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Effects of Surface Forces on Material Removal Rate
in Chemical Mechanical Planarization
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In chemical mechanical planarization, abrasive particles are pushed onto a wafer by a deformable pad. In addition to the
pad—particle contact force, surface forces also act between the wafer and the particles. Experimental studies indicate the signifi-
cance of slurry pH and particle size on the material removal rate (MRR). In this work, a model for MRR, including the contact
mechanics of multiple particles caught in the interface of a rough, porous, and deformable pad and a rigid wafer, including the
influences of van der Waals and double-layer forces, is introduced. The effects of surface forces on MRR were investigated for
different applied pressures, pad elastic moduli, particle sizes, molar concentrations of ions, and zeta potentials of the wafer and
particles. The attractive van der Waals forces increase the MRR, while the double-layer forces, calculated to be repulsive, lower
the MRR. The relative magnitude of surface forces compared to the pad—particle force increases with a smaller particle size and
a pad elastic modulus. The experimental trends for the variation in MRR with slurry pH were predicted well by the model when
the variation in the zeta potential of the wafer and particles with respect to slurry pH is considered.
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Chemical mechanical planarization (CMP) is commonly used in
generating planar and smooth surfaces for integrated circuits. In
CMP, a rotating wafer is pushed against a rotating polishing pad
immersed in a slurry containing chemicals and abrasive particles.
High asperities on the wafer surface, passivated by the slurry chemi-
cals, are removed due to the contact with abrasive particles trapped
between the pad and the wafer, and as a result, the wafer surface
gradually becomes smoother.

Slurry chemicals play an important role for the passivation of the
wafer surface. The oxidizers and inhibitors in the slurry determine
the reaction kinetics controlling the passivation. % The effect of dif-
ferent oxidizers, e.g., hydrogen peroxide (H,0,), and inhibitors,
e.g., benzotriazole (BTA), on the material removal rate (MRR) was
investigated for the CMP of silicon oxide,’ copper4 tantalum,”'”
and tungsten11 films. The reactions with slurry chemicals result in
different compositions based on the oxidizer and inhibitor. The over-
all MRR is influenced by the existence of different compositions on
the wafer surface because some of these compositions readily dis-
solve in the slurry, contributing to the MRR, while some composi-
tions are more difficult to remove from the surface.>® As a result, the
surface hardness of the wafer becomes a strong function of the
composition, affecting the aggregate wear rate of the wafer
material.™™”

In addition to the effect on the wafer hardness, slurry chemicals
have also been shown to 1nﬂuence the zeta potential of abrasive
particles and the wafer. 13! Expenmental studies showed that the
citric acid introduced in the slurry causes a significant change in the
zeta potential of alumina particles,l(’ whereas the zeta potential of
silica particles remains almost the same.'” Luo et al."* demonstrated
that the addition of BTA reduces the zeta potential of alumina par-
ticles. Different ionic salts were also shown to have an influence on
the zeta potential.” The pH of the slurry was the primary factor
affecting the zeta potential of the abrasive particles and the wafer.!’

The double-layer forces between the wafer and the abrasive par-
ticles depend on the zeta potential of both the wafer and the par-
ticles. The magnitude of double-layer forces between the wafer and
the abrasive particles was shown to have an effect on the
MRR.”'32! The MRR is high when the abrasive particles and the
wafer are oppositely charged, and a decrease in the MRR is ob-
served as the abrasive particles and the wafer accompany the same
charge.19 This behavior was explained by considering the contact
force between the wafer and abrasives becoming large when double-
layer forces are attractive, causing the MRR for each abrasive to
increase.”’ The surface forces also affect the agglomeration of the
abrasive particles in the slurry and also the agglomeration of the
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small wear debris.”>* For slurries in which the particles are at their
isoelectric point, the particle aggregates can grow from a nanometer
to a micrometer size in a relatively short time.”? Such large particles
can be the cause of undesirable, deep scratches on the wafer surface.
Chandra et al. reported the depth of the scratches increase with
increasing pad hardness and decreasing hardness of the polished
layer.23

Although the effects of surface forces were shown to have a
strong influence on the MRR, as shown in the experlments that were
explained earlier, there have been only few models>* developed to
understand the experimental trends. The van der Waals forces be-
tween the wafer and abraswe particles were considered in a model
by Mazaheri and Ahmadi.** The inclusion of the van der Waals
forces into the model causes an increase in the MRR. In addition,
the smaller particle size causes larger MRR due to the influence of
the van der Waals forces. This model was improved by including the
effect of the roughneis of abrasive particles on the magnitude of the
van der Waals forces.* This was achieved by modeling the abrasive
particles as spheres with hemispherical bumps on the surface.
Bumpy (rough) abrasive particles were shown to have a lower MRR
compared to smooth particles due to the reduction in the van der
Waals forces for rough particles. In addition to the van der Waals
forces, the electrical double -layer forces were considered in an ex-
tension of this model.”® The experimentally observed variation in
the MRR with a slurry pH was attributed to the effect of a slurry pH
on the zeta potential, influencing the magnitude of double-layer
forces.

The authors introduced a material removal model®’ developed
based on the contact interactions between pad, wafer, and abrasive
particles. 8 In this model, the contact interactions were modeled at
different scales, starting from particle level interactions and gradu-
ally expanding the contact scale to the multiasperity contact between
the pad and the wafer (Fig. 1). The applied pressure, distributed to a
three-body contact due to the abrasive particles caught between the
pad and the wafer and a two-body contact between the pad and the
wafer, was calculated by the model. The model was used to explain
the effects of important parameters such as the elastic modulus of
the solid pad material E, equivalent elastic modulus for the porous
pad E,, standard deviation (STD) of the abrasive particle size oy,
probability density function (PDF) of the abrasive size distribution
®,, particle weight concentration m,, STD of pad asperity peak
heights o, average radius of pad asperities R, PDF of pad asperity
heights ®, wafer hardness H,,, and applied pressure P,. The objec-
tive of this work is to extend this model to include the effects of
surface forces. In addition to the force applied on the abrasive by the
pad, the contribution of the surface forces acting between the wafer
and the abrasive particles to the overall force equilibrium at the
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Figure 1. Different scales of contact: (a) Multiasperity contact, (b) multi
particle contact, and (c) single particle contact.

wafer—abrasive interface is considered (Fig. 2). As a result of this
improvement, the model enables the calculation of the MRR by

5.4(e)™ + 3.12,
2 11.1(g, — 0.05)% + 4.10,
40.94(g, - 0.2)* + 13.14(g, — 0.2) + 6.11, for 0.2 < g, < 0.45
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including the effects of the effective Hamaker constant A, between
the wafer and the particles and the zeta potential W , of the wafer
and particles in the following form

RR = kw(Es’Es/Ep’Gp’nw9Us’RwAwsp’\Pl,Zva)f(Po)Vr [1]

where the function f describes the variation in the MRR with P,

and V; is the relative sliding velocity between the wafer and the pad.

Note that the presence of the slurry in the wafer—pad interface

causes elastohydrodynamic lubrication conditions both at the
29 . . . 30

pad—wafer™ and asperity—wafer interaction scales.” These effects

are not considered in this work.
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a) The single particle (SP) contact model at different particle penetrations.
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i) Particle contact regime, d,, >0 ii) Mixed contact regime, d,, <0
b) The multi-particle (MP) contact model.

Figure 2. Details and definitions used in the SP and MP models.

Pad-Particle Contact

The contact of a single abrasive particle is modeled in a single
particle (SP) contact model, where the three-body contact of one
spherical rigid particle, one deformable, and one rigid flat surface is
analyzed by using the finite element method.”® In the particle con-
tact regime, the penetration of the particle 3, in the pad is less than
a diameter of the particle [Fig. 2a(i)] 0 < 8, < 2r,, and the particle
contact force f‘; can be obtained by the curve-fitting of modeling
results as follows™

ES 5 4 §E 3/2 §B 2.89
f‘5=1_vz’f’{§(rp) ERE T B
2]

In the mixed contact regime 8, > 2r,, the pad—wafer direct contact
occurs in addition to the particle contact [Fig. 2a(ii)]. The particle
contact force f‘; in this regime can be expressed as follows®

for 0 < g, < 0.05
for 0.05 < g, < 0.2 [3]

where g is the average compressive strain & = 84/f,, defined as the
ratio of the pad displacement 84 due to the direct contact to the pad
thickness #,. The direct contact pressure py' at the pad—wafer inter-
face can be calculated by using the following relationship28

£ 0.76¢q, for 0 < g, < 0.015

Pl = ——-1085(z, - 0.015) + 0.011, for 0.015 < &, < 0.2
Vsl 1.8(e, = 02)16 4 0.17,  for 02 < &, < 0.45

(4]

The influence radius 7; is the radius of the circular noncontact area
around each particle [Fig. 2a(ii)]. The influence radius r; can be
found as follows

ry=1.52r,(e)"*% for 0 < g, < 045 [5]

Once the relationships for each particle are determined by the SP
contact model, the contact of active particles at the pad—wafer inter-
face is modeled in the multiparticle (MP) contact model. In the
particle contact regime [Fig. 2b(i)], the number of active particles
M, in contact can be determined for a given local separation dis-
tance dg.,, by using the slurry volume between the pad and the wafer
as

©

MNP (dep) = My f 2ry®,(rp)dr, (6]

dscp/ 2

where @, is the probability distribution function for the particle radii
and m, is the number of particles per unit slurry volume. The particle
concentration by weight ratio m,, is a common measure for the par-
ticle concentration and can be converted into a volumetric particle
concentration m, by using the following relationship28
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where p, and p, are the mass densities of the particles and slurry,
respectively.

In the particle contact regime dye, > 0 [Fig. 2b(i)], all the load is
carried by particle contacts, which 1s determined by integrating the
force on each particle given by the load-displacement function f?
from E% 2 over all active particles m;" in contact (Eq. 6) as
follows”

Nv

p w
pg‘P’P =1 —szmf 2rpfg(6p)q)p(rp)drp for dy, >0 [8]
s Jdgn

where the penetration of each particle 3, is defined as 8, = (2r,
- dsep)-

In the mixed contact regime dy, < 0 [Fig. 2b(ii)], the mean
contact pressure p.* consists of a contact pressure due to the particle
and direct contact as p;* = p™ + pg®. The mean contact pressure
pp7 " due to particle contacts is found by using the following
relationship

E, N
p;np—m - 1 _>v2an< 2rpf‘;(_ &p)®y(rp)dr,  for dy, <0 [9]
s 0

Note that the number of active particles m,® from Eq. 6 remains
constant in this regime. The mean direct contact pressure pg® is
calculated by considering the direct contact area A7" developing
between the pad and the wafer and the direct contact pressure func-
tion p§' given by Eq. 4 as™®

mp

E, [ dA
P = > T(el — ¢ et 10
Pa l—vffsmpd(p p)ds; P [10]

P
The direct contact area is determined by subtracting the influence
contact area of active particles from the total contact area, AP
=1 — A;. The total influence area of particles as a fraction of the
total area A; can be found by the summation of the influence areas of
.. . 2 28
individual particles 7r{ as follows

AP = "r]vf 2rp'rrri2(— £,)P(rp)dr, [11]
0

where r; is given by Eq. 5.

Wafer—Particle Contact

The wafer—particle contact force f,, consists of the force trans-
mitted through the pad—particle contact f, and surface forces f be-
tween the wafer and the particle, including the van der Waals f,qw
and electrical double-layer forces fy as follows

fwzfp+fs=fp+fvdw+fdl [12]
The free body diagram of a particle under the effect of this force is
shown in Fig. 2a(iii). The van der Waals force for the contact of one
rigid spherical particle with radius r;, and one rigid flat surface can
be found by using31

o
where d,, is the equilibrium separation distance and A, is the ef-
fective Hamaker constant. The effective Hamaker constant A, be-
tween the wafer and the particle in a slurry can be determined by
using the Hamaker constant of the wafer A,,, the particle Ap, and the
slurry Ay as follows™

Ayp = (A = AP)(A)? - AP [14]

When an uncharged particle is placed in a liquid, the particle ac-
quires a surface charge, which creates an electrostatic field and af-

[13]

fvdW =

H289

fects the ions in the bulk liquid. The electric field around the charged
particle attracts the ions of the opposite sign (counter-ions) and re-
pels the ions of the same sign (co-ions).” As a result, two layers of
positive and negative ions form around each particle named as the
double layer. As two charged particles approach each other, the
double layers of the particles start to overlap, 3 causing interaction
forces between the particles. The interaction forces become signifi-
cant when the distance between the particles becomes less than the
Debye length 1/k, which is the reciprocal of k expressed as
follows*

K2 = (ez/ssokT)E i [15]

where e is the electrical charge, € is the dielectric constant of me-
dium, g, is the dielectric permittivity of vacuum, z; is the valence
number, k is the Boltzmann constant, 7" is the temperature, and 7n;., is
the concentration of ions far away from the surface. Note that the
subscript 1 indicates the possibility of different ionic species in the
solution. The concentration of ions n;,. can be calculated by using
the molar concentration of the electrolyte M; as follows

N = 1000N\M; [16]

where N is Avogadro’s number (6.02 X 10?%) and M, (mol/liter) is
the molar concentration of the electrolyte in the liquid.

Different assumptions are used to derive the double-layer force
between two charged particles. The Hogg—Healy—Fuerstenau (HHF)
equations for the constant charge (CC)”™ assumgtion and the com-
pression approximation (CA) used by Gregory3 are employed in
this work to calculate the double-layer forces between the wafer and
the particle. These approaches were shown to be accurate especiall%/
when the separation distance between the surfaces is small,**
which is the case for the contacting wafer and particles.

The double-layer interaction force f, between one spherical par-
ticle with radius r;, and flat surface and zeta potentials W . and V¥,
under a constant surface charge assumption (HHF-CC)34’3‘ is given

as a function of the separation distance d,, as follows

—Kd,
ke % [ 2¥ ¥, + oo
—2kd, ;\I,Z ‘1,2

faldy) = = 2ryme e (V] + ‘Ifé)l

[17]

The double-layer force between two spherical particles can be com-
puted based on the CA 36 as follows

—drwn kT| _ B +y coth(kd,/2)
Saldy) = . [2}’ 111( -
K l+y

— In(572 + cosh kd, + B sinh kd,) + Kd0:| [18]

where 7, =i, Y=y, +yy y=zeV/kT, and B=[1

+ 3% csc h2(kd,/2)]"2.

MRR

The calculation of the removal force function (RFF) for an SP is
explained first, and then the integration of the RFF of an SP over all
active particles captured in the contact area between the pad and the
wafer is described.

RFF due to pad-wafer local contact.— Next, the wear rate rela-
tionships are introduced for a rigid spherical particle sliding with
velocity V, over a wafer with hardness H,, under the influence of a
normal force f,,. Both adhesive and abrasive wear mechanisms are
considered. In the adhesive wear, the wear rate RR}; is linearly
proportional to the wafer—particle contact force f, as follows®

. KV,
RRG = 2, [19]

where kfjji is an empirically determined adhesive wear coefficient.
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The abrasive wear rate RR;} for an SP can be found by consid-
ering the sliding indentation of a particle in a wafer with a perfectly
plastic deformation®’ as

oy \/7 f3/2
RRP = | 2 || 5= 20
ab < H3\//2> 1T3 rp [ ]

The MRR is investigated in our models by calculating the RFF for
the adhesive R}} and abrasive R;p wear, which is a measure of me-
chanical action causing a material removal. The RFF is defined as
follows

R = fw [21]

: 2 2

Rp= \/;r—p [22]
for adhesive and abrasive wear cases based on Eq. 19 and 20. Once
the RFF of an SP R*P is determined using Eq. 21 and 22, the RFF,
due to multiple particles trapped between two flat surfaces, can be
found in a way similar to Eq. 8 and 9 for a particle contact pressure
p™® in the MP contact model. This gives the following relationship
for the RFF for multiple particles

nvf 2r,RPD(rp)dry if dy, > 0
'r]vf ZrPRSp(I)p(rp)drp if dye, <0
0

Note that R™ given in Eq. 23 is a function of the separation distance
d,cp- However, from a practical point of view, it makes more sense to
report the RFF as a function of the contact pressure pg® acting
between the two surfaces. To obtain the RFF as a function of the
contact pressure p;?, the separation distance dyep is used as an in-
termediate parameter, and the RFF is matched against the contact
pressure p.? by using look-up tables created for relating both pg™
and the RFF to d, using Eq. 8-10 and 23. In fact, a similar ap-
proach is used to estimate other parameters such as the particle
contact pressure ratio p,*/p;"” and the direct contact area ratio Ag®
as a function of the contact pressure p_".

RFF due to pad-wafer rough contact—In the MP contact
model, the local pad—wafer contact is characterized. However, the
pad—wafer contact occurs at the tip of the pad asperities with differ-
ent heights due to the pad roughness. Therefore, the local contact
pressure at each asperity tip is different. To capture this effect, the
real mean contact pressure at each asperity tip is introduced in the
MP contact model, and the outputs of the MP contact model are
integrated over all contacting asperities. The real mean contact pres-
sure and the contact area at an asperity can be found using the
Hertzian relationships39 as

3m(l - vp)
where £, is the elastic modulus of the porous pad and 3 is the pad
asperity deformation. The deformation of each asperity is deter-
mined by the peak height of asperities z; and equilibrium separation
distance d,, between the pad and the wafer as &, = z; — d,,. The
applied pressure P, and equilibrium separation distance d,,,, are re-
lated as

5. 12
pe b) and a = (3,R)" [24]

R,

P. =

o

WA

T]sEpRi/ZJ CDS(ZS)(ZS - dwp)yzdzs [25]

dyp

where m; is the areal density of the pad asperity peaks, Ry is the
asperity radius, and @, is the PDF of asperity peaks heights. The
RFF between the pad and the wafer is found by using the following
relationship
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Table 1. Physical values of parameters.

Parameter Base

Particle concentration (m,,) 2.5%
Particle to slurry density ratio (p,/p;) 3.7 (alumina)

Pad summit radius (R,) 50 wm
Pad summit density (m;) 2 X 1074/pum?
Pad summit STD (o) 5 pwm

Applied pressure (P,) 0.007 MPa (1 psi)

R = J ma*R™(p") Dy(z,)dz, [26]
dyp

Results

The parameters used in the calculations are listed in Table I. The
contacting surfaces are assumed to be atomically smooth, i.e., equi-

librium separation distance d, = 4 A. The effects of the van der
Waals and double-layer forces on the RFF are studied next.

Effect of van der Waals force on RFF.— The van der Waals
forces f,qw between the wafer and the particles is calculated using
Eq. 13. The van der Waals forces f,qw are always attractive, and
their magnitude depends on the separation distance d,,, particle size
Mp, and effective Hamaker constant A,,. The effective Hamaker
constant A, is calculated considering the effect of the medium
(slurry) between the wafer and the particle using Eq. 14. Due to the
low Hamaker constant of the slurry (water), A, = 4.38 X 10720 J3*
the effective Hamaker constant in the slurry is smaller than that in
nitrogen (N,), as illustrated by the measurements™ listed in Table II.
Considering the variation in the effective Hamaker constant Ay,
between alumina (Al,O3) and various wafer materials in water,
13X 1070 T < Ay < 6.6 X 10720 3,40 Aysp Was varied in the
range of 1 X 10720 J < Ayep <5 X 10720 J in the simulations.

Figure 3 illustrates the variation in RFF due to the adhesive (Fig.
3a) and the abrasive wear (Fig. 3b) in the presence of the van der
Waals force for a soft pad E; = 10 MPa with a porous elastic modu-
lus ratio E/E, = 4 and a mean particle radius of p, =5 nm. The
van der Waals force f,qw enhances the RFF due to both the adhesive
R, and the abrasive wear R, and the effect becomes more signifi-
cant with the higher effective Hamaker constant A,,,. Figure 3 dem-
onstrates that the increase in the RFF due to the abrasive wear Ry, is
larger than that of the RFF due to the adhesive wear R,.

The effect of the van der Waals force f,4qw on the RFF can be
quantified by the ratio of the change in RFF due to the presence of
the van der Waals force AR® to the RFF in the absence of the van der
Waals force R as AR®/R. This parameter is plotted in Fig. 4 as a
function of the solid-pad elastic modulus E, with E(/E, =4 and
Aygp =5 X 10720 J for both the adhesive and abrasive wear as-
sumptions. This figure shows that the relative effect of the van der
Waals force AR/R increases as the pad elastic modulus E; and par-
ticle size p, become smaller. The increase in the RFF due to the
presence of the van der Waals force AR®/R may be as large as 44%

Table II. Hamaker constant of alumina (Al,O3;) with different
materials in water and nitrogen.40

System Ay (X10720 )
Cu/N,/ALO, 21.7
Si0,/N,/ALO, 9.7
W/N,/ALO, 226
Cu/H,0/ALO, 6.2
Si0,/H,0/ALO; 13
W/H,0/AlL0, 6.6
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a) Adhesive wear

for the adhesive wear and 73% for the abrasive wear for the equiva-
lent Hamaker constant A, =5 X 10720 J, pad elastic modulus
Eg =10 MPa, and mean particle radius ., = 2.5 nm. The effect of
the van der Waals force f,qw on the RFF due to the adhesive wear
R,q becomes less than 5% ARS/R < 0.05 when the pad elastic
modulus is greater than E; > 80 MPa (p, = 2.5 nm) or the particle
radius is larger than w, > 30 nm (E; = 10 MPa).

Effect of double-layer forces on RFF.— Equations 17 and 18
are used to calculate the double-layer force fy acting between the
wafer and the particles. These equations were developed based on
two different assumptions, the Hogg—Healy—Fuerstenau constant
charge (HHF-CC) and the CA. The parameters used in the calcula-
tions of the double-layer force are listed in Table III. Figures 5 and
6 show the RFF in the presence of the double-layer force fy calcu-
lated by the CA and HHF-CC assumptions, respectively. In addition
to the base parameters listed in Table I, the pad elastic modulus and
the mean particle radius are taken to be E; = 10 MPa with E(/E,
=4 and p, =5 nm, respectively.

The presence of double-layer forces fy causes the RFF to de-
crease when CA is used to calculate fy even when the wafer and
particle are oppositely charged (¥, = 50 mV, —25 mV), as shown
in Fig. 5. According to the CA assumption, the magnitude of double-
layer forces becomes zero fy = 0 when the wafer and particle are
oppositely charged with the same zeta potential, e.g., V¥,
=50 mV, —50 mV. As the sum of zeta potentials (V| + ¥,) in-
creases, the effect of double-layer forces fy becomes more impor-
tant. It is seen in Fig. 6 that the magnitude of double-layer forces fy,
calculated by the HHF-CC assumption is larger than that of the CA
assumption; therefore, there is a greater effect of fy on the RFF

Applied pressure, P_ (MPa)

b) Abrasive wear

when the HHF-CC assumption is employed. In contrast to the CA
assumption, the HHF-CC assumption predicts a slightly attractive
double-layer force increasing the RFF when the surface is oppo-
sitely charged with high zeta potentials, e.g., ¥, = 50 mV, —50
mV. The effect of double-layer forces fy on the RFF is greater in the
abrasive wear (Fig. 5b and 6b) compared to that in the adhesive
wear (Fig. 5a and 6a).

The relative effect of double-layer forces fy on the RFF for
different particle radii p, and pad elastic moduli £ is further evalu-
ated in Fig. 7 (CA) and Fig. 6 (HHF-CC), where the zeta potentials
of the wafer and the particle are taken to be ¥, , = 50 and 50 mV,
respectively, the molar concentration M = 0.01, and the porous elas-
tic modulus ratio E/E,, = 4. Note that the change in RFF due to the
presence of double-layer forces AR*/R is negative because double-
layer forces fg are repulsive under these conditions. According to
the predictions for the double-layer force fy using the CA assump-
tion shown in Fig. 7, the effect of the double-layer force is less than
10%, AR®/R < 0.10 in the range of particle sizes of 2.5 nm
< M, <40 nm, and the pad elastic modulus 10 MPa < E
< 100 MPa studied. The calculations using the HHF-CC assump-
tion (Fig. 8) yields a much higher magnitude for the double-layer
force fy, and the effect is predicted to be as large as AR*/R = 0.60
when a small particle radius p,=2.5 nm and a soft pad E
= 10 MPa are used.

In Fig. 9, the effect of the molar concentration M on the RFF due
to the adhesive wear R, is investigated for the different equilibrium
separation distance d,, values for CA (Fig. 9a) and HHF-CC (Fig.
9b) approximations. Note that the effect seen in the abrasive wear is
similar. The calculations are performed for a soft pad Eg

Figure 4. The effect of van der Waals
force on (a) RFF due to adhesive wear R,y
and (b) RFF due to abrasive wear Ry,
quantified by the ratio of change in R due
to surface forces, AR® and AR®/R, for dif-
ferent pad elastic modulus E; (EJ/E, = 4)
and mean particle radius p, (Ay, =5
X 10720 J).
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Table III. Parameters used for the calculation of double-layer =10 MPa with a porous elastic modulus ratio E¢/E,, = 4, a particle

forces. size pp, =35 nm, a zeta potential ¥, =50 mV, 50 mV, and an
applied pressure P, = 0.007 MPa. An opposite trend is observed for
Parameter Value the magnitude of the double-layer force fj calculated by the CA and
Electron charge (¢) 16 X 10-1° C HHF-CC .assumptions. where a larger molar concer?tration M causes
Avagadro’s number (N,) 6.02 X 103 the magnitude fy to increase for the CA assumption, while fy for
Dielectric constant of water (&) 78.4 the HHF-CC assumption decreases with larger M. Larger separation
Permittivity of vacuum (&,) 8.85 X 10712 C2 N™! m™ distance d, has a negative effect on the magnitude of double-layer
Temperature (T) 298 K forces for both the CA and HHF-CC assumptions.
Boltzmannn constant (k) 1.38 X 107 The RFF R given in Eq. 27 depends on the mean particle size .,
Valence (z) 1 as the surface force for an SP depend on its size r,, (Eq. 13 and 18).

If the surface forces f, are attractive, then smaller particles (i.e.,
smaller ) result in a larger RFF, and the effect of f; on the RFF
depends on the relative magnitude of the pad-particle contact force
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JSp- If surface forces f; are repulsive, then f has a negative effect on 25 mV pH =174

the RFF, causing the RFF to decrease with a smaller particle size .

. R S . w(pH — 7.4)

This is illustrated in Fig. 10, where the variation in RFF is plotted as W umina = ) 25 cos————— mV 74 = pH = 12

a function of the mean particle radius ., in the presence of the 4.6

attractive van der Waals f, 4w and repulsive double-layer forces fy;. -25 mV pH = 12

The calculations are performed for a soft pad £, = 10 MPa with a [27b]
porous elastic modulus ratio Eg/E}, = 4. Double-layer forces fq are

calculated using the HHF-CC assumption. Figure 10 shows that the (pH

magnitude of surface forces f; becomes small compared to the pad— 25 COSTF pH) mV pH =42

particle contact force f, for the particle radius p, > 20 nm; there- Wilica = 4.2 [27¢]
fore, the RFF remains constant with respect to w,. Note that the - 25 mV pH =42

effect of the particle size p, due to the influence of surface forces f;
becomes more important as the magnitude of f; increases.

Comparison with experimental results.— CMP experiments
were carried out by Ramarajan et al. to investigate the effect of
slurry pH on the MRR of tantalum films polished by slurries con-
taining silica and alumina particles. ~ The zeta potentials of tantalum
pentoxide, alumina, and silica were determined as a function of pH
and were described by the following curve-fit equations25

Equation 27 shows that the zeta potential is positive for all materials
at small pH. As pH increases, the zeta potential ¥ decreases and W
becomes negative W < 0 for pH above the isoelectric point. This
point is located at pH 6.8 for tantalum pentoxide, pH 9.7 for alu-
mina, and pH 2.1 for silica. Based on these results, it is determined
that the tantalum pentoxide wafer and the alumina particle are op-
positely charged when pH is in the range of 6.8 < pH < 9.7. The
same condition appears for the tantalum pentoxide wafer and the
silica particle for 2.1 < pH < 6.8.

The variation in the MRR, normalized with respect to the maxi-
mum MRR, in tantalum CMP experiments19 with alumina and silica
slurries is plotted as a function of slurry pH in Fig. 11. Experimental
results show that the MRR is a strong function of the slurry pH. This
was attributed to the effect of double-layer forces fy varying in
magnitude with slurry pH. The model developed in this work was
implemented by using the parameters of the experimental condi-

o o o
o

- Figure 9. The effect of double-layer force
on RFF due to adhesive wear R4 quanti-
o fied by AR*/R for different separation dis-
o tance d, and molar concentration calcu-
lated by (a) CA and (b) HHF-CC
assumptions. (¥, =50 mV, 50 mV, p,
= 5 nm, E;, =10 MPa, ES/Ep =4, and
P, =0.007 MPa).
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tions. In the model, the slurry pH influences the zeta potential of the
wafer and the particle, as described by Eq. 27; therefore, the contact
force between the wafer and the particle f,, varies with slurry pH.
The elastic modulus of a soft pad (E; = 1 MPa and E,/E = 4) and
a particle concentration of m,, = 3% was used. The applied pressure
was P, =0.044 MPa (=6.3 psi). The simulations were run using
mean particle radii of p, = 10 nm and p, = 100 nm, and both CA
and HHF-CC assumptions were employed.

Figure 11 shows a reasonable agreement between the results of

Journal of The Electrochemical Society, 157 (3) H287-H296 (2010)

the experiments and the model. The maximum MRR occurs at
around pH 8, as determined by experiments and the model for the
alumina slurry (Fig. 11a). However, for the silica slurry (Fig. 11b),
the model predicts the maximum MRR to occur near pH 5, while it
was found near pH 4 in the experiments. The effect of the double-
layer forces fy was small when the mean particle radius .,
= 100 nm was used in the simulations, whereas a significant influ-
ence of double-layer forces was observed when p, = 10 nm was
used. The simulations underpredict the overall effect of pH for both
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0.008

0.003 0.006

— A, =5x1 0y
A, =2.5x107J
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Figure 10. The effect of mean particle ra-
dius p, on RFF for (a) adhesive R4 and
(b) abrasive wear R, in the presence of
surface forces.
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the alumina and silica slurry. The HHF-CC assumption yields better
quantitative agreement with the experiment results than the CA as-
sumption.

The experiments reported by Ramarajan et al." also included the
effect of the molar concentration of KCl ions in the slurry. The ionic
molar concentration controls the magnitude of the double-layer
force and seems to have a strong effect on the MRR, as shown in
Fig. 12 and 13. The molar ion concentration M is used in the model
for calculating the double-layer forces fy with CA and HHF-CC
assumptions. The particle radius of p, =10 nm was used in the
simulations, along with the other parameters, as given before. The
opposite trends for the variation in the MRR with molar concentra-
tion were predicted for the CA and HHF-CC assumptions. Compar-
ing the experiment and the model results plotted in Fig. 12 and 13,
the double-layer force calculated based on the HHF-CC assumption
results in a better agreement with the experiments for the alumina
(pH 2 and 12) and silica (pH 9) slurries. These results indicate lower
MRR with lower molar concentration M. An opposite trend is seen
for the silica slurry when pH was adjusted to pH 3.5. In this case,
the MRR decreased with a higher molar concentration, as predicted
by the CA assumption.

The comparisons presented in Fig. 11-13 show that the effect of
pH was, in general, underpredicted by the model. This finding could
be attributed to various effects. For example, the thickness and the
hardness of the passivated layer are strong functions of slurry
pH.lO"“’42 The slurry pH could also influence the effective particle
size, as the colloidal stability of slurry particles depends on surface
forces acting between particles. Furthermore, the number of active
particles could also be influenced by surface forces. Similar to the
colloidal behavior of particles, due to particle—particle interactions,
the wafer and the particle also interact with each other, and this
interaction may have a strong effect on several active particles. A
strong repulsive double-layer force fy between the wafer and the
particle may cause the number of active particles n, to decrease as
well as having a negative effect on the wafer—particle contact force
[ for the active particles.

Conclusions

In this work, the effects of surface forces between abrasive par-
ticles and a wafer were incorporated into a contact mechanics based
on a hierarchical material removal model. It was shown that the van
der Waals force causes the MRR to increase. The double-layer
forces, which are mostly negative, cause the MRR to decrease. The
magnitude of double-layer forces depends on the molar concentra-
tion of ions M and the zeta potential of the wafer and the particles
W . Therefore, as the zeta potential ¥, , varies with slurry pH, the
model results for the MRR become a function of slurry pH.

The work shows that the surface force f is proportional to the
abrasive particle radius f; « p,, where as the pad-particle contact

force f}, to the square of the particle radius f}, Mg- Thus, the sur-
face force becomes progressively more dominant for smaller par-
ticles. If the attractive van der Waals forces are the dominant surface
force component, then the RFF increases with a smaller particle
size, while the opposite is true in the case where the repulsive
double-layer forces are dominant. In fact, the experimental work has
shown both increasing“’44 and decreasing45 MRRs with respect to
the particle size that was found in experiments supporting this find-
ing.
This work also showed that the relative effect of surface forces
on the MRR increases for softer pads, i.e., lower E values and
smaller particles p,. This can be explained by considering that
stiffer pads, i.e., higher E values, cause the number of active par-
ticles to become smaller,”" thus resulting in a higher mean particle
contact force. As the magnitude of surface forces do not depend on
E,, the relative magnitude of the surface forces decreases stiffer pads
E,.

The experimental observations for the effect of double-layer
forces were predicted well by the model when double-layer forces
were calculated using the CC assumption (HHF-CC). Therefore, the
HHF-CC approximation seems to be more appropriate compared to
CA for estimating the magnitude of double-layer forces.
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