -E, )J

At the onset of yielding, the radius of the contact area is given by:
5
L (2.49)

In addition, at the onset of yielding the approach of distant points is given by:

%
P’
Oy, = 2 £ . (2.50)
‘ 16 w .
R\ E,+—(E. -E,)
A
The strain based criterion for yielding is given as:
éy'.c —g = O-Y.Cll — l Cu (2'5 1)

ho ' ECu 3 ECu
where &, 1s the yield strain and 4, is the thickness of the composite coating. A strain-based

criterion for yielding is used for the composite coating because although the hardnesses, and thus
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yield strengths, of Cu and the low-k dielectrics are similar, their Young’s moduli are vastly
different. When a Cu line yields under load, the low-k dielectrics are still in the elastic regime.
Therefore, the yield strain for Cu is used as the criterion for the composite coating, as show in Eq.

(2.51). Eq. (2.50) can be substituted into Eq. (2.51) to provide:

< (2.52)

By rewriting Eq. (2.52), the yield load can be solved for:

, VA
R {16(;,_ CHJ R(E +— (E —-E )J} (2.53)
“ |9 "3 E, AN

Eq. (2.53) can be simplified to:

VA
Fe _ 4 [Ha (E Y(E. -E ) 2.54
\/th3 9\/3(150‘} d+ﬂ( Cu d) (2.54)

The yield load increases linearly as the area fraction of Cu increases, because as the area

fraction increases the effective Young's modulus of the coating increases linearly and therefore
more load is required to reach the yield point. In addition, as the particle size increases, the load
increases as the one-half power. This is consistent with elastic, Hertzian analysis. It may be
noted that for an area fraction of 0.5 and for a particle with a radius of 100 nm, the yield load is

approximately 5 pN.

2.6 Fully-Plastic Analysis of a Composite Coating

The hardness of a homogenous coating is given by Eq. (2.33). However, because the coating
consists of two different materials, Cu and a low-k dielectric, it is necessary to combine the
hardnesses of the two materials into one effective hardness. This can be done approximately by
weighting the hardness of each material by the area fraction of each material:

B B A-w
H,=H, =H, (l)ﬂuﬁ( P ) (2.55)

Figure 2.8 shows the geometry of a particle in plastic contact with a composite coating.

Interestingly, the hardness of the low-k dielectrics now. used is comparable to the hardness
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—-|v; - g Cu dielectric

Projected Area: Ah

Figure 2.8: Schematic of a hard particle scratching a composite coating.
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of Cu. Therefore, the weighting scheme used in Eq. (2.55) may not even be necessary. The
hardness of Cu can be used as an approximate simplification for the hardness of the composite
coating. This is not true in the case of composite coatings that consist of Cu and SiO,. The
hardness of SiO; is an order of magnitude larger than that of Cu, thus this is one of the reasons
why scratching has emerged as a threatening problem now that the dielectrics have hardnesses
equal to Cu. Eq. (2.55) can be substituted into the homogenous expression for an upper-bound

load, Eq. (2.39), to provide:

P, = ﬂé‘_R[Hd +%(H@ ~-H, )} (2.56)

2.7 Coefficient of Friction

The coefficient of friction, u, is defined as:

F
ﬂ=ﬂp+ﬂud=F (2'57)

where F' is the tangential force, x, is the coefficient of plowing friction and 4, is the

coefficient of adhesion friction [Suh, 1986]. Using the upper-bound load definitions for the

normal and tangential forces,

P=H.4, (2.58)
and
F=HA, (2.59)
Eq. (2.57) can be rewritten approximately as:
A,
= 2.60
‘uP Ah ( )

where 4, is the vertical projection of the contact area due to the tangential force. Figure 2.9

shows the geometry of a particle scratching the surface of a homogenous coating.

During scratching, the horizontal projected area is given by:

A, =—= (2.61)

It may be noted that the factor 1/2 appears here because it is assumed that the particle is sliding
and hence is only supported by the front half of the particle. If it were a stationary, indentation
test, the particle would be supported by the back half as well and the factor 1/2 would not be
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Figure 2.9: Geometry of a particle scratching a homogenous coating.
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present. The vertical projected area is given by:

20 R —-a,(R-8,) (2.62)
2z

where 8 is the angle of contact with respect to the z-axis. Using the assumption that 6 < R, Eq.

sz

(2.62) simplifies to:
A, =60R*-a.R (2.63)
and from geometry:
a
sin@=—~ 2.64
R (2.64)
Therefore, Eq. (2.63) simplifies to:
A =R|sin™ (5’—) L (2.65)
R) R
By combining Egs. (2.60), (2.61) and (2.65), the coefficient of plowing friction is expressed as:
2R . (a) a
== sin” | < |-—= 2.66
werl (G s

In order to calculate the coefficient of plowing friction using Eq. (2.66), it is necessary to know
the size of the particle and the observed scratch width. Usually, the particle size will not be a
known factor, but something that must be figured out from observable variables. Therefore,

using Eq. (2.37), Eq. (2.66) can be written in terms of the observed scratch width and depth as:

2{ . _,(2@.] 25(}
z a, a,

H,= 5 (2.67)
26,
aC
2.8 Preston Constant
The wear coefficient, k,, is defined as:
k =VHe (2.68)
PS

where V' is the volume of material removed by the particle during scratching and S is the lateral
distance traveled by the particle. The volume of material removed by the particle is equal to the

product of the projected area in the vertical direction, 4,, and the distance traveled. In addition,
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the upper-bound definition for the normal load, Eq. (2.58), can be substituted into Eq. (2.68) to

provide:
k=2 (2.69)
Ah
The Preston equation is [Preston, 1927]:
dh
o P (2.70)

where k, is the Preston constant, p is the pressure applied to the coating by the particle, v is the

velocity of the particle, # is the thickness of the coating removed and ¢ is time. Eq. (2.70) can
be simplified to:

dh
kdgny 4 2.71
a5 P (2.71)
Eq. (2.71) can be further simplified by using the projected area in the horizontal direction:
14
5 k,P (2.72)
Therefore, the Preston constant may be defined as:
V
k =— 2.73
» = pg (2.73)

By combining, Egs. (2.68), (2.69) and (2.73), the following relation between the wear coefficient
and the Preston constant is obtained:

kp=-’i=[i)—l- (2.74)
H |4, )H

Finally, by combining Eqgs. (2.60), (2.66) and (2.74), the Preston constant can be explicitly

written as:

kG e
e T a
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2.9 Summary

In this chapter, single-particle contact models are developed. First, elastic contact between a
rigid, spherical particle and a homogeneous coating is analyzed in order to determine the lower-
bound, yield load. This load determines the transition from elastic to plastic deformation. The
yield load is the minimum load per particle necessary for scratching to initiate on a coating. The
elastic analysis is also used to determine the yield load for composite coatings. Second, fully-
plastic analysis is used to determine the upper-bound load per particle for scratching. This model
is used to relate the width and depth of a scratch to the normal load per particle. The analysis is
conducted for both homogenous and composite coatings. Third, the theory for calculating the
coefficient of friction for thin film coatings is developed. Finally, the theory for determining the

Preston constant of material coatings is presented.
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Nomenclature

A, 4, = vertical and horizontal projected area (m?)
a = radius of elastic contact circle (m)
a, = contact semi-width in a coating (m)
ay . = contact semi-width in a coating at yield (m)
E* = effective Young’s modulus (N/m?)
E,, E, = Young’s modulus of spheres (N/m”)
E .0, = Young’s modulus of ALO; (N/m®)
E,, = Young’s modulus of Cu (N/m’)
E_ = Young’s modulus of a coating (N/m?)
E, = Young’s modulus of low-k dielectric (N/m?)
E,, = effective Young’s modulus of a composite structure (N/m?)
E, ... = Young’s modulus of a parallel composite structure (N/mz)
E pendicutr = YoUung’s modulus of a perpendicular composite structure (N/m?)
F = tangential force on a particle (N)
H,, = hardness of Cu (N/m)
H_ = hardness of a coating (N/m?)
H , = hardness of a low-k dielectric (N/m?)
H,, = effective hardness of a composite structure (N/m”)
h = thickness of coating to be removed (m)
h, = height of composite structure (m)
k = yield strength in shear (N/m®)
k, = Preston constant (m”/N)
k, = wear coefficient
P =normal load per particle (N)
B, = upper-bound load per particle (N)
P, . =yield load per particle on a coating (N)
P = pressure (N/m?)
P, = maximum pressure (N/mz)
P,y = maximum pressure at yield (N/m’)

R = radius of a particle (m)
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R = effective radius (m)
R,, R, = radius of spheres (m)
S = lateral distance traveled by a particle (m)
t = time (s)
X,Y,Z = Cartesian coordinates
¥V = volume (m®)
v = velocity of a particle (m/s)
w = Cu interconnect linewidth (m)
0 = approach of distant points in elastic contact (m)
0. = depth of indentation into a coating (m)
Oy . = depth of indentation into a coating at yield (m)
&, = yield strain
A = pitch of Cu interconnect lines (m)
H = coefficient of friction
M., = adhesion component of the coefficient of friction
4, = plowing component of the coefficient of friction
V,,V, = Poisson’s ratios
V 0, = Poisson’s ratio of Al,O3
v, = Poisson’s ratio of a coating
v,; = effective Poisson’s ratio
@ = angle of contact with respect to z-axis
0,,0,,0, = principal stresses (N/m?)
oy = yield strength (N/m?)
O, m = Maximum tensile strength (N/mz)
T = maximum shear stress (N/mz)

Ty = Maximum shear stress at yield (N/m?)
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CHAPTER 3

MULTI-PARTICLE CONTACT MECHANICS

3.1 Introduction

In Chapter 2, the lower- and upper-bounds for the load per particle in particle-coating
interaction have been determined for both homogenous and composite coatings. The lower-
bound load per particle denotes the transition from elastic (non-scratching) to plastic (scratching)
behavior. The upper-bound load per particle is the appropriate load for analyzing scratches. The
theory presented in Chapter 2, however, has some limitations. Specifically, the equations relate
the observable width and depth of a scratch to the load per particle, P. Equations in this form
are useful only if single-particle contact is of interest and the load per particle is known. In the
CMP process, however, there are millions of particles in contact with the pad and the coating at
any time and the individual load per particle is not known a priori. Therefore, it is necessary to
relate the observable scratch widths and depths to global, controllable parameters in CMP: the

nominal pressure applied to the back of the pad, p, and the volume fraction of abrasive particles
in the slurry, v, .

Figure 3.1 illustrates the different pad-particle-coating mechanical interactions modeled in
this chapter. For all these models, the following key assumptions are made:
o The pad is semi-infinite, homogenous and isotropic.
e The coating is semi-infinite, homogeneous and isotropic.

e The particles are uniformly distributed, rigid, uniform in size and spherical [Miyoshi and

Nakagawa, 2005].

3.2 Particle Spacing and Density

The particle spacing and density is determined based on the known volume fraction of solids
in the slurry. It may be noted that the particle spacing is calculated before the pad-particle-

coating interface is loaded. Therefore, it is assumed that the pad-coating contact neither disturbs
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Figure 3.1: Idealized pad-particle-coating mechanical interactions in CMP.
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nor interferes with the particle spacing. Wherever the pad contacts the wafer, it 1s assumed that
the volume fraction in the contact region is exactly the same as the volume fraction in the slurry.

The volume fraction of solids in the contact region, v, , is defined as:

=3 3.1)

where R is the radius of each particle and A, is the space between particles. The numerator

represents the volume occupied by one particle and the denominator represents the volume of the
unit cell around the particle occupied by liquid. As can be seen in Figure 3.2, the particle
locations are assumed to fill up a square grid. In addition, it is assumed that all the particles are

of uniform radius. Eq. (3.1) can be rewritten to solve for the inter-particle spacing as:

A
A= F‘i’—} R (3.2)
3v P
In dimensionless form:
P2
Lo |20 (3.3)
R 31//.

In this form, it is clear to see how far apart the particles are in relation to the radius of the

particles. Another useful metric is the number of particles per unit contact area, N ,:

1 v, 1
N, =—=—_l— (3.4)
t A 2 R
A sample calculation assuming particle radius, R, of 100 nm and a volume fraction, v, of 0.05
shows that A, is 647 nm and there are 2.39 million particles per mm”. Figure 3.2 shows

schematically the case where R is 100 nm and v, is 0.05. Typical asperity size, spacing and

contact area have been added to give a sense of proportion.
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Figure 3.2: Schematic showing particle size and spacing for R = 100 nm, v, = 0.05, asperity
radius, R, = 6 um, asperity spacing, 4, = 100 um, and asperity contact area radius,
a,=1pum.
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3.3 Smooth, Rigid Pad

The rigid, or very hard, pad analysis though unrealistic is an appropriate starting point
because it considers the extreme case when pad deformation is negligibly small; all deformation
takes place in the coating. In addition, it is assumed that the pad is smooth (i.e., there are no
asperities present on the pad). Therefore, this is the closest case to the single-particle contact
described in Chapter 2. The difference here is that multiple particles are present, as opposed to
just one particle, and uniform pressure is applied to the back of the pad as opposed to applying a
load directly on an individual particle. Figure 3.3 shows a schematic of a rigid pad in contact

with particles which in turn are in contact with a coating.

3.3.1 Load per Particle
In this type of contact, the load per particle is given by:
P=pi} (3.5)
The load per particle is pressure times the square area that surrounds each particle. From Eq.

(3.2) and Eq. (3.5):

P=——pR’ (3.6)

3vj.

Thus the load per particle is a function of the particle size, volume fraction of solids in the slurry
and the global pressure applied to the back of the pad. Neither the pad nor the coating material
and geometric properties enter into consideration in determining the load per particle. The load
per particle given in Eq. (3.6) represents the load applied to the particle from either the pad or the

coating side.

3.3.2 Particle-Coating Contact

The coating on the wafer is assumed to exhibit rigid-plastic behavior. Therefore, the upper-
bound analysis of Chapter 2 is used to model the widths and depths of particle scratches. Figure
3.4 shows a schematic of a particle in plastic contact with a coating. The semi-width of particle

penetration into the coating, a., determined in Chapter 2, is given by:
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Figure 3.3: Schematic of a smooth, rigid pad in contact with multiple particles.

Figure 3.4: Schematic of a hard particle in plastic contact with a soft coating.
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)2
2P
a. = {ﬁ_f[le (37)

where H_ is the hardness of the coating. Note, the numerator has a factor of 2 because the

particles are not simply being indented into the surface, but are translating and scratching the

surface. Therefore, the horizontal projected area is: 7a.’ / 2. From Egq. (3.6) and Eq. (3.7)

JA
Y B S (3.8)
3y . H,
which can be rewritten in dimensionless form as:
P2
a_| 2 p (3.9)
R 3v~/. H,

From the geometry, the width of the scratch can be related to the depth of particle penetration

into the coating, 0., by:

s 1f(a
% _ ..(i] (3.10)
R 2\ R
Using Egs. (3.9) and(3.10), the depth of the scratch is given by
5 -2 Pp (3.11)
v, H,

which can be cast in dimensionless form as:

b_2 p (3.12)
R 3v, H

°

It may be noted that Egs. (3.8) and (3.11) are dependent on the pressure directly, not on the
load per particle explicitly. In addition, Eqs. (3.9) and (3.12) provide useful metrics for

identifying the presence of scratches. If §./R,a,/R <1, scratching will not be observed; if
8./R ~1, scratching will be observed. Table 3.1 lists the results of a sample calculation for the

widths and depths of scratches on a Cu coating.
As can be seen in Table 3.1, for R = 100 nm and v, = 0.05, and for pressures in the range
6.9-69 kPa (1-10 psi), the semi-width of a scratch on a Cu coating is about 3 nm. Therefore, the

scratches that would be created under the rigid pad model are not the type of scratches that are
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Table 3.1: Widths and depths of particle penetration into a Cu coating for a rigid pad.
R =100 nm, v, =0.05, H, = 1.22 GPa.

p(psi) p(kPa) P(nN) a.(nm) 6. (x10°nm) aJ/R(x10%) /R (x10°) &/4p (x10°)

1 6.9 29 1.2 7.5 12 75 12
2 13.8 5.8 1.7 15.1 17 151 23
3 20.7 8.7 2.1 22.6 21 226 35
4 27.6 11.6 2.5 30.1 25 301 47
5 34.5 14.4 2.7 37.7 27 377 58
6 414 17.3 3.0 45.2 30 452 70
7 48.3 20.2 32 52.7 32 527 81
8 55.2 23.1 35 60.3 35 603 93
9 62.1 26.0 3.7 67.8 37 678 105
10 68.9 289 3.9 75.4 39 754 116
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problems for the CMP industry. If a 100-nm particle creates a "scratch" that is approximately 6
nm wide, then that is not true "scratching." Furthermore, it may be noted that for R = 100 nm
and vy= 0.05, the pressure should be 6,000 psi for the particle to be embedded half-way into the
coating (i.e., a, = R). This is an unrealistically large pressure. However, it should also be noted
that for R = 25 nm and v,= 0.01, the pressure exerted on the pad would be only 207 kPa (30 psti)
for the particle to be embedded half-way into the coating. This is still five times larger than the
maximum practical pressure used in CMP. Therefore, in the rigid pad analysis, it is unrealistic

that any scratch will be created such that a, = R

An important check to make is that the coating is in fact in the plastic range. The yield load

per particle for a homogenous coating is given by Eq. 2.30 in Chapter 2:

T~ H®
=——<R° 3.13
"¢ 48 E? G
This can be related to the yield pressure for the coating, p, ., by using Eq. (3.6):
,7'2 H 3vf
E—— 3.14
Pre= 57 E> G40

If the applied pressure is greater than p, ., the coating deforms plastically. For the sample
calculation, where v, = 0.05, H, = 1.22 GPa and E, = 128.0 GPa, the yield pressure for a Cu

coating is 0.25 psi. Therefore, Table 3.1 is appropriate for the entire range of pressures listed
(i.e., 1-10 psi), and the upper-bound analysis is justified. The scratch semi-width at yield can be
obtained by substituting Eq. (3.14) into Eq. (3.9):

2 g2
Gre |7 H (3.15)
R 24 E°
and a, /R is 0.006. The depth at yield can be obtained by substituting Eq. (3.14) into Eq.
(3.12):
é‘ i 2 2
re T H (3.16)
R 48 E-

[a

and &, /R is about 0.00002.
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3.4 Smooth, Elastic Pad

For this analysis, the pad is assumed to be planar and very smooth, similar to the coating. In

addition, it is assumed that the smooth pad deforms only elastically.

3.4.1 Load per Particle

The first approach to modeling the smooth pad-particle-coating contact is to divide the types
of contact into two separate regimes. As shown in Figure 3.5 there are two distinct regimes of
smooth pad-particle-coating contact.

In Regime 1, Figure 3.5(a), the pad makes contact only with the particles, which in turn make
contact with the coating. At the transition from Regime 1 to Regime 2, Figure 3.5(b), the
pressure on the back of the pad is so great that the pad deforms to the point where it not only
makes contact with the particles, which in turn contact the coating, but the pad just touches the
coating. Some published research has attempted to implement beam-bending theory to
determine this transition point [Fu ef al., 2001]. In Regime 2, Figure 3.5(c), the pressure on the
back of the pad is so great that the pad severely deforms around the particles and makes contact
with both the particles and the coating directly. In order to study the worst case of particle
scratching in CMP, Regime 1 is the appropriate regime to analyze, for in Regime 2, the load is
shared by the particles and by the wafer. In this situation, the particles will not experience the
greatest load per particle. Of course, in the extreme case where a very large pressure is applied
to the back of the pad, it is possible for the load per particle in Regime 2 to exceed the load per
particle in Regime 1. In that case, however, the pad will have completely enguifed the particle
and therefore the scratch depths that will be capable of being produced are very small because
most of the particle is embedded in the pad and hence will not be able to indent the coating.

In addition, Regime 2 will almost certainly occur once the pad has entered the plastic regime.
In that case, the elastic analysis presented here is not valid. Therefore, as far as practically
analyzing scratching for an elastic, smooth pad, the particle will experience the greatest load per
particle at the transition from Regime 1 to Regime 2. In Regime 1, the load per particle is given
by Eq. (3.6), which is equal to the load per particle in the smooth, rigid pad analysis. Elastic

analysis of the pad-particle contact is not necessary. The reason for this is that in Regime 1, the
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Figure 3.5: Schematic of a smooth, elastic pad in contact with particles and a coating in:
(a) Regime 1 where the pad does not touch the coating (b) the transition point where

the pad just touches the coating (c) Regime 2 where the pad makes contact with the
particles and the coating.
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pad is not touching the coating directly, so the load per particle is still equal to the pressure times
the square cell area surrounding a particle. Figure 3.6 shows a schematic of this contact.

Once again, it is important to note that under the smooth, elastic pad assumption, the load per
particle is still expressed as a function of the particle size, R, the given volume fraction in the
slurry, v, and the global pressure applied to the back of the pad, p; neither the elastic nor

geometric properties of the pad need to be taken into account to determine the load per particle.

3.4.2 Particle-Pad Contact

The load per particle given by Eq. (3.6) represents the load applied to the particle either from
the pad or the coating side, due to the equilibrium condition. Figure 3.7 shows a schematic of a
particle contacting the pad.

If the pad is assumed to exhibit elastic behavior, the Hertzian analysis can be used to model
the width and depth of penetration of the particle into the pad. The radius of particle contact area

with the pad, a,, and depth of particle penetration into the pad, J,, is given by:

2 2 %
G 5 |2 P (3.17)
16 RE,

R p
where E is the Young's modulus of the pad. Eq. (3.6) can be substituted into Eq. (3.17) to

provide a simplified, dimensionless expression for the radius of the contact area in the pad:

o (2 V50V
R 2vf E 14
Likewise, the depth of particle penetration into the pad:
A0 VA
o
Zr _ [_'Z_) [LJ (3.19)
R \2v, E,

Note that the load per particle is not explicitly present in Egs. (3.18) and (3.19). Instead, the
width and depth of particle penetration into the smooth, elastic pad is related directly to the
global pressure. Eq. (3.19) provides an expression for a rough check to ensure that Regime 1 is

indeed the appropriate choice. If &, /R <1, the pad does not make direct contact with the

coating and thus Regime 1 was the appropriate choice. This however is only approximate

because it is possible that the pad deforms in between two particles if they are widely apart. This
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Figure 3.6: Schematic of a smooth pad in contact with particles, which are in contact with the
coating (Regime 1).
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Figure 3.7: Schematic of a hard particle in contact with a smooth, elastic pad.
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deformation is not captured by the Hertzian analysis, because this analysis only considers the
local deformation near the point of contact between the pad and the particle. Nevertheless, it is
an approximate check that can be used. Table 3.2 provides the values of a sample calculation for
the depth and width of particle penetration into the pad.

As can be seen in Table 3.2, for R = 100 nm, a typical value used in standard CMP slurries,
over the range of typical pressures, 6.9-69 kPa (1-10 psi), the depth of particle penetration into

the pad, &,, is of the order of 1 nm. Therefore, the contact does in fact remain in Regime 1

because the pad does not come close to touching the coating.
An important check on the above calculations is to make sure that the deformation is still in

the elastic regime. An expression for determining the yield load for the pad, £, ,, is very similar

to Eq. 2.30 in Chapter 2 for the yield load of a homogenous coating. The only difference in this
case is that the pad, as opposed to the coating, is yielding. Therefore the yield load is given as:
3 H 3 R'.’.
B, =t
" 48 E

(3.20)

where H , is the hardness of the pad. Once the load per particle is greater than F,  , the

deformation is in the plastic regime and the elastic analysis is no longer valid. The ratio of Eq.

(3.13) to Eq. (3.20) can be used to determine whether the coating or the pad will yield first:

3 2
Bre = ﬁe_ ﬂ (3.21)
K, \H,)\E,

For typical values of a Cu coating and a Rohm and Haas IC1000 pad, E. = 128.0 GPa, H_ =

1.22 GPa, E, = 0.5 GPa, and H, = 0.05 GPa, the ratio in Eq. (3.21) is 0.22. This implies that

the coating yields before the pad. Therefore, while the pad deforms elastically, the coating will
start to deform plastically.
The yield point of the pad can also be defined in terms of pressure, p, ,, by substituting Eq.

(3.20) into Eq. (3.6):

Prp="s——% (3.22)
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Table 3.2: Widths and depths of particle penetration into a smooth, elastic pad. R = 100 nm,
v, =0.05, E, =0.5 GPa.

p(psi) _p(kPa) P(uN) a,(nm) J,(nm) a/R  J/R(x107) J/p (x107)

L 69 29 76 06 008 57 09
2 13.8 5.8 9.5 0.9 0.10 9.1 1.4
3 20.7 8.7 10.9 12 0.11 119 1.8
4 27.6 11.6 12.0 14 0.12 144 2.2
5 34.5 144 12.9 1.7 0.13 16.7 2.6
6 41.4 17.3 13.7 1.9 0.14 18.9 29
7 48.3 20.2 14.5 2.1 0.14 21.0 32
8 55.2 23.1 15.1 2.3 0.15 22.9 3.5
9 62.1 26.0 15.7 2.5 0.16 24.8 38
10 68.9 28.9 16.3 2.7 0.16 26.6 4.1
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Notice that the yield pressure is only dependent upon the volume fraction of the slurry, the
hardness of the pad and Young's modulus of the pad. For the sample calculation performed

above where R =100 nm, v, = 0.05, £, = 0.5 GPa, and H, = 0.05 GPa, the yield pressure is

approximately 7.6 kPa (1.1 psi). Therefore, in Table 3.2, only the first row of numbers is truly
valid. Once the pressure is greater than 7.6 kPa (1.1 psi), the pad deforms plastically. In Section
3.3.2 it was determined that the Cu coating will start to yield at 1.7 kPa (0.25 psi) whereas the
pad will start to yield at 7.6 kPa (1.1 psi). Therefore, scratching will start to occur on the coating
surface while the pad is still in the elastic regime. This is interesting because it shows that there
exists a range of pressures, such that plastic deformation occurs in the coating, but the pad
deforms in the elastic regime. This means that it is possible to remove material, i.e. polish the
coating, without wearing out the pad. By polishing in this regime, it would be possible to
increase the life expectancy of a pad. A limitation of course is that the material removal rate of
the coating will be small due to the low polishing pressure. Eq. (3.22) can also be rewritten in
terms of particle size and particle spacing by using Eq. (3.1):
_r ' R°H 113

48 1,’E,}

pY,p (3.23)

Eq. (3.22) can substituted into Eq. (3.18) to obtain an expression for the radius of the area of

indentation at the yield point:

a_YJL=££I_” (3.24)
R 46E,

For the sample calculation, a, , / R is approximately 0.08.

Eq. (3.20) can be substituted into Eq. (3.17) to provide an expression for the depth of
indentation into the pad at the yield point:

0 1 y?
R 629
P

For the sample calculation, this is about 0.62 nm. Therefore, once the particle has been pushed
into the pad 0.62 nm, the pad starts to deform plastically. This is also consistent with Table 3.2,
in that the value for &, at 6.9 kPa (1 psi) is about 0.6 nm.
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3.4.3 Particle-Coating Contact

The coating on the wafer is once again assumed to exhibit rigid-plastic behavior. Therefore,
the upper-bound analysis from Chapter 2 is used to model the width and depth of scratches into
the surface of the coating. Therefore, Egs. (3.8) and (3.11) are appropriate for determining the
semi-width and depth of particle scratching in the coating. Because these expressions are
dependent on the pressure, volume fraction, coating hardness and particle radius, the values for
the semi-width and depth of particle scratching will be the same in the smooth, rigid pad analysis
and the smooth, elastic pad analysis. The reason for this is that the expressions in Egs. (3.8) and
(3.11) do not depend upon the pad properties at all. Therefore, so far as the smooth pad is not
directly touching the coating, it does not matter what type of deformation the pad experiences.

For a sample calculation, where R = 100 nm, v, = 0.05, H, = 1.22 GPa, the table of a4, and 4,

will be the same as Table 3.1. Nevertheless, for completeness, it is presented again. Therefore,
Table 3.3 provides the values of a sample calculation for the depth and width of particle
scratches on a homogeneous Cu coating for a smooth elastic pad. Note that even though this
table only considers particle-coating contact, for all pressures above 7.6 kPa (1.1 psi), the pad
will deform in the plastic regime.

As can be seen in Table 3.3, for R = 100 nm, over the range of typical pressures,
p = 6.9-69 kPa (1-10 psi), the semi-width of a scratch, a., on a Cu coating is of the order of 3 nm.
Therefore, the scratches that would be created under the linear-elastic, smooth pad model are not
the type of scratches that are problems for the CMP industry. If a 100-nm particle creates a
"scratch” that is approximately 6 nm wide, that is not true "scratching." Therefore, the linear-
elastic, smooth pad model does not account for scratches that are observed in CMP practice. In
addition, the linear-elastic assumption is not valid for pressures above those given by Eq. (3.22),

which in this case is about 7.6 kPa (1.1 psi). Accordingly, a rough pad analysis is required.
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Table 3.3: Widths and depths of particle penetration into a Cu coating. R = 100 nm, v, = 0.05,

H. =122 GPa.
p(psi) p(kPa) P(N) a (nm) &, (x10°nm) av/R (x107) 6/R (x10°) 6/4p (x10°)
1 6.9 2.9 1.2 7.5 12 75 12
2 13.8 5.8 1.7 15.1 17 151 23
3207 8.7 2.1 22.6 21 226 35
4 276 116 2.5 30.1 25 301 47
5 345 144 2.7 37.7 27 377 58
6 4l4 173 3.0 452 30 452 70
7 483 202 3.2 52.7 32 527 81
8 552  23.1 3.5 60.3 35 603 93
9 621 260 3.7 67.8 37 678 105
10 689 289 3.9 75.4 39 754 116
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3.5 Rough Pad — Hemi-Spherical Asperities

For the rough pad analysis, it is assumed that the pad has asperities and they are hemi-
spherical in shape. Figure 3.8 shows a schematic of the rough pad interacting with particles and
a coating surface.

For this analysis, it is first assumed that the pad asperities deform elastically and later that the
pad asperities deform plastically. Figure 3.9 shows magnified schematics of the two regimes of
deformation. Figure 3.9(a) shows a pad asperity deforming elastically and Figure 3.9(b) shows
an entire asperity deforming plastically. Section 3.5.2 analyzes the case where the asperity
deforms elastically and Section 3.5.5 analyzes the case where the asperity deforms plastically.
However, before analyzing the type of asperity deformation, it is first necessary to analyze the

particle-asperity spacing.

3.5.1 Load per Particle

The first step in modeling the pad-particle-coating contact with a rough pad is to divide the
types of particle-asperity spacing into two separate regimes. As can be seen in Figure 3.10, there
are two distinct regimes of particle-asperity spacing. In Regime 1, the distance between each

particle, 4, is less than the distance between each asperity, 4,: 4, <A,. In other words, there

are more particles than asperities present at the pad-coating interface. In Regime 2, the distance

between particles is greater than the distance between asperities: 4, > A,. This means that there

are now more asperities present than particles at the pad-coating interface, which implies that
some asperities will not trap particles. The appropriate choice of regimes is once again Regime
1, for it is not realistic to have more asperities than particles.

Using Eq. (3.2), even with a relatively small volume fraction of 0.01 and a particle radius of
100 nm, the distance between each particle is about 1.5 um, whereas on a typical Rohm and Hass
IC1000 pad, the asperities are about 100 pm apart. Figures 3.11 and 3.12 show two micrographs
of the Rohm and Haas IC1000 pad. These micrographs were obtained using an Olympus LEXT
Confocal Microscope. As can be seen in Figure 3.11, the surface of the pad is quite porous. The
distance between "peaks" is about 100 um. In addition, Figure 3.12 shows a profile of the pad

surface and from that, the average radius of an asperity is approximately 5 pm. Thus, Regime 1
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Figure 3.9: A magnified schematic of an asperity deforming (a) elastically and (b) plastically.
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(b)

Figure 3.10: Schematic of particle-asperity spacing: (a) Regime 1, where 4, <A, and there is at

least one particle under each asperity (b) Regime 2, where 4, >4, and it is not
guaranteed that there is at least one particle under each asperity.

66



Figure 3.11: 3D image of a Rohm and Haas IC1000 pad obtained with an Olympus LEXT
Confocal Microscope.

Figure 3.12: Image of a Rohm and Haas IC1000 pad and profile of section A-A obtained with an
Olympus LEXT Confocal Microscope.

67



is the appropriate choice.
The load per particle in Regime 1 is given by:
Pn,=pi} =P, (3.26)
where n, is the number of particles underneath one asperity and P, is the load on an asperity.

Eq. (3.26) is derived from a force balance between the load applied to one asperity and the load
applied to particles underneath that asperity. An expression for the number of particles

underneath one asperity can be given as:

2
3a,

np :EFV[ (327)

where a, is the radius of the contact area between one asperity and the coating-particle interface
as shown in Figure 3.9. Therefore, Egs. (3.1), (3.26) and (3.27) can be combined to provide a
simplified equation for the load per particle:

2492
p=Phte (3.28)
ra

Notice, this is the load per particle and it is written in terms of the pressure, particle spacing,
asperity spacing and contact area of the asperity. So far, only geometrical relations have been
used. Therefore, this equation is valid even when the asperity is in the elastic or plastic regime.
In order to eliminate the radius of the asperity contact area from Eq. (3.28), either elastic or

plastic deformation must be analyzed.

3.5.2 Elastic Analysis of an Asperity
Hertzian analysis is used to develop an expression for the contact area of the asperity during
elastic deformation. Applying elastic analysis to the asperity, the radius of contact is given as:

) , A

a” |9 P°

R =L6RE2} (3.29)
a a " p

where R, is the radius of curvature of an asperity [Che er. al, 2005]. Eq. (3.26) can be
substituted into Eq. (3.29) to give:

KR pa2 T’
a’= (2) [.Ru’;’{u} (3.30)
16 E

P
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The above expression relates the contact area of the asperity to the radius of curvature of the
asperity, the pressure, the asperity spacing and the Young's modulus of the pad. This can be
substituted into Eq. (3.28) to obtain explicitly the load per particle:

Kip VAl
B o

It may be noted that in Eq. (3.31), the load per particle depends on all known, global parameters:
the Young's modulus of the pad, the pressure applied to the pad, the spacing between particles,
the spacing between asperities and the radius of curvature of the asperities. Another significant
observation is that this expression for the load per particle is different from the smooth pad
analysis in that this load per particle also depends on the elastic properties and topography of the
pad. Eq. (3.31) can be rewritten such that it depends upon the volume fraction and particle
radius by substituting Eq. (3.2) in to Eq. (3.31):

KE V(4 V5
R e
243) (p) (R,) |y,

This is the load per particle, assuming that the asperity deforms elastically. Therefore, it is
necessary to determine the point at which the asperity deformation transitions into the plastic

regime. An expression for the yield load of the asperity, P, ,, can be obtained by using Eq. 2.30

in Chapter 2:
I3
P, ="——LR} (3.33)
4B ES
Using Eq. (3.26), the yield condition can be written in terms of pressure:
3 R 2H 3
n R
= 3.34
Pra= 48 26 2 (3.3%)

When the pressure is less than that given by Eq. (3.34), the elastic analysis of the asperity is valid.
For typical values of: R, =5 pm, 4, = 100 pm, E, = 0.5 GPa and H » = 0.05 GPa, the pressure

at which the asperity yields is 0.83 kPa (0.12 psi). Therefore, most likely, the asperity
deformation will be in the plastic regime. However, it is possible that while polishing some of
the asperities are deformed elastically. Therefore, the elastic analysis of pad asperities is carried
through.
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The radius of the asperity contact area at yield, a,,, can be obtained from Eq. (2.31) in

Chapter 2 to provide:

H
a0 =3 (3.35)

The number of particles under an asperity at yield, n, , is determined using Egs. (3.1), (3.27)
and (3.35):

L]

[ ]

" =16 E

14

= H, R, (3.36)
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~
(5]

3.5.3 Particle-Pad Contact: Elastic Contact

Once an expression for the load per particle has been established in the case of elastic
deformation of the asperity, Eq. (3.31), it is necessary to analyze the particle-pad contact.
Because it is assumed that the pad deforms elastically, Hertzian, elastic analysis can be used to
model the depth and width of penetration of the particle into the pad. The width of particle
penetration into the pad and depth of particle penetration into the pad is given by Eq. (3.17) for
the smooth, elastic pad analysis in Section 3.4. By substituting the load per particle in Eq. (3.31)

into Eq. (3.17), a dimensionless expression for the width of particle penetration into the pad is

given as:
ay (3 V(oY (aVE(2Y"
L=l—=1 | =] 2] |2 (3.37)
R \4r E, R R,
In addition, a dimensionless expression for the depth of particle penetration into the pad is given
as:
2 2 4
5[’ — 3 A p % A'P % Z’a A
—=l—| |=| = | == (3.38)
R \4rn E, R R,

Eq. (3.38) provides an expression for a necessary check on the pad-coating interface. If

J, / R <1, the pad does not touch the wafer — as in Section 3.4. A sample calculation for R =

100 nm is shown in Table 3.4.

It can be seen that J, / R ~1, which means that the pad does in fact deform such that it

touches the wafer. To a certain extent this should be expected. When the Hertzian analysis is
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Table 3.4: Widths and depths of particle penetration into a rough, elastic pad. R = 100 nm,
v, =0.05, £, =0.5 GPa, R, =5 um, 4, =100 pm.

ppsi) pkPa) P(UN) aynm) J,(mm) ayR /R )/
6.9 14.3 129 166 1.29 1.7 0.26
13.8 18.0 139 194 1.39 1.9 0.30
20.7 20.6 146 212 1.46 2.1 0.33
27.6 227 150 226 1.50 23 0.35
34.5 244 154 237 1.54 24 0.37
414 259 157 247 1.57 2.5 0.38
48.3 273 160 256 1.60 2.6 0.40
55.2 28.5 162 264 1.62 2.6 0.41
62.1 29.7 165 271 1.65 2.7 0.42
68.9 30.7 166 277 1.66 2.8 0.43
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employed to determine the radius of the asperity contact area, the pad is forced to touch the
wafer directly and then the particles were superimposed into that same space. Therefore, this
theoretical approach forces the pad to touch the coating. It is the worst case scenario that is of
interest, when the load is completely supported by the particles. Table 3.4 shows that under a
rough, hemi-spherical pad, some of the load may in fact be supported by the coating directly.
This means that in reality, the load per particle is less than what is estimated here. Therefore,
from a theoretical stand point the upper-bound is calculated here, which is appropriate. Last, this
model was developed assuming that only one particle is being pushed into the pad. In reality,
there are numerous particles being pushed into the pad. When the contribution of the pad
displacement of the other particles is considered, it only makes it more difficult for the pad to

touch the wafer. And, because 5, / R ~1, it is almost exactly at the transition point of the pad

where it just slightly starts to touch the wafer. When the effect of the other particles is taken into
account, it is even less likely that the pad touches the wafer directly.

It should be noted that the values calculated in Table 3.4, assume that the asperity
deformation occurs in the elastic regime. Therefore, the values in Table 3.4 are only valid for

pressures less than the yield pressure given by Eq. (3.34), about 0.83 kPa (0.12 psi).

3.5.4 Particle-Coating Contact: Plastic Contact

It is assumed that the wafer coating exhibits rigid-plastic behavior. Therefore, the upper-
bound analysis from Chapter 2 is used to model the width and depth of scratches in the surface of
the coating and Eqgs. (3.7) and (3.10) are appropriate. When Eq. (3.32) is substituted into Egs.

(3.7) and (3.10), the semi-width and depth of a scratch, in dimensionless form, is respectively

i__z_(i]% EY (o YV(a) (1 § (3.39)
R Br\3 p H, R, v, .

S A % 7
ﬁzi(lé) [E_j (g][ﬂ»_j H (3.40)
R 37\ 9 p H, )\ R, v,

Eqgs. (3.39) and (3.40) provide crucial expressions for the semi-width and depth of scratching. It

given as:

1s important to note the parameter sensitivity of the above equations. Specifically, in Eq. (3.39),

the semi-width of a scratch is most strongly dependent on the radius of the slurry particles. As
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the size of the slurry particles increases, the width of the scratches increase linearly. The next
strongest dependence is on the volume fraction and the hardness of the coating. As the volume
fraction increases, the scratch width decreases, as does material removal [Luo and Dornfeld,
2003]. The width of a scratch is inversely proportional to these and varies as the one-half power.
The Young's modulus of the pad, the spacing between asperities, and the radius of curvature of
the asperities have the next strongest dependence and vary as the one-third power. Interestingly,
the parameter with the weakest dependence on the width of a scratch is the global polishing
pressure, p, with a one-sixth power dependence. Therefore, it is evident that scratching does not
have as strong a correlation with pressure as compared with particle size.

Eq. (3.39) also provides important qualitative information. It can be seen that in order to
reduce the width of scratches, it is necessary to decrease the average particle radius, increase the
volume fraction of solids in the slurry, increase the hardness of the coating, decrease the Young's
modulus of the pad, decrease the spacing between asperities, increase the radius of curvature of
the asperities and decrease the global polishing pressure.

If §,/R~1or a,/R~1, then scratches will appear on the surface of the coating. A sample

calculation for scratching on a homogenous Cu coating by particles with a radius of 100 nm is

shown in Table 3.5. It can be seen that both &, /R and a,/R are approximately 1, which means

that for these general, industrial values for polishing, scratching is expected to occur. It is
important to remember that the values in Table 3.5 assume that the asperity deforms elastically. |
However, this is only the case for small pressures below those determined by Eq. (3.34).
Therefore, the next step in the modeling process is to see what happens when the asperity

deforms plastically, which is a much more realistic case.

3.5.5 Plastic Analysis of Pad Asperities

Eq. (3.34) provides an expression for the pressure at which the global asperity deformation
transitions from the elastic to plastic regime. For the previously used sample calculation values,
the transition pressure is approximately 0.83 kPa (0.12 psi). This transition pressures is
relatively low compared with the typical pressures used in CMP practice. Therefore, most of the

asperities on the pad are expected to deform plastically [Luo and Dornfeld, 2003].

In that case, the upper-bound analysis developed in Chapter 2 can be used to analyze both the
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Table 3.5: Widths and depths of particle penetration into a Cu coating using a rough, elastic pad.
R =100 nm, v, =0.05, H_=1.22 GPa, £, =0.5 GPa, R, =5 pm, 4, = 100 pm.
p(psi) p(kPa) P (uN) a.(nm) d{om) a/R JO/R d/ip
1 6.9 14.3 86.3 372 0.86 037 0.058

2 13.8 180 969 469 097 047 0.072
3 20.7 206 1036 537 1.04 054 0.083
4 27.6 227 1087 59.1 1.09 059 0.091
5 34.5 244 1128 637 1.13 064 0.098
6 41.4 259 1163 677 1.16 068 0.105
7 48.3 273 1193 712 119 0.71 0.110
8 55.2 285 1220 745 122 074 0.115
9 62.1 297 1245 774 124 077 0.120
10 68.9 30.7 1267 80.2 127 0.80 0.124
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pad and coating. As shown in Figure 3.13, the load on the particle is equal in magnitude on the
both the particle-pad interface and the particle-coating interface. Therefore, using the upper-

bound analysis,
P=7mp2Hp =rma’H, (3.41)

Eq. (3.41) can be simplified to relate the scratch width, a,, to the width of particle penetration in

HI’
a.= |, (3.42)
H
4_ 2o % (3.43)
R \H R

Similarly, the scratch depth, &, can be related to the depth of particle penetration in the pad,

the pad, a,:

Normalizing Eq. (3.41) provides:

d, by using Egs. (3.10) and (3.41):

X

|
|4

5
% 3.44
R (3:44)
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3.6 A Criterion for Scratching

The most interesting conclusion of this analysis is that there is an upper-limit to a, and it is R.
Once the pa(i engulfs half of the particle, Figure 3.13(b), the next increment of pressure will in
effect "collapse" the system, meaning that the pad will collapse immediately around the rest of
the particle, Figure 3.13(c). After the local collapse of the pad, the pad is in direct contact with
the coating and the load is no longer supported by only the particles. Therefore, even if the

pressure were increased further the load per particle will not be greater than 7R*H , (i.e., this
maximum load occurs when a, = R) according to the upper-bound analysis. This means that the

scratch width is restricted to:
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Figure 3.13: Schematic of the pad asperity and the coating deforming plastically: (a) a, <R,
(b) a, = R, and (c) asperity collapse after a, =R .
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In addition, when the limiting case of a, = R is reached, 6, = R. Using this limit and Eq. (3.44)

the scratch depth is bounded by:

c

5 <o g (3.46)
H,

The bounds given by Egs. (3.45) and (3.46) are critical because they are absolute bounds. The

analysis that led to these bounds was based entirely on plastic behavior, which occurs only after

the pressure is large enough to transition out of the elastic regime and into the plastic regime.

Table 3.6 provides a summary of the equations for the rough pad analysis.

The first row, the elastic contact row, presents the appropriate equations when the pad
asperities deform in the elastic regime. The coating-particle column has two different sets of
equations because it is possible for the coating to deform elastically or plastically while the pad
deforms elastically, as shown by Eq. (3.21). The transitional pressure from elastic to plastic
contact for the coating is also listed. The second row presents the equations at the yield point,
1.e. the transition from elastic to plastic deformation, as well as the pressure at which the
transition occurs. The final row of Table 3.6 represents the limiting cases for both the pad and
coating. This means that the particle cannot penetrate the pad or coating beyond the limiting
case. The equations in the final row of Table 3.6 illustrate a very important point. The limiting
cases for pad and coating deformation are independent of the topography of the pad. This is
important because for almost all of the practical polishing pressures used during CMP, a large
majority of the asperities and the coating will deform plastically. This means that the topography
of the pad can be modeled as any type (or not modeled at all) because it does not affect the
largest width of the scratches on the coating. Furthermore, it shows that the pad topography also
does not affect plastic deformation of the pad. Therefore, if it is desired to create a pad that does
not deform plastically (thereby increasing the life of the pad), changing the geometry of the pad
is not going to be very effective. Eq. (3.45) suggests that the most effective way to reduce
scratch size on a particular coating is to decrease the hardness of the polishing pad as well as to
decrease the size of slurry particles. There is virtually nothing else that could change to decrease

the severity of scratching.
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Table 3.6: Summary of rough pad equations for a pad with hemi-spherical asperities.

Pad-Particle

Coating-Particle

1. Elastic
Contact Coating elastic:
L(i)% £V p Y (AY (%)
R \4r’ p E, R, R
4, b 4,
B0 NV K\ i_(i)%ﬂAL%iAﬁ)%
ip_=[i)° P [ﬂ_pjs A R \az) | p) \E) \&) (R
R \4r') \E R) \R,
Transition pressure:
2 2 4, 5 6 2
ﬁzi’giﬁﬁ%‘,A p = [RY(R) _H
R \4r) \E, ] \R) \R, ©3.2°\ 4 )\4, ) E°E;
Coating plastic:
) 1 1
& g &) M(zp EAg
R #\3 p) \H R J{R,
5110 AU (&) A
R 7°\9 p H )\R) R,
2. Onset of
Yielding Gy, _7 RH, 4, _=mH,
R 4 RE R 4E
6Y,u _ 7 Rasz é‘y_".—”_zH_f
R 16 RE; R 16 E}
R 2 (RY(RY H
Pre =8 2 7E Pre=398( 3, ) \3, ) B°E;
3. Limiting
Case _aL_ i_ H‘,
R R \H
é‘i'_‘l 6( Hp
R —=—t
R H

78



Figure 3.14 shows the values of a,/R and a, / R over a range of polishing pressures for a

pad and a homogenous Cu coating. The hardness of the Cu coating is assumed to be:

H_. =122 GPa. The red line along the horizontal axis corresponds to a very elastic pad with a

very low Young’s modulus. In this case, the pad is so compliant that there will not be any
scratching on the coating surface because the particle will only deform the pad. It is unlikely that
the pad deforms elastically, given the typical polishing pressures during CMP. The straight lines
in the middle of the graph correspond to the case where both the pad and the coating deform
plastically. This will be the usual case, because the pressures required for the pad to deform
elastically are very low (less than 0.83 kPa). The red line on the vertical axis corresponds to the
case where the pad has an infinite hardness, in which case the particle will not penetrate the pad
at all, but will instead only penetrate the coating. The three different lines correspond to three
different pad hardnesses: 0.01, 0.05 and 0.10 GPa. This is an appropriate range for the hardness
of typical CMP pads (e.g., a Rohm and Haas IC1000 pad). The normalized version of Eq. (3.42)
is used to calculate the slope of the straight lines when both the pad and the coating deform

plastically. For a given value of a,/R, as the hardness of the pad increases, the penetration of

the particle into the coating increases, and therefore the semi-width of a scratch increases. The

limiting value for scratch semi-width, given by Eq. (3.45), is the value of a,/R when the line

intercepts the right side of the graph.
Figure 3.15 shows a schematic of particle-coating interaction versus particle-pad interaction.

Specifically, the normalized semi-width of a scratch, a./R, is plotted versus the normalized
semi-width of particle penetration into the pad, 4, /R. As can be seen in the graph, there are four

regions in each of the four corners. In the lower-left corner, the pad and the coating both deform
elastically. In this region, the relation between to the variables is linear and can be obtained from
Eq. (3.17):

A
% _ [ﬂ) -‘% (3.47)

In the upper-left corner, the pad deforms elastically, but the coating deforms plastically because
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Figure 3.14: Normalized particle penetration into a plastic pad and Cu coating. H_=1.22 GPa.
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Figure 3.15: Normalized particle penetration into a coating and pad. The shaded region
represents elastic-plastic transition.  The four regions represent different
combinations of the pad or coating deforming elastically or plastically.
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the semi-scratch width is larger than a, . The shaded regions correspond to elastic-plastic

transition regions. In the lower-right corner, the pad deforms plastically and the coating deforms
elastically, hence there will be no scratching. Finally, in the upper-right corner, both the pad and
coating deform plastically. This is the most important corner because this is the corner where
scratching during CMP is present. It is in this comer that Eq. (3.43) is valid. As seen in the

graph, this relation is linear and the maximum limiting value of a,/R is given by Eq. (3.45).

The dashed line represents the particle penetrating the pad and the coating the same amount for a
given pressure. This would only be valid if the pad and the coating had equivalent values for
hardness. However, because the pad has a lower value of hardness than any typical CMP coating,
the slope of the solid line in the upper-right corner will always be less than the slope of the
dashed line. This also implies that the limiting maximum scratch width will always be less than
the particle radius (i.e. a, <R).

If no scratching at all is desired, then in Figure 3.15, the lower-right region is the region of
interest. In this region, the coating will remain elastic while the pad will be rigid-plastic. If zero

scratching is desired, then the following condition must be met: at a,/R=1, a,/R<qa, [R. Egs.

(3.13) and (3.41) can be combined to provide:

(_E;J (ijso.zx (3.48)
H | \H

Therefore, in order for zero scratching to occur, the material properties of the coating and pad
must be such that the inequality in Eq. (3.48) is satisfied.

Figure 3.16 shows the normalized semi-width of a scratch on a coating, a,/R, versus the
normalized semi-width of particle indentation into the pad, a,/R, for the case where the pad is
assumed to deform plastically and for four different coatings: low-k dielectrics A and B, SiO,
and Cu. It is assumed for this graph that the hardness of the pad is 0.05 GPa. The solid lines
represent the case where the coatings deform plastically. Because both the pad and the coatings
deform plastically, Eq. (3.42) is used. The horizontal dotted, red lines represent the value of

a./R where the coatings transition from the elastic to the plastic regime, i.e., the semi-width of
the scratch at yield: a,,/R. Eq. 2.31 in Chapter 2 is used to obtain a4, /R. The vertical dotted,

red line represents the value of a,,/R, where the pad transitions from elastic to plastic
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Figure 3.16: A plastic pad in contact with rigid particles, which in turn are in contact with four
different coatings: low-k dielectrics A and B, SiO, and Cu. The solid lines
represent the coatings deforming plastically and the dotted, red lines represent the
transition from elastic to plastic deformation in the coatings and pad.
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deformation. For a typical CMP pad, this is about 0.079.

Therefore, if a./R<a, /R for a given coating, then the coating deforms elastically and
scratching will not occur. For a given coating, this corresponds to the region of the graph that is
below the dotted, red line. In this region, the coating does not deform plastically, and the solid
line is meaningless — it is only an extrapolation of the plastic case.

If a./R~a, /R, then the coating deforms elastic-plastically and scratching may start to occur.
For a given coating, this corresponds to the region of the graph slightly above the dotted, red line.
Finally, if a,/R> a,,/R, then the coating will deform plastically and scratching will occur.

For a given coating, this corresponds to the region of the graph above the dotted, red line. In this
region, the solid line appropriately represents the expected scratch semi-widths.

The following is an example of how to interpret Figure 3.16. The solid line that is labeled
Si0, has a maximum value for a /R of 0.06. Therefore, if the coating is assumed to deform
plastically, this is the largest dimensionless scratch size that will be present. However, the dotted,
red line that is labeled SiO; has a value for a,_/R of 0.13. This marks the transition of the SiO
coating from elastic to plastic deformation. Since the solid line never crosses the dotted line,
SiO; will never experience any scratching — all of the coating deformation will take place in the
elastic regime.

The Cu coating, however, is almost the exact opposite of the previous example. The solid
line that is labeled Cu has a maximum value for a,/R of 0.20. The dotted, red line that is labeled
Cu has a value for 4, /R of 0.007. The solid line crosses the dotted line at a very small value of
a,/R. Therefore, scratching on Cu is likely to occur. Scratching will occur for all values of
a /R > 0.007. Scratches on Cu of various sizes will occur within the following bounds:
0.007 <a,/R<0.20.

Similar results are obtained for the low-k dielectrics. For example, the semi-widths of
scratches on a low-k dielectric B coating are bounded as: 0.13<a,/R<0.19. Similarly, the bounds

for the semi-widths of scratches on low-k dielectric A can be obtained.
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3.7 Summary

In this chapter, multi-particle interactions are modeled. First, the size and spacing between
particles is related to the volume fraction of abrasives in the slurry. This is necessary because the
spacing between particles is used to determine the load per particle and it is therefore required to
relate the spacing to controllable parameters, such as particle radius and slurry volume fraction.
It is first assumed that the pad is smooth and rigid. In this case, the load per particle is related to
the global pressure and from that the width and depth of a scratch are related to controllable,
CMP process parameters. The pressure at which yielding initiates in a Cu coating is estimated to
be 1.72 kPa (0.25 psi), implying that for all practical polishing pressures the Cu coating will
yield. For the rigid pad case, deformation takes place only in the coating — the pad does not
deform. In order to calculate the width and depth of particle penetration into the pad, a smooth,
elastic pad is modeled. This model is identical to the smooth, rigid pad case from the viewpoint
of the particle-coating interactions. The smooth pad models do not adequately account for the
typical size of scratches observed in CMP. Specifically, the smooth pad model predicts scratches
that are very small — on the order of nanometers. As a result, a rough pad with hemi-spherical
asperities is modeled. The widths and depths of scratches, assuming the pad deforms elastically,
are calculated as well as the widths and depths of scratches assuming the pad deforms plastically.
The transition pressure of the pad from elastic to plastic deformation is estimated to be as low as
0.83 kPa (0.12 psi), and therefore it is likely that both the pad and coating deform plastically. In
the case where both the pad and coating are rigid-plastic, lower- and upper-limits on the depths
and widths of scratches are defined. Finally, a criterion for scratching in CMP is established in

terms of only the elastic and plastic properties of the pad and the coating, and the particle radius.
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Nomenclature

a, = radius of asperity contact area (m)

a, = scratch semi-width in a coating (m)

a, = radius of particle indentation into a pad (m)
ay , = radius of asperity contact area at pad yield (m)
ay . = scratch semi-width in a coating at yield (m)
ay , = radius of particle indentation into a pad at yield (m)

E, = Young's modulus of a coating (N/m?)

E, = Young's modulus of a pad (N/m?)

H_ = hardness of a coating (N/m?)

H , = hardness of a pad (N/m°)
N, = number of particle per unit area (1 /m?)
n, = number of particle under one asperity
ny » = number of particle under one asperity at pad yield
P =normal load per particle (N)
F, , = load per particle for an asperity at yield(N)
P, . = load per particle for a coating at yield (N)
Fy , =1oad per particle for a pad at yield (N)
P, = normal load per asperity (N)
P = pressure (N/mz)
Py.. = yield pressure for a pad asperity (N/m?)
Py.. = yield pressure for a coating (N/m?)
Py =Yyield pressure for a pad (N/m?)

R =radius of a particle (m)

R, = radius of curvature of an asperity (m)

v, = volume fraction of particles in the slurry

0. = depth of a scratch in a coating (m)

6, = depth of indentation into a pad (m)

Oy, = depth of a scratch in a coating at yield (m)
dy , = depth of indentation into a pad at yield (m)
A, = spacing between asperities (m) .

Ap = spacing between particles (m)
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CHAPTER 4

EXPERIMENTAL VALIDATION OF THE SCRATCHING MODELS

4.1 Introduction

In Chapter 2, single-particle models are developed. These models are validated by
indentation and scratching experiments using a Hysitron Tribolndenter. In Chapter 3, multi-

particle models are developed, which are validated by polishing experiments using a CMP tool.

4.2 Apparatus

To validate the single-particle contact models, a Hysitron Tribolndenter was used and
controlled indentation and scratching tests have been conducted. The Tribolndenter is a variant
of an atomic force microscope (AFM) that is capable of applying forces large enough to cause
plastic deformation, as opposed to a typical AFM imaging probe, which uses relatively light
forces in a tapping mode to characterize a surface. Figure 4.1 is a photograph of the outside of
the Tribolndenter. The white casing surrounding the instrumentation serves to minimize
acoustic interference.

Figure 4.2 is a photograph of the instrumentation located inside the casing. As shown in
Figure 4.2, there are three different instruments located on the "head" of the Tribolndenter, all
located above a magnetic, moving stage. The instrument in the middle is the transducer tip,
where the indenting/scratching tip is located. This instrument controls the depth of indentation
or scratching. The instrument located to the right is an optical sensor used to locate the region of
the sample where testing is conducted. The instrument to the left is an AFM tip used for
characterizing the surface of a sample after it has been indented or scratched. The instruments
are fixed in the horizontal plane and thus the stage controls lateral movement. Vertical motion
(in the z -direction) is controlled by the instrument head.

The coating samples were prepared by cleaving 10 mm x 10 mm squares out of 300-mm

87



Figure 4.1: Hysitron Tribolndenter (Source: Hysitron Inc.).

Figure 4.2: Interior view of the Hysitron Tribolndenter. The three heads from left to right are:
the AFM imaging tool, the scratching/indenting instrument, and the optical head. A
sample is located on the magnetic stage directly underneath the AFM imaging head.

88



wafers. Each sample was then glued to a 20 mm x 20 mm square piece of 1-mm thick magnetic
stainless steel. The magnetic stainless steel is necessary because the samples are held in place on
the stage by means of a magnetic chuck. A photograph of three different samples can be seen in
Figure 4.3. The sample on the left consists of low-k dielectric B, the sample in the middle
consists of Cu and the sample on the right consists of composite Cu/low-k dielectric B.

Two different types of tests were performed on the Tribolndenter: indentation tests and
scratching tests. For the indentation tests, a one-dimensional transducer AFM head was used to
indent and to measure the depth and force during indentation. For these tests, a Berkovich tip,
composed of natural diamond, was used. The purpose of the indentation tests was to measure the
hardness of the thin films and the pads. The Berkovich tip is a standard for measuring the
hardnesses of bulk materials and thin films by means of nanoindentation. Figure 4.4(a) is a
photograph of the Berkovich tip.

For the scratching tests, the one-dimensional transducer AFM head was removed and
replaced with a two-dimensional transducer AFM instrument. The 2D transducer allows the
normal load and depth to be measured and controlled, as well as the lateral load and
displacement, while scratching the coating surface. The purpose of these tests was to simulate
scratching by a hard, spherical particle on a coating in a controlled environment. For these tests,
a cono-spherical tip, composed of natural diamond with a radius of curvature of 800 nm, was
used. The cono-spherical tip was chosen over other geometrical tips (e.g., Berkovich, Vickers,
cube corner, etc.) for two reasons. First, the spherical tip is a more accurate representation
because the theory is based on spherical particles. Second, the cono-spherical tip is
axisymmetric. This is important when scratching because it guarantees that the projected area of
the tip is constant. For any other tip, the horizontal projected area can be different depending
upon Whether an edge of a face is facing forward while scratching. In addition, the lateral forces
acting on another tip may be different depending upon whether or not a face or edge is plowing

forward. Figure 4.4(b) is a photograph of the cono-spherical tip.

4.3 Indentation Experiments

The purpose of the indentation tests was to measure the hardnesses of the coatings and pad

materials. The coatings tested for hardness consisted of: Cu, low-k dielectric A and low-k
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Figure 4.3: Three different samples used in the Hysitron TriboIndenter. From left to right: low-k
dielectric B, Cu and composite Cu/low-k dielectric B.

(b)
Figure 4.4: (a) Berkovich tip and (b) Cono-spherical tip (Source: Hysitron Inc.).
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dielectric B. In addition, two pads were tested: the Rohm and Haas IC1000 pad and the Thomas
West TWI817 pad. Furthermore, Cu samples that had been submerged in a 3% H;O, aqueous
solution for three different durations, 30, 60 and 300 s, were tested to observe the effect of H,O»
on the hardness of the Cu coating. Additionally, samples of the Rohm and Hass IC1000 and
Thomas West TWI817 pads that had been immersed in water for 300 seconds were tested to
measure the effect on material properties.

The low-k dielectric films were the thinnest of all the coatings, at 1 um. Therefore, in order
to observe the standard hardness testing rule of not indenting beyond 10% of the total film
thickness, the Tribolndenter was set to use depth control. Specifically, each sample was
indented to a maximum depth of 90 nm. Figure 4.5 shows a graph of the normal load versus
normal displacement of an indentation experiment for the Cu coating.

The loading-unloading cycle seen in Figure 4.5 took 70 seconds to complete. In addition,
when the maximum load was reached, the indenting tip remained at the maximum depth for 5
seconds to account for time-dependent effects, if any. This is a fairly typical elastic-plastic,
loading-unloading curve. The elastic and plastic behavior can be clearly seen from the unloading
portion of the curve. From Figure 4.5, most of the deformation experienced by the Cu coating
was In the plastic regime, since there is very little elastic strain recovery.

Figure 4.6 shows a graph of the normal load versus normal displacement of an indentation
test on the low-k dielectric A coating. Unlike the predominantly plastic behavior displayed by
the Cu coating, in Figure 4.5, the low-k dielectric coating experiences almost perfectly elastic
loading and unloading. There is no observable plastic deformation, for the unloading curve
follows the loading curve almost exactly. Therefore, it appears that the low-k dielectrics do not
experience plastic behavior for this range of indentation depths, 0-90 nm. For this reason, the
hardness value given for the compliant low-k dielectrics may reflect the measurement technique
more than the actual mechanical properties of the coating.

From the unloading portion of the indentation curves, the hardness and Young's modulus of
each coating and pad were calculated using the Oliver-Pharr method [Oliver and Pharr, 1992].
For each sample, 36 separate indentations were made. Table 4.1 summarizes the average
Young's modulus and hardness for each of the coatings and pad materials. As noted, the
hardness values quoted for the low-k dielectrics may be a reflection of the Oliver-Pharr

algorithm which provides hardness measurements despite the apparent lack of plastic

91



P (uN)

600

500

400 -

300

200 -

100 -

0. (nm)

Figure 4.5: Indentation data for a Cu coating.
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Figure 4.6: Indentation data for a low-k dielectric A coating.
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Table 4.1: Young's modulus and hardness of coatings and pad materials.

Material E (GPa) H (GPa)
Avg. Std. Dev. Avg. Std. Dev.

low-k A 13.20 0.15 1.81 0.04
low-k B 8.91 0.13 1.27 0.04
Cu 144.01 10.61 1.57 0.15
Cu (30 s in 3% H,0,) 141.92 28.66 1.91 0.51
Cu (60 s in 3% H»0,) 4.58 1.28 0.15 0.06
Cu (300 s in 3% H,0,) 6.26 3.80 0.12 0.05
Rohm and Haas pad (dry) 1.12 0.82 0.10 0.06
Rohm and Haas pad (300 s in H,0) 0.53 0.61 0.05 0.06
Thomas West pad (dry) 0.26 0.15 0.04 0.03
Thomas West pad (300 s in H,O) 0.30 0.16 0.06 0.05
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deformation during the indentation tests.

From Table 4.1, the Young's modulus of the low-k dielectrics is an order of magnitude
smaller than the modulus of Cu. However, hardnesses of the low-k dielectrics and Cu are very
similar. Therefore, it is apparent that a composite coating consisting of Cu and a low-k dielectric
will not have the same resistance to scratching as a composite coating that consists of Cu and
silicon dioxide. In addition, the measured Young's modulus and hardness of Cu and the low-k
dielectrics are very similar to the nominal values listed in Table 1.1. It can also be seen in Table
4.1, when Cu is exposed to a 3% H»0: aqueous solution for 60 seconds, both its modulus and
hardness drop by an order of magnitude. It appears that this "softening" of the Cu coating does
not continue to decrease with time after 60 seconds. Therefore, the properties of Cu reach a
steady state value at about 60 seconds of exposure to H,O, solution. It may be noted that after
only 30 seconds of exposure to H,O;, the Cu coating's properties were not significantly affected.

Another point of interest in Table 4.1 is that the Rohm and Haas IC1000 pad is
approximately twice as hard as the Thomas West TWI817 pad. In addition, the Thomas West
pad is more compliant than the Rohm and Haas pad, as shown by the difference in their Young's
moduli. Furthermore, it appears that after being immersed in water for 300 seconds, the
properties of the Thomas West pad are not significantly affected. However, after the Rohm and
Haas pad was immersed in water for 300 seconds, both its hardness and Young's modulus
decreased by a factor of two. It may be noted that the standard deviations of the mechanical
property measurerhents for the pads are large in comparison to the average values. There was a
large spread in the measured values of modulus and hardness for the pads because their
mechanical properties substantially change at the local level. Appendix B shows the indentation
data for the dry Rohm and Haas pad.

4.4 Single-Particle Contact Models: Scratching Experiments

The purpose of the scratching tests was to validate the single-particle contact models. The
TriboIndenter measures the applied normal load versus the indentation depth in real-time while a
scratch is being created. This is one method of verifying the lower- and upper-bound analysis of
single-particle contact. It is expected that the observed experimental loads are greater than the

predicted lower-bound loads and smaller than the predicted upper-bound loads. The coatings
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tested include: Cu, low-k dielectric A, low-k dielectric B, SiO,, composite Cw/low-k A and
composite Cu/low-k B. In each case the scratch was 10 pm long. In addition, all the scratching
tests were performed dry, i.e., there was no lubrication or liquids of any form present during
scratching. For the scratch tests, load control was used as opposed to the hardness testing,
where depth control was used. This means that the normal load was forced to be held constant
during scratching: the normal displacement, ., was varied as necessary to ensure that the normal
load remained unchanged. While scratching, the depth of the scratch, J, and the lateral force, F,
were measured continuously. Figure 4.7 shows a typical graph of the normal load and the
normal displacement as a function of time for a test on a Cu coating.

As seen in Figure 4.7, the normal load for this experiment was held constant at 400 uN as the
cono-spherical tip moved laterally along the surface. The normal load does not reach the desired
400 uN value until 10 seconds into the test. In addition, at 40 seconds into the test, the 400-uN
load is removed. The reason for this is that the AFM tip moves laterally along the surface of the
coating only from the 10 second mark to the 40 second mark. Because the length of every
scratch was fixed to be 10 um, the velocity of this specific test was 0.33 pm/s.

For all the coatings, four different normal loads, P, were used to measure the effect on
normal displacement (i.e. scratch depth). In addition, three different scratch velocities were
used: 0.1 um/s, 0.33 um/s and 1.0 pm/s. For each set of test conditions, a minimum of 25
scratches were made. In addition, for all of the scratch tests, the radius of curvature of the cono-
spherical indenter was 800 nm. Figure 4.8 shows representative SEM micrographs of controlled
scratches made on the Cu coating. Figure 4.9 shows representative AFM images of controlled
scratches made on the Cu coating.

Figure 4.10 shows representative scratches made on composite Cw/low-k dielectric A
coating. Figure 4.11 is the AFM image of a controlled scratch made on the composite Cu/low-k
dielectric B coating. Table 4.2 summarizes the experimental data on six different coatings: four
homogenous coatings and two composite coatings. An important point to note from the table is
that the depth of the scratch, J,, is not significantly dependent on the scratch velocity, v. In other
words, the plastic deformation of the coatings is not rate-dependent in the velocity range used in
the tests. Additionally, for some of the data in Table 4.2, the deformation is elastic and the

upper-bound analysis is not compared with these points.
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Figure 4.7: Normal load and normal displacement during a scratch test on Cu.
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(b)

Figure 4.8: SEM micrographs of scratches made on a Cu coating at (a) P = 392 uN (top row)
and P = 277 uN (bottom row), and v = 0.33 pm/s, (b) P =277 uN and v = 0.33
um/s (magnified).

(98]

Figure 4.9: AFM image of a scratch made on a Cu coating at P =277 uN and v=0.33 pm/s.
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Figure 4.10: SEM micrographs of scratches made on a composite Cu/low-k dielectric A coating
at P=180 uN and v = 0.33 pm/s.

Figure 4.11: AFM image of a scratch made on a composite Cwlow-k dielectric B coating at
P =43 uN and v=0.33 pm/s.
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Table 4.2: Data from Tribolndenter scratch experiments on six different coatings: Cu, low-k
dielectric A, low-k dielectric B, SiO,, composite Cu/low-k dielectric A and composite
Cw/low-k dielectric B. E = elastic and P = plastic deformation.

Material P(uN) v(um/s) J.(nm) J/R a.(nm) a/R  EP F@uN) p

Cu 45 0.10 33 005 247 031 P 16 036
45 033 27 003 208 026 P 15 033

45 1.00 26 003 204 025 P 16 036

9  0.10 48 006 277 035 P 36 040

90 033 45 006 268 034 P 35 039

9  1.00 45 006 268 034 P 32 036

185 0.10 84 011 367 046 P 112 061

185 0.33 73 009 342 043 P 106  0.57

185  1.00 77 0.0 351 044 P 105  0.57

275 033 140 018 473 059 P 185  0.67

low-k A 40  0.10 46 006 271 034 E 8 020
40 033 43 005 262 033 E 9 023

40 1.00 43 005 262 033 E 10 025

8  0.10 53 007 291 036 P 11 013

85 033 61 008 312 039 P 12 014

8  1.00 52 007 288 036 P 12 0.14

180 0.10 82 010 362 045 P 19 011

180 033 84 0.1 367 046 P 19 0.1

180  1.00 81 0.10 360 045 P 19 0.1

283 0.33 88 0.1l 375 047 P 33 0.12

low-k B 40 0.10 51 006 28 036 P 9 023
40 033 46 006 271 034 P 9 023

40  1.00 45 006 268 034 P 10 025

8  0.10 66 008 325 041 P 13 015

8 033 70 009 335 042 P 12 0.14

8  1.00 67 008 327 041 P 14 0.16

177 010 106 013 412 051 P 2 012

177 033 110 014 420 052 P 20  0.11

177 100 108 014 416 052 P 19 011

277 033 124 016 445 056 P 47 017
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Material P (uN) v(pm/s) J.(nm) J/R a.(nm) a/R E/P  F(uN) Up
Si0; 48 0.10 6 0.01 98 0.12 E 9 0.19
48 0.33 7 0.01 106 0.13 E 9 0.19
48 1.00 6 0.01 98 0.12 E 11 0.23
98 0.10 11 0.01 133 0.17 E 11 0.11
98 0.33 8 0.01 113 0.14 E 11 0.11
98 1.00 9 0.01 120 0.15 E 13 0.13
195 0.10 18 0.02 170 0.21 P 19 0.10
195 0.33 17 0.02 165 0.21 P 19 0.10
195 1.00 17 0.02 165 0.21 P 20 0.10
Cuw/low-k A 42 0.10 43 0.05 262 0.33 P 11 0.26
42 0.33 36 0.05 240 0.30 P 12 0.29
42 1.00 27 0.03 208 0.26 P 14 0.33
90 0.10 48 0.06 277 0.35 P 23 0.26
90 0.33 52 0.07 288 0.36 P 22 0.24
90 1.00 45 0.06 268 0.34 P 23 0.26
185 0.10 75 0.09 346 0.43 P 44 0.24
185 0.33 81 0.10 360 0.45 P 42 0.23
185 1.00 75 0.09 346 0.43 P 41 0.22
277 0.33 115 0.14 429 0.54 P 74 0.27
Cw/low-k B 43 0.10 23 0.03 192 0.24 P 12 0.28
43 0.33 19 0.02 174 0.22 P 13 0.30
43 1.00 18 0.02 170 0.21 P 14 0.33
90 0.10 40 0.05 253 0.32 P 20 0.22
90 0.33 35 0.04 237 0.30 P 20 0.22
90 1.00 35 0.04 237 0.30 P 21 0.23
185 0.10 56 0.07 299 0.37 P 37 0.20
185 0.33 56 0.07 299 0.37 P 37 0.20
185 1.00 53 0.07 291 0.36 P 36 0.19
283 0.33 75 0.09 346 0.43 P 60 0.21
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Figure 4.12 shows a graph of the theoretical upper-bound loads, Pys, versus the
experimentally measured normal loads, P. The theoretical upper-bound loads were calculated
using the experimentally measured depths of the scratches and Eq. (2.39) or Eq. (2.56)
depending upon whether the coating was homogenous or composite in structure. Therefore, the
points on the graph show the upper-bound, theoretical normal loads and the experimentally
measured normal loads for a scratch with a given depth, d.. The solid line on the graph
represents the boundary where the measured load equals the theoretically calculated upper-bound
load. Therefore, all the points on the graph should fall above that line if the theoretical upper-
bound actually provides a true upper-bound to the actual loads. As can be seen in Figure 4.12,
almost all the points are above the solid line. Therefore, the upper-bound is validated. Thus, if a
scratch is detected on a wafer surface, the width and depth of the scratch can be measured and
then the theoretical upper-bound loads given by Eq. (2.39) and Eq. (2.56) can be used to predict
what the load per particle was for that scratch to have been created. Figure 4.12 suggests that the
calculated upper-bound load does predict the "worst-case" normal load. In other words, the true
load per particle that made the scratch will be equal to or less than the calculated value.

Figure 4.13 is a graph of the normalized theoretical upper-bound normal loads versus the
normalized measured normal loads. In both graphs it can be seen that the low-k dielectrics are
furthest away from the solid line. This means that the predicted upper-bound load over-estimates
the actual load more than for any of the other coatings. One reason for this is that the low-k
dielectrics are so compliant due to their small Young's moduli that they do not exhibit the
assumed fully-plastic behavior. If the low-k dielectrics experience a large degree of elastic
spring-back, which was observed in the indentation tests, then the upper-bound theory will
greatly over-estimate the actual load. The reason for this is that the depth of the scratch was
measured while loaded. Therefore, the upper-bound load calculates what the normal load will be
assuming a permanent, unloaded scratch depth of d.. If the low-k dielectrics stay mostly in the
elastic regime, then the measured J. 1s not the true depth that should be used in the theory — the
true depth will be less than this measured depth due to elastic spring-back. Therefore, using the
measured depth as the permanent deformation over-estimates the actual normal load.

Regardless, the predicted load will still provide an upper-bound.
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Figure 4.12: Comparison of the upper-bound load, Pys, with the experimentally measured
normal load, P.
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Figure 4.13: Comparison of the normalized upper-bound load with the normalized
experimentally measured normal load.
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Figure 4.14 shows the coefficient of friction versus the depth of the scratch normalized by the
particle radius. The line represents the theoretical coefficient of friction given by Egs. (2.57) and

(2.66) where it was assumed that for all of the coatings x,, =0.16. As can be seen in Figure

4.14, there is relatively large scatter in the data. This is to be expected because it is very difficult
to repeatedly and consistently measure the coefficient of friction for thin film coatings. In
addition, the data points shown in Figure 4.14 include the coefficient of friction from all
scratching tests, which were conducted at varying loads and varying depths of penetration.
Hence, a large spread in the data is not surprising. It should be noted that determining the
coefficient of friction of thin film coatings is not the major emphasis of this thesis, but a useful
byproduct.

Finally, Table 4.3 shows the experimental and theoretical values for the Preston constant of
Cu, low-k dielectric A and low-k dielectric B. Both the average values and the standard
deviations are presented. The theoretical values were calculated based upon the data obtained
from the controlled scratching experiments and Eq. (2.75). The experimental values were
obtained by polishing 100-mm blanket wafers on a standard CMP tool with Cabot
Microelectronics iCue 5001 slurry with 3% H>O..

Not surprisingly, the theoretical Preston constants are two orders of magnitude larger than the
experimental Preston constants. One explanation for this is that under experimental conditions,
the slurry particles are not continuously loaded nor in continuous contact with the coating.
Additionally, part of the load is supported by the pad contacting the coating directly, thereby
decreasing the load per particle. Therefore, the theoretical values are in a way, the "best case"
Preston constant values in terms of the material removal rate. In addition, it was expected that
the experimental and theoretical values would not be equal because the particle sizes and
velocities were not the same in the theoretical and experimental tests. Furthermore, the
scratching tests were conducted in a dry environment, whereas the blanket wafers were polished

with particles and 3% H,0; in an aqueous solution.
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Figure 4.14: Coefficient of friction (tip radius 800 nm).

Table 4.3: Theoretical and experimental values of the Preston constant of Cu, low-k dielectric A
and low-k dielectric B.

Material ko (107 m*/N) ki, exp (107 m*/N))
Avg.  Std. Dev. Avg. Std. Dev.
Cu 356 118 1.60 0.50
low-k A 205 37 1.01 0.30
low-k B 377 87 1.20 0.31
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4.5 Multi-Particle Contact Models: Polishing Experiments

The experimental validation of the multi-particle contact models involved the use of an
adapted, experimental face-up CMP tool. The face-up CMP tool is shown in Figure 4.15. The
clear box in the middle of the photograph houses the polishing head. The surrounding equipment
consists of speed controllers for the pad and wafer motors, a high-pressure air supply to apply

normal pressure to the pad and a pump to deliver slurry into the polishing region.

Figure 4.16(a) shows a close-up view of the polishing apparatus and Figure 4.16(b) shows
the Cu sample being polished. The rubber chuck is capable of holding wafers that range from
any size or shaped piece of a wafer to a circular wafer 300 mm in diameter. As can be seen in
Figure 4.16, a pad that is approximately 70 mm in diameter is used to concentrically polish a
square piece of a Cu wafer that is 75 mm x 75 mm. The reason for polishing a square sample is
that it is easier to cleave square samples rather than circular samples from 300-mm wafers
supplied by Intel. A Rohm and Haas IC1000 CMP pad was used for all the polishing

experiments.

For the first round of experiments, the pad was rotated at 125 rpm for 30 s with a pressure of
10.3 kPa (1.5 psi). This, however, led to a very badly scratched surface with long, concentric
scratches. In addition, the scratches were so clustered that it was difficult to distinguish one
scratch from another. The slurry used for these experiments was the Cabot Microelectronics
iCue 5001 Cu CMP slurry. The nominal particle size is 3 pm and the factory measured particle
size is 2.97 pm. The suggested addition of 3% H,O, was not incorporated into the slurry

because only the mechanical effects of the slurry particles were desired.

During the second round of tests, the pad was rotated manually only a fraction of a revolution
(approximately 45 degrees) so that discrete scratches were formed. A pressure of 8.3 kPa (1.2
psi) was applied to the back of the pad. The Cabot Microelectronics iCue 5001 Cu CMP slurry
with a2 nominal particle size of 3 pm was used. For these CMP scratching experiments, a Cu
coating as well as a low-k dielectric B coating were tested. Representative SEM micrographs of

the Cu and low-k dielectric B coating are shown in Figure 4.17(a) and 4.17(b), respectively.

As can be seen in Figure 4.17, the scratches resulting from the experiment on both Cu and

the low-k dielectric B coating are aligned such that they run from the upper-left to the lower-
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Figure 4.15: The face-up CMP tool.

(a) (b)

Figure 4.16: (a) An overview of the polishing head and (b) a close up of a Cu sample during a
test.
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Figure 4.17: Scratches formed during a CMP experiment, using particles 3 um in size, on: (a) a
Cu coating and (b) a low-k dielectric B coating.
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right corners of the micrographs. Any scratches or blemishes seen that do not travel in this
direction are a result from secondary handling - not from CMP. The prominent scratch seen on
the Cu coating in Figure 4.17(a) is approximately 15 pm wide. This scratch can serve as a
reference to compare the widths of the narrower scratches to the right and left of this scratch.
There are many scratches parallel to the prominent scratch consisting of varying widths from less
than 1 pm to 15 um. This is consistent with Figure 3.16, which predicts that the normalized
scratch semi-widths on a Cu coating range from close to 0 to 0.2. Figure 4.17(a) shows that the
variation in the width of scratches is well distributed. In Figure 4.17(b), the width of observed
scratches is approximately 5-15 um. Therefore, for the same slurry, the observed scratch widths
on the low-k dielectric B coating are not as small as the observed scratch widths on the Cu
coating. This is also consistent with Figure 3.16 which predicts that for the low-k dielectric B,
the normalized scratch semi-widths range from 0.13 to 0.19. Therefore, it is expected that the
size of scratches present on the low-k B coating are not as small as the scratches present on the

Cu coating.

A third round of polishing experiments, using smaller particles, was conducted on Cu, low-k
dielectric B and SiO». Similar to previous tests, the pad was rotated by hand a fraction of a
revolution. For these tests, a pressure of 12.4 kPa (1.8 psi) was applied to the back of the pad.
Furthermore, the Cabot Microelectronics C7092 Cu CMP slurry was used. This slurry has a
nominal particle size of 90 nm and a factory measured size of 91 nm. Representative SEM
micrographs of the Cu, low-k dielectric B and SiO, coatings are shown in Figure 4.18(a), 4.18(b)
and 4.18(c), respectively.

Figure 4.18(a) shows a scratch 300 nm wide created by a particle 350 nm wide. This is the
order of magnitude of the problem scratch sizes present in industrial CMP. This is also consistent
with Figure 3.16 in that scratches on Cu are easily produced. It may be noted that the particle
shown in Figure 4.18(a) is not spherical; it has an elliptically-shaped bottom. Figure 4.18(b)
shows particles sitting on the surface of a low-k dielectric B coating. No scratches can be seen
around the particles. Therefore, this is consistent with the low-k dielectric B line plotted in
Figure 3.16 which shows a limited range of possible scratch widths, and only at high pressure.
Figure 4.18(c) shows particles sitting on SiO,. Similar to the low-k dielectric B, no scratches are
present. This is consistent with the theory presented in Chapter 3, which predicts scratching will

not occur on Si0,.
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Figure 4.18: Micrographs following a CMP experiment, using particles 90 nm in size, on: (a) Cu,
(b) low-k dielectric B and (c) SiO-.
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It is difficult to determine what the expected upper-limit of scratch width should be in these
CMP experiments because the particle size and shape are not uniform, key assumptions in the
model. Furthermore, the particle size distribution is not very tight — agglomeration has created a
large variation in particle sizes. Therefore, a different upper-limit is appropriate for every
different particle size. It is difficult to discern whether a very large, agglomerated particle
created some of the scratches seen in Figure 4.17, in which case the scratches are well below the
upper-limit, or if smaller particles of varying sizes made these scratches, in which case the
observed scratch widths could be equal to the respective upper-limits for each of the particle
sizes. Nevertheless, the point that Figure 3.16 captures is validated by Figures 4.17 and 4.18.
Specifically, it shows that the range of scratch widths expected on a Cu coating is much larger

than the range of scratch widths expected on a low-k dielectric or SiO, coating.

Figure 4.19 shows an SEM micrograph of the surface of low-k dielectric B with slurry
particles, nominally 3 um in size. As can be seen, the effective slurry particles are not of
uniform size and the average particle radius is greater than 3 um. Therefore, agglomeration very
likely had occurred and the average effective particle radius is 10-20 pm. To validate the upper-
limit for scratch width, the appropriate average particle size must be used for the normalization.
If the particles present are larger than the value used to normalize, then the upper-limit can be
exceeded because the true "effective" particle radius was not used. Figure 4.19 also shows larger
scratches were present on the coatings. The reason for that is that the pad asperities themselves
can scratch the coatings. In addition, very large, agglomerated particles can create very wide
scratches on the order of 50 um. However, only the scratches at the smallest scale are analyzed -

the realistic size of scratches usually present after CMP in a clean room.

4.6 Summary

Indentation experiments were conducted to verify the moduli and hardnesses of the coating
materials and the pads. The scratching experiments were conducted to verify the presented
single-particle models. The upper-bound load was validated by the Hysitron TriboIlndenter
scratching experiments. Polishing experiments, using a CMP tool, were performed on Cu, low-k
dielectric and SiO; coatings to validate the lower and upper-limits of predicted scratch widths.

The experiments qualitatively validate the range of the lower and upper-limits.
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Figure 4.19: Agglomerated particles, nominally 3 um in size, on the surface of the low-k
dielectric B coating.
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CHAPTER 5

CONCLUSIONS

5.1 Summary

In this thesis, scratching models based on the pad-particle-coating contact mechanics during
CMP have been developed. Upper-limits for the width and depth of a scratch in a coating were
defined, and on the basis of these limits solutions to mitigate scratching have been suggested.

Chapter 2 introduced single-particle contact models of various homogenous and composite
coatings. First, the coatings were assumed to deform elastically. From the elastic analysis, the
yield load at the onset of plastic flow, the radius of contact area, and the depth of particle
penetration into the coating were determined. Second, the coatings were assumed to deform
rigid-plastically. From the rigid-plastic analysis, an upper-bound load, which relates the load per
particle to the width and depth of a scratch in the coating, was obtained.

Chapter 3 presented multi-particle contact models and the combined pad-particle-coating
interaction was modeled. The widths and depths of scratches were related to the controllable
process parameters, such as the polishing pressure, particle radius, slurry volume fraction and the
mechanical and geometric properties of the pad and coating. First, a smooth pad was analyzed to
relate the load per particle to the applied polishing pressure. With this relation in place, the
scratch width and depth as a function of the process parameters were obtained. The smooth pad
model predicts scratch sizes that are too small to be considered the dominant scratches in
industrial CMP practice. Second, a rough pad was analyzed. The widths and depths of scratches
were determined based on the elastic and plastic deformation of the pad. The transition pressure
from elastic-to-plastic deformation of the pad was calculated to be 830 Pa (0.12 psi). This is a
relatively low pressure compared with typical CMP pressures. Therefore, it was concluded that a
majority of the pad asperities deform plastically. Assuming that both the péd and coating deform
plastically, lower and upper-limits were defined for the width and depth of scratches in a coating.
These limits depend only on the mechanical properties of the pad and the coating, and the

particle radius. Therefore, changing the geometry of the pad asperities may not affect scratching.
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In Chapter 4 experimental validation of the scratching models was presented. The upper-
bound analysis of Chapter 2 was validated by controlled scratching experiments on a Hysitron
TriboIndenter. The depths of the controlled scratches were measured, and the predicted upper-
bound loads compared with the experimentally measured loads. For almost all the coatings, the
upper-bound load was above or close to the experimental load, which shows that the load per
particle could be related to the width and depth of a scratch fairly well. Furthermore, polishing
experiments using a CMP tool were conducted on homogenous Cu and low-k dielectric coatings
to qualitatively validate the lower- and upper-limits of scratching presented in Chapter 3. For the
Cu coating, the broad range of observed scratch widths is consistent with the wide range
predicted by the theory. In addition, the narrower range of scratch widths observed on the low-k
dielectric coating is also consistent with the multi-particle analysis.

Based on the developed scratching models, as well as the experiments, the following
recommendations are made for mitigating scratching in CMP:

(a) Use pads with low hardness (i.e., soft pads),

(b) Increase the hardness of the coating,

(c) Decrease the radius of the slurry particles,

(d) Use a large slurry volume fraction, and

(e) Use low polishing pressures.

5.2 Suggestions for Future Work

Based on the scratching models and the experiments presented in this thesis, further research
in the following areas is recommended to reduce scratching during the CMP process: composite

coatings, pad mechanical properties, and particle agglomeration.

Composite Coatings: In this thesis, the CMP experiments have been performed only on
homogenous Cu and low-k dielectric coatings. In industrial practice, however, scratching is of
the composite Cu/low-k dielectric coating is of major concern. Although the developed theory is
very similar for homogenous and composite coatings, experiments should be conducted on
composite coatings to further validate the defined upper-limits on scratching. Furthermore,

experiments should be conducted on 300-mm wafers on industrial CMP tools.
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Pad Material Properties: Measurement of the mechanical properties of the pads revealed a
large variation in local modulus and hardness (Appendix B). In order to keep scratch width at a
minimum, the variation of mechanical properties of the pad material at a local scale should be
minimized. In addition, it was observed that the pad asperities themselves could scratch the
coatings. Although this appears to be most serious for Cu coatings and of minimal concern for a

composite coating, analyzing and eliminating this type of scratching must be addressed.

Particle Agglomeration: Above all, in order to fully benefit from the upper-limits defined
for scratching, slurries with uniform particle size, or at least with a tight distribution of particle
size, should be used for polishing. This implies that particle agglomeration needs to be analyzed

and minimized. Agglomeration may be reduced by charging the abrasive particles in the slurry.
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APPENDIX A

ROUGH PAD — SINUSOIDAL ASPERITIES

Modeling the pad surface as sinusoidal is a more realistic approach than the hemi-spherical
assumption presented in Chapter 3. The reason for this is that any pad surface topography can be
expressed as a summation of sinusoidal functions. In addition, by modeling the pad as a
sinusoidal curve, the roughness can be expressed as a function of the asperity spacing and the
radius of curvature of an asperity. The usefulness of this approach is that the roughness of a pad
can be relatively easily obtained from a topographical scan of the pad surface. Figure A.l shows
a 2D image of the surface of a Rohm and Haas IC1000 pad. An Olympus LEXT Confocal
Microscope analyzed a plane on the surface of the pad and from that calculated the root-mean-

square roughness, R, . The measured root-mean-square roughness was 25.3 pm.

If the topography of the pad is assumed to be sinusoidal, similar to the one shown in Figure

A.2, then the function that describes the pad texture is:

2z
z=z sin| —x A.l
’ [ ﬂ‘a ] ( )
where z is the amplitude. The first and second derivatives of Eq. (A.1), respectively, are:
& =z, £ cos —z—ﬂ—x (A.2)
dx A, A,
d_f =—z, 2z sin 2—”x (A.3)
dx” A, 4,

The second derivative, given in Eq. (A.3), is the curvature of an asperity.

z) L (A4)
ax” )| s R,
x:z/la
An explicit relation for R, can be obtained as:
R, =—e (A.5)
4r’z,
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Figure A.1: Topography of a Rohm and Haas IC1000 pad. Image taken with an Olympus LEXT
Confocal Microscope. R =25.3 um.

AL

pad

/ / "

| ) = coating

Figure A.2: Schematic of a rough pad with sinusoidal asperities.
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The root-mean-square (rms) roughness of the sinusoidal function given in Eq. (A.l) is
defined as:
Zo
V2
Therefore, the radius of curvature of an asperity can be explicitly solved for by substituting Eq.

(A.6) into Eq. (A.5):

R, = (A.6)

1A (A7)

R =
¢ 71'2\/.3_2Rq

Eq. (A.7) provides a useful expression to relate the radius of curvature of an asperity, a

difficult quantity to measure directly, to the asperity spacing and root-mean-square roughness of
the pad, which can be relatively easily measured using a profilometer. In this respect, this
relation is similar to Eq. (3.2) which provides an expression that relates the spacing between
particles, a typically unknown parameter, to the volume fraction of the slurry and particle radius,
two known quantities. Therefore, all of the summary equations in Table 3.6 can be rewritten to
eliminate R . Table A.l shows the summary equations for a pad with sinusoidal asperities. It
may be noted that the limiting equations are unaffected by whether or not the pad asperities are
modeled as hemi-spherical or sinusoidal in shape. The reason for this is that the limiting
equations, which govern the maximum scratch size, are only a function of the pad and coating

mechanical properties.
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Table A.1: Summary of rough pad equations for a pad with sinusoidal asperities.
Pad-Particle Coating-Particle
1. Elastic
Contact Coating elastic:
7 5 % %
i:(24ﬁ)% EYVIrT (R q[ﬁ :
R P E A, R
. y 23 4, 4
% % p Oc_24 %ﬂqﬂ/&AiﬂA
» y p A R OY? _( ﬂ)
_2(24ﬁ) 9y £ Zr A R p E A, R
E, R A,
Transition pressure:
5 o Vora (R VS 2 (RY[(2,)
S anyt| L [ 2 vl el el =
R E, R A, 3:27\ 4, R, ) E'E,
Coating plastic:
. L !
4 _ 2° & £, g 14 Z(APJ R, 5
R \3«& p H, R J\A,
[ _ 2 A Ep 4 P [APJZ Rd A
R \ 37 p) \H )\R) 2,
2. Onset of
Yielding ay, |1 /LIBHP . _mH,
R 227z RRE, 4 E,
O 1 ;Laszz ?L:ﬂ_zH«'Z
R —ZeﬁRqREpl R 16 E*
_ 1 A'H, o (RY[A) HS
Pra=3977 RE} Pre=37 7, ) (R E'E)
3. Limiting
Case a, i a i{_ﬂ_
R R \H.
o
% o _H,
R H,
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Nomenclature

a, = radius of asperity contact area (m)

a. = scratch semi-width in a coating (m)

a, = radius of particle indentation into a pad (m)
ay , = radius of asperity contact area at pad yield (m)
a, . = scratch semi-width in a coating at yield (m)
ay , = radius of particle indentation into a pad at yield (m)

E, = Young's modulus of a coating (N/m")

E, = Young's modulus of a pad (N/m?)

H_ = hardness of a coating (N/m°)

H , = hardness of a pad (N/m’)
P = pressure (N/mz)
Py = yield pressure for a pad asperity (N/ mz)

Py.. = yield pressure for a coating (N/m?)

Py = yield pressure for a pad (N/mz)
R =radius of a particle (m)
R, = radius of curvature of an asperity (m)
Rq = root-mean-square roughness (m)
z, = amplitude of sinusoidal pad topography (m)
0. = depth of a scratch in a coating (m)
0 » = depth of indentation into a pad (m)
Oy . = depth of a scratch in a coating at yield (m)
0y , = depth of indentation into a pad at yield (m)
4, = spacing between asperities (m)

A» = spacing between particles (m)
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APPENDIX B

PAD INDENTATION DATA

The indentation data for a dry Rohm and Haas IC1000 pad are listed in Table B.1. The

modulus and hardness data are shown as histograms in Figure B.1 and Figure B.2.

Table B.1: Modulus and hardness of a dry Rohm and Haas IC 1000 pad.

Test Number E, (GPa) H, (GPa)
1 1.25 0.12
2 2.16 0.11
3 1.07 0.09
4 1.37 0.10
5 0.87 0.10
6 0.88 0.12
7 0.08 0.03
8 1.29 0.11
9 1.25 0.12
10 1.11 0.18
11 0.14 0.02
12 0.14 0.03
13 0.07 0.03
14 1.16 0.10
15 1.37 0.12
16 0.17 0.04
17 0.18 0.05
18 0.16 0.04
19 0.10 0.01

20 0.13 0.02
21 1.73 0.14
22 1.49 0.13
23 1.17 0.05
24 1.86 0.15
25 0.51 0.03
26 0.79 0.04
27 1.33 0.10
28 1.33 0.11
29 2.56 0.31
30 2.79 0.15
31 0.47 0.03
32 1.06 0.08
33 1.26 0.12
34 1.38 0.12
35 2.08 0.23
36 3.42 0.20
Avg. 1.12 0.10
Std. Dev. 0.82 0.06
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0.07-0.63 0.63-1.19 1.19-1.75 1.75-2.31 2.31-2.87 2.87-3.43

E, (GPa)

Figure B.1: Variation of pad modulus for a Rohm and Haas IC1000 pad (dry).
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Figure B.2: Variation of pad hardness for a Rohm and Haas IC1000 pad (dry).
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