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Abstract

Chemical mechanical planarization (CMP) is the polishing process enabled by both chemical and
mechanical actions. CMP is used in the fabrication process of the integrated circuits to achieve adequa
planarity necessary for stringent photolithography depth of focus requirements. And recently copper is
preferred in the metallization process because of its low resistivity. We have studied the effects of chem
ical reaction on the polishing rate and surface planarity in copper CMP by means of numerical simulation
solving Navier-Stokes equation and copper diffusion equation. We have performed pore-scale simulation
and integrated the results over all the pores underneath the wafer surface to calculate the macroscop
material removal rate. The mechanical abrasion effect was not included in our study and we concentrate
our focus on the transport phenomena occurring in a single pore. We have observed the effects of seve
parameters such as concentration of chemical additives, relative velocity of the wafer, slurry film thick-
ness or aspect ratio of the pore on the copper removal rate and the surface planarity. We observed th
when the chemical reaction was rate-limiting step, the results of simulation matched well with the
experimental data.

1. Introduction

Chemical mechanical planarization (CMP) is a polishing
process performed by the chemical and mechanical
actions. CMP is currently being used in the fabrication of
integrated circuits and has been identified as an enabling
technology for establishing reliable multilevel intercon-
nects.

In a typical CMP machine, a wafer is mounted on a
wafer carrier and is rubbed against a polishing pad under a
load with a rotary motion in the presence of slurry. Wafer
carrier and pad are rotated with same angular velocity for
the uniform distribution of relative velocity on the wafer
surface. The slurry which contains a colloidal suspension
of abrasive particles such as alumina or silica and specific
chemical additives is distributed throughout the pad and
enhances the chemical and mechanical action between the
wafer and the pad. Polishing pad made of polymeric mate-
rial (e.g. polyurethane) has porous surface where chemical
reaction between the slurry and the wafer occurs.

Most current IC metallization schemes utilize aluminum
alloys as the interconnect metal. But lower resistivity mate-
rial has been investigated to reduce the interconnection

time delay because it increases steeply as feature 
decreases. While aluminum is considered good condu
with a resistivity of 2.66µΩ-cm, copper possesses eve
lower resistivity which is 1.67µΩ-cm. Therefore copper
has been selected as a new material for metallization an
leads to the adoption of copper CMP in semiconductor f
rication processes (Steigerwald et al., 1997).

The basic model of polishing was investigated by Pres
(1927). He proposed the polishing rate of material to 
proportional to a load and relative velocity. Cook (199
reviewed the modeling of glass polishing and provided 
mechanism by which the material is removed. Cook s
gests that polishing occurs due to the softening of gl
surface by the chemicals and subsequent mechanical a
sion of this softened layer by abrasive particles. 

The first work dealing with the fundamental aspect 
CMP was performed by Runnels et al. (Runnels, 1994;
Runnels; 1996; Runnels and Eyman, 1994). They c
structed the fluid mechanical model for the flow of slur
between the pad and the wafer. They proposed sev
models accounting for the stress in the polishing pad 
the fluid flow as well as the removal of material by erosio
They solved the steady Navier-Stokes equation for 
slurry flow with no-slip boundary condition on the surface
of pad and wafer. The main results from this model we
the slurry film thickness and shear stress on the wafer 
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face. They used additional empirical model to relate the
polishing rate to the shear stress on the wafer surface, so
that the polishing rate of material is proportional to the
shear stress. As a result of surface removal, time-dependent
evolution of surface shape was predicted, while film thick-
ness was in the range of 10 to 50µm.

Many experiments were performed to investigate the
thickness of slurry film. Levert et al. (1998) suggested the
slurry film thickness comparable to the diameter of par-
ticles caught between pad and wafer. This result is con-
sistent with that of Bhushan et al. (1995) who performed
oxide CMP. In his experiment, the polishing rate was
nearly zero when the gap between the wafer and the pad
was fixed and much larger than the average particle diam-
eter. But when the gap distance was reduced to be equal or
smaller than particle diameter, the wafer started to be pol-
ished and the polishing rate was varied by the process
parameters such as a load or relative velocity. In our study
we used the concept of Levert et al. and Bhushan et al. for
the film thickness.

2. Physical description of the model

In a typical CMP process, IC 1000 of Rodel, Inc. is us
ally used as a polishing pad. Fig. 1(a) shows the cross-
tional SEM image of IC 1000. According to Subramani
et al. (1999), the size and shape of pores can be assu
to be regular, which is useful in the fundamental step
CMP modeling.

Mechanical abrasion between the particles and the w
occurs in the upper pad areas where the particles ar
contact with wafer. In this study we did not include th
mechanical abrasion effect and concentrated our focu
the chemical action of polishing. The polishing pad 
assumed to be composed of many repeated unit cell
shown in Fig. 1(b). By analyzing the transport of mater
in a unit cell, macroscopic prediction of material remov
rate can be made by integrating over the cells underne
the wafer. This concept is shown in Fig. 2 which is a pla
view of a wafer with a unit cell in a pad. When we set t
coordinate system on the wafer, the cell would trave
under the wafer along a strip with a width of dz. The che
ical additives in the slurry in the unit cell will react with th
wafer surface while the cell travels to the end of the str
Therefore the removal rate along the strap due to the ch
ical reaction could be predicted by integrating the remo
rate in a single unit cell over the exposure time. Also 
can predict the removal rate in the whole wafer surface
integrating that in the straps along z-direction. Before 
cell enters under the wafer, the cell is assumed to have
dissolved copper materials in the slurry. And the dissolv
copper material diffuses from the wafer surface into t
slurry by means of the concentration gradient and 
slurry flow. This process is not steady because the c
centration distribution of the dissolved copper chang
depending on the position of unit cell along a strap. 
other words, it depends on the exposure time. This c
centration fields could be modeled using an unsteady c
servation equation of dissolved copper, along with suita
boundary conditions. Before analyzing mass transfer, i

Fig. 1.(a) Cross-sectional SEM image of IC1000. (b) Schematic
of the repeating cell model of the pad in a magnified view
of a small region between the wafer and the pad.

Fig. 2.Schematic of a wafer with a unit cell in a pad. Wafe
moves with the velocity V and the unit cell is exposed to
neighboring wafer surface.
64 Korea-Australia Rheology Journal
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necessary to have a detailed knowledge of the velocity field
within the unit cell. The velocity field under the wafer also
varies with exposure time but we found that the velocity
field reaches steady-state just within very short time.
Therefore, we assumed that the velocity field is constant
throughout the total exposure time.

3. Theoretical development and numerical method

The model is two-dimensional and the pore is modeled
as a rectangular shape with equal depth D and width W of
30 µm as shown in Fig. 3. We assume no variation in the
z-direction normal to the plane of the paper. The thickness
of slurry film is same to the size of particle diameter which
is order of 0.3 µm or less, even though the agglomerated
particles exist. Therefore the thickness of slurry film d is
assumed as 300 nm in our study. The length of slits, wL and
wR are half the width of the cavity, which is based on the
TEM image of IC 1000 shown in Fig. 1(a).  The origin of
coordinates is chosen at the left bottom corner of the cavity.
The liquid is assumed to be an incompressible Newtonian
fluid and the physical properties are assumed to be constant
in the pore.

The velocity field in a unit pore can be obtained by solv-
ing the following dimensionless continuity and Navier-
Stokes equations;

(1)

(2)

(3)

where  and .
The relative velocity of wafer, V, varies from 0.1 to 1.0 m/
s in a typical CMP process and the characteristic pressure
Pc is µV/W. The Reynolds number is defined as

(4)

Material properties and process parameters are liste
the Table 1. We applied no-slip condition on the wafer a
pad surface and the x direction velocity on the wafer sur-
face is V. At both inlet and outlet boundary,  an
v = 0.

The chemical reaction between the wafer material a
the chemical additives in slurry occurs on the wafer s
face. This reaction is suggested by Sainio et al. (1996)
where copper in ammonia-based slurries dissolves to f
a cuprous diamine complex . The dissolutio
reaction of copper by the slurry is

(5)

where Keq is the equilibrium constant for the reaction wit
a value of 4.225× 10−5 /mol (Sainio et al., 1996;
Sundararajan et al., 1999). It is assumed that reaction (5) 
fast and attains quickly to equilibrium at the wafer surfa
Then, the equilibrium concentration of the dissolved co
per species, , at the wafer surface, CS, is given by

(6)

where CF is the concentration of potassium ferricyanid
and CN is the concentration of ammonium hydroxide in th
slurry. Both, CF and CN are assumed to be uniform in th
slurry. The dissolved copper species diffuses from 
wafer surface and is carried away by convective motion
slurry. The transport equation can be written for the cop
concentration C(x, y, t) in dimensionless form,

(7)

where Pe= VW/Dcu is a Péclet number,  is a

∂u
∂x
------ ∂v

∂ y
----- 0=+

Re u
∂u
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∂u
∂ y
------+ 

  ∂P
∂ x
------– ∂ 2u
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--------+ +=
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∂v
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---------+=
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Fig. 3.Schematic of a numerical domain representing a pore in
a pad.

Table 1. Material properties and process parameters

Parameters Values

ρ Density of slurry 1.05 g/cm3

ρcu Density of copper 8.99 g/cm3

µ Viscosity of slurry 2.14 cP

Dcu Diffusivity of copper 1.81×10−9 m2/sec
MWcu Molecular weight of copper 63.55 g/mol

V Velocity of wafer 0.1~1.3 m/s
D Depth of pore 30µm
W Width of pore 30µm
d Slurry film thickness 300 nm

Keq Equilibrium constant of reaction 4.23×10−5 /mol
CN Concentration of ammonia 1~3 vol.%
CF Concentration of Ferricyanide 1~5 wt.%
Korea-Australia Rheology Journal June 2002 Vol. 14, No. 2 65 



Sun Hyuk Bae, Seung-Man Yang and Do Hyun Kim

are
us
oid
ure.
ore

 by
he
aic
ion
lved
m-

ed

n of

n-

tion
dimensionless copper concentration and Dcu is diffusivity
of copper in the slurry, which is 10−9 m2/s (Zembura et al.,
1990). And the characteristic time is tc = W2/Dcu. The pad
is impermeable to the dissolved copper. Therefore, the dif-
fusive flux at the pad is zero and the initial concentration
of copper in the slurry is zero. The boundary condition for
copper concentration at the wafer surface is

(8)

To derive the copper removal rate, we first calculated the
copper concentration flux in a unit pore and then integrated
the results over the pores underneath the wafer. This could
be done using,

Removal rate (9)

where MWcu is the molecular weight of copper. The two
dimensional unsteady-state model is reduced to the non-
linear residual equations by applying the Galerkin finite
element method. For the finite element interpolating func-

tions, nine-node Lagrangian biquadratic basis functions 
used for the concentration and velocities. Discontinuo
piecewise linear basis functions defined at the centr
node of each element are used for the dynamic press
Typical finite element meshes for the analysis of the p
and the slurry flow field are shown in Fig. 4. 

The weak forms of the field equations can be obtained
applying Galerkin FEM and divergence theorem to t
mathematical model. The entire set of nonlinear algebr
equations was solved using Newton-Raphson iterat
scheme and the resulting set of linear equations was so
using frontal solver developed by Hood (1976). The nu
ber of unknowns is 19,707.

4. Results and discussion

Fig. 5(a) shows the concentration flux of the dissolv
copper diffusing into pore along the x-directional normal-
ized distance on the wafer surface. Because the diffusio

C̃ x D d+ t, ,( ) CS=   wL– x̃ W wR+≤ ≤,

2 Dcu MWcu⋅ ⋅
π W R ρcu⋅ ⋅ ⋅
------------------------------- ∂C

∂y
-------dx˜ dt˜ dz˜w– L

W wR+
∫0

2 R
2

z
2

–
V

----------------------

∫0
R∫⋅=

Fig. 4.(a) Finite element meshes for the numerical domain and
(b) Flow field in a pore. Inset shows the magnified view
of the flow in the region =D to D + d.ỹ

Fig. 5.Effects of concentration of chemical additives; (a) co
centration flux of dissolved copper vs. x-directional scaled
distance after 0.01 normalized time with CN = 3 vol.% and
V = 0.5 m/s and (b) copper removal rate vs. concentra
of ferricyanide with CN = 1 vol.%.
66 Korea-Australia Rheology Journal
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dissolved copper on the wafer surface means the removal
of material at that site, we could anticipate the tendency of
the removal rate and surface planarity in the numerical
domain. At Fig. 5(a), the concentration flux increases and
shows maximum value in the vicinity of 0.1 normalized
distance because the slurry containing low concentration of
dissolved copper is supplied through the left inlet of the
pore. As the slurry moves rightwards the concentration of
the dissolved copper in the slurry increases and the dif-
fusion of the copper reduces. Fig. 5(a) also shows that the
concentration flux, which can be interpreted as the removal
rate of copper, is increased as the concentration of the
chemical additive, ferricyanide, is increased. But we can
also observe the increase of the variation of the flux along
the wafer surface, which will cause the degradation of the
surface planarity.

Fig. 5(b) shows the effect of the concentration of fer-
ricyanide on the copper removal rate with the variation of
the relative velocity. It is observed that the increase of fer-
ricyanide increases the copper removal rate. And we could
see that the removal rate is also proportional to the relative
velocity of wafer, because the diffusion of dissolved copper
is enhanced by fast slurry flow.

At the same condition of the wafer velocity and ferri-
cyanide concentration, we compared our simulation result
to the experimental data (Steigerwald, J. M. et al., 1997) as
shown in Fig. 6. The copper removal rate is zero in the
simulation result at zero concentration of ferricyanide
because copper dissolution reaction is not possible without
chemicals. But in the case of experiments the removal rate
is not zero, which is expected that this difference is caused
by the purely mechanical abrasion effect. And as the con-
centration is increased the simulation result shows similar
behavior to the experiment, but when the concentration is
over 1 wt % we could observe that the copper removal rate
of experiment does not increase as much as that of sim-

ulation result and approaches constant value. It is spe
lated that when the concentration of chemical additive
low the chemical dissolution reaction is rate-limiting ste
that is, the amount of the chemical additive is not sufficie
to dissolve out the mechanically abraded copper fragme
So the copper removal rate depends on the amount of
ferricyanide and is proportional to the concentration 

Fig. 6.Comparison of simulation result to the experimental one
(Steigerwald et al., 1997) with CN = 1 vol.% and V= 1.3 m/s.

Fig. 7.Effects of relative velocity between wafer and pad; (
copper removal rate vs. relative velocity with CN = 1 vol.
%, (b) concentration flux of dissolved copper vs. th
scaled distance and (c) standard deviation of the c
centration flux in the pore vs. relative velocity after 0.0
normalized time with CN = 1 vol.% and CF = 1 wt.%.
Korea-Australia Rheology Journal June 2002 Vol. 14, No. 2 67 
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chemical additive. On the other hand, when the concen-
tration of chemical additive is sufficiently high the mechan-
ical abrasion is rate-limiting step, which means the
mechanically abraded copper fragments are insufficient
whereas the chemical additives are abundant in the slurry.
Therefore the copper removal rate is not affected by the
amount of the chemical additives. Since we did not include
the mechanical effect in this study, the copper removal rate
in our result is increased when the mechanical abrasion is
rate-limiting step, however, we could observe that when the
chemical reaction is rate-limiting step the removal rate
agrees well with the experimental result. Therefore we
adjusted the concentration of chemical additives below 1.5
wt.% thereafter.

Fig. 7(a) shows the effect of the relative velocity on the
copper removal rate. As the velocity increases, the copper
removal rate also increases at low velocity range but sat-
urates above the critical velocity value. This saturation
result shows a different behavior from the Preston equation
where the removal rate is proportional to the relative veloc-
ity. The reason appears that the Preston equation mainly
focuses on the mechanical abrasion effects. When the rel-
ative velocity is low, the slurry in the pore is fully saturated

by the dissolved copper before the pore exits out of 
wafer, which gives no contribution on the removal 
copper during the remaining time exposed to the wa
Therefore as the relative velocity is increased t
removal rate is also increased because the remaining 
tion of wafer is chemically removed by the unsaturat
slurry in the pore. But when the relative velocity is abo
the critical value, the slurry in the pore remains uns
urated during the time exposed to the wafer, therefore
removal rate does not increase though the relative ve
ity is increased.

The increase of relative velocity induces fast inflow 
fresh slurry into pore containing low concentration of d
solved copper and fast outflow of slurry containing hig
concentration of copper. In Fig. 7(b) and 7(c) it is observ
that the dissolved copper diffuses uniformly throughout 
wafer when the velocity is increased, which means 
increase of planarity of the wafer surface. Moreover 
could observe the increase of surface planarity accordin
the increase of relative velocity.

Fig. 8.Effects of pore aspect ratio on (a) copper removal rate with
CN = 1 vol.% and V= 1.0 m/s and (b) standard deviation of
the concentration flux in the pore after 0.01 normalized time
with CN = 3 vol.%, CF = 5 wt.% and V= 1.0 m/s.

Fig. 9.Effects of slurry film thickness on (a) copper removal ra
with CN = 1 vol.% and V = 0.5 m/s and (b) concentration
flux of dissolved copper along the scaled distance af
0.01 normalized time with CN = 1 vol.%, CF = 1 wt.% and
V = 0.5 m/s.
68 Korea-Australia Rheology Journal
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We have investigated the effects of pore aspect ratio on
the removal rate. Several pads, such as UR100 or SUBA
500 of Rodel Inc. have the pores of large aspect ratio. It is
shown that the copper removal rate has the optimum value
according to the aspect ratio as shown in Fig. 8(a). As the
aspect ratio increases the area of the pore is also enlarged
and therefore we could assume that the diffusion of dis-
solved copper could be more enhanced. But when the
aspect ratio is larger than 1.6 a counter-rotating secondary
eddy at the bottom of the pore begins to appear, which
inhibits the transport of the dissolved copper material and
therefore reduces the copper removal rate. And it is
observed that the surface planarity also has the optimum
value according to the increase of the aspect ratio as shown
in Fig. 8(b).

Fig. 9 shows the effects of the slurry film thickness.
The increase of the slurry film thickness induces the
increase of the slurry inflow, which causes the increase
of the diffusion of dissolved copper and subsequently the
increase of the copper removal rate. But the removal rate
saturates above critical film thickness value. It appears
that this effect behaves similar to the effect of relative
velocity on removal rate. Also the effect of film thick-
ness on the surface planarity also shows similar results to
that of relative velocity. In actual polishing process, the
slurry film thickness is increased as the relative velocity
is increased, so it is assumed to be natural to expect sim-
ilar results between the effects of the relative velocity
and the film thickness.

5. Conclusion

We have studied the effects of chemical reaction on the
polishing rate and surface planarity in copper CMP. The
increase of chemical additives, ferricyanide or ammonium
hydroxide, accelerated the concentration flux of the dis-
solved copper because these chemical additives enhance
the dissolution of copper by chemical reaction. But since
the deviation of the flux along the wafer surface was also
increased, the surface planarity was decreased. As the rel-
ative velocity of the wafer increased, the copper removal
rate also increased at low velocity range but saturates at
high velocity range above the critical value. This phe-
nomenon was caused by the limited copper capacity of the
pore. And we could observe that the uniform planarity of
wafer surface was achieved when the relative velocity was
increased. The copper removal rate was increased as the
slurry film thickness increased more than the critical value.
And the increase of slurry film thickness enhanced the sur-
face planarity. According to the variation of the aspect ratio
of pore, copper removal rate and surface planarity showed
optimum values in the vicinity of 1.6 aspect ratio where the
secondary counter eddy begins to appear. We can conclude
that when the chemical reaction is rate-limiting step, the

result of simulation matches well with the experimen
data.
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