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face topography at the polishing pads was used to solve the distribution of the hydrodynamic field. A
three-body abrasion wear model for solving the removed thickness of silicon oxide films was also intro-
duced to obtain the removal rate of SiO, film in a chemical-mechanical polishing (CMP) process. The
suction hydrodynamic pressure field expands its region with increasing groove width and decreasing
depth of grooves. The flow rate of the slurry was thus increased, and the removal rate also increased
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Surface topography hydrodynamic pressure. The three-body abrasion for the wear depth of a particle arises from the solid
Wear model contacting pressure and is hence more important than the hydrodynamic pressure. The removal rate of

the SiO, film was dominated by the number of abrasive particles, which was affected by the variation of
the hydrodynamic pressure in addition to the wear depth controlled by the solid contact pressure. The
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thickness of the silicon oxide films removed increased with decreasing grooving width and depth.
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1. Introduction

The chemical-mechanical polishing process (CMP) is a key tech-
nology in the semiconductor industry. A material, like silicon oxide,
is etched by using chemicals and then polished using a mechani-
cal process until it has a smooth and uniform surface. The removal
rate and uniformity are important properties that vary with several
processing factors. These factors can be separated into three cate-
gories: (i) operation conditions, including down force and rotation
speeds of the wafer and polishing pad; (ii) properties of the slurry,
including pH and the viscosity, size, and shape of wear particles;
(iii) properties of the polishing pads, including pattern, asperities,
and mechanical properties. The earliest study on the removal rate
introduced Preston’s equation, R=KP|V| [1], where R is the removal
rate, P is the down force, |V] is the absolute value of relative speed
between a polishing pad and a wafer, and K is a constant. In this
equation, the removal rate is a function of the down force and
relative speed; the chemical and fluid effects are not considered.
Many studies used this model to find the relationship between the
removal rate and operating conditions. McFarlane and Tabor [2]
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discussed the influence of the adhesion effect of wear particles on
the real contact area. Eringen [3] added the micro spinning effect
of wear particles and the stress couple effect of the flow field to the
micro-fluid analysis. Cook [4] replaced the pressure and velocity
parts of Preston’s equation with the normal and shear stresses to
find more correct results for the removal rate. Runnels and Eyman
[5], Runnels [6], and Sundararajan et al. [7] studied the lubrica-
tion parameters and wear rate of the CMP process by solving the
Navier-Stokes equation or the Reynolds equation. This approach
assumes slurry erosion to be responsible for the wear mechanism
and neglects abrasion wear by particles entrapped in the surface of
the polishing pad. The study of Seok et al. [8] described a multistage
model for material removal. This model is based on the defor-
mation of hyper-elastic asperities attached to a linear-elastic pad.
Zhao and Chang [9] developed a model based on the elastic-plastic
micro-contact mechanics and abrasive wear theory. The syner-
getic effects of mechanical and chemical actions are included in
the model. The model reveals some insights into the microcon-
tact and wear mechanisms of the CMP process. Yu et al. [10,11],
Murarka and Gutmann [12], and Lee et al. [13] established micro-
contact models and analysed the contact behaviour between the
polishing pad and wafer with viscous-elastic and plastic contact
models at two rough contacting surfaces. Tichy et al. [ 14] presented
a one-dimensional model to predict the magnitude of measured
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Nomenclature

Fp back force applied by the wafer carrier (N)

Fc contact force (N)

Fp down force (N)

Fp hydrodynamic force (N)

Mg wafer weight (N)

Pg back pressure applied from the wafer carrier (Pa)

P solid contact pressure (Pa)

P hydrodynamic pressure (Pa)

1) attack angle (rad)

v, 0 spinning angles of wafer and pad, respectively (rad)

Rc diameter of wafer (m)

wp, o wafer and polishing pad angular speeds, respec-
tively (rpm)

P hydrodynamic pressure between two contact sur-
faces (Pa)

r,0 cylindrical coordinates

D, @y, flow factorsalongthe rand 6 directions, respectively

Dg, shear flow factor in the r direction

w viscous of slurry

y coefficient of roughness of patterns

hrq, hg  film thickness in and away from groove area

U1y, Uy, Uqg, Upye flow velocities along the r,6 directions at

Awp
3

Ewp

upper (subscript 1) and lower (subscript 2) surfaces,
respectively (m/s)

distance between the centres of the wafer and pol-
ishing pad (m)

flow rates along the r and 6 directions, respectively
pressure produced by the contact load of a solid
applied at the real contact area (Pa)

circular contact area of roughness peaks (m?)
deformation of roughness peaks (m)

effective elastic modulus (Pa)

Ew, Ep, E4 modulus of a wafer polishing pad, and particle of

slurry, respectively (Pa)

vw, Vp, V4 Poisson’s ratio of a wafer polishing pad, and par-

Ry

#(zs)
awp
dc
Hw

ticle of slurry, respectively

curvature radius of the roughness peaks on a polish-
ing pad (m)

Gaussian probability density function

contract radius of roughness peak (m)

critical yielding deformation (m)

surface hardness of a wafer (Pa)

Awae, Awap real elastic and plastic contact areas formed at

Rwa

Rw, Ra

the wear particle and wafer contact region, respec-
tively (m?2)

complex curvature radii of contact roughness peaks
existing at two contact surfaces (m)

curvature radii of roughness peaks on a wafer and a
pad, respectively

Fwae, Fwap contact loads created by elastic and plastic con-

hq
#(za)
Fwa
Py
Awa

SGW

Sap

tact, respectively (N)

contact distance between the surface of a wafer and
a wear particle (m)

probability density function of roughness peaks on
a pad along the altitude direction

contact load created by a wear particle acting on a
wafer (N)

real contact pressure of a wear particle (Pa)
projection area of a wear particle (m?)
deformation created between the particle and wafer
(m)

deformation created between the particle and pad

(m)

Vv relative sliding speed at two contact surfaces (m/s)
t process time (s)

k wear constant

r contact radius of contact roughness (m)

ng concentration of particles of slurry (numbers/m3)
&9 factor of chemical reaction

sub-ambient hydrodynamic pressure in the CMP process. The for-
mation of a subambient hydrodynamic pressure region in part of
the wafer lubrication area was found in the experimental results
of Shan et al. [15] and Levert et al. [16]. An abrasive mechanism in
solid-solid contact model was investigated in the model studied by
Luo and Dornfeld [17]. This model developed for material removal
considered the concentration of active abrasives in the slurry. The
proposed model integrates the process parameters including pres-
sure, velocity, and other important input parameters. The effects
of particles size were investigated in the study of Jeng and Huang
[18]. They proposed a CMP removal rate model based upon a micro-
contact model which considered the effects of the abrasive particles
located between the polishing interfaces. The roughness factor of
the polishing pad and the wear particles in the CMP fluid analy-
sis model have been extensively discussed by Thakurtaa et al. [19],
Vlassak et al. [20], Qin et al. [21] and Wei et al. [22]. In this study,
the model developed by Luo and Dornfeld [17] for the number of
active abrasive particles was improved, and a micro-contact model
was included. High subambient pressures are liable to generate in
the use of a non-grooved pad. Therefore, a large suction force is
formed between the wafer and the pad such that they are often
difficult to separate from each other. The feasible way of lower-
ing the subambient pressure is the applications of different groove
patterns in the pad. In many engineering applications, surfaces are
grooved into different patterns to enhance friction and lubrication
performance. Lloy [23] reported that the patterns of grooves in wet
clutch surfaces affect the drag loss during the disengaged state.
Razzzaque and Kato [24] observed similar results in their exper-
iments and attempted to incorporate grooving effects in squeeze
film analysis. In the studies of Berger et al. [25] the groove effect in
an engagement model was introduced in their analysis; however,
only a small number of radial grooves were considered. Various pat-
terns and shapes of polishing pad grooves can increase the removal
rate and uniformity of wafers. Lin et al. studied analysis models of
the slurry fluid field by using concentric and spot patterns of pol-
ishing pads [26,27]. They solved CMP problem by developing the
average Reynolds equation with flow factors to study the mixed
lubrication arising at a cylindrical coordinate system. A theoretical
abrasive and adhesive wear model was developed to evaluate the
removal rate of the copper film. Subambient hydrodynamic pres-
sure was predicted to be formed in part of the wafer’s lubrication
area.

The present work extends the analyses of the CMP fluid field
of Lin et al. [27] with a three body micro-contact model [28] to
improve the model, and a well removal analysis is also introduced
in the fluid analysing model. The removal rate and uniformity of
wafers were found for several widths and depths of grooves in con-
centric pattern pads. These analysis results were also confirmed
with experimental data obtained from an industrial CMP device.
A referenced tendency of pressure distribution of fluid field in the
geometric design of concentric patterns of a CMP pad is also pro-
vided to find the better design coefficients for removal rate and god
uniformity of SiO, film.
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Polishing Pad

Fig. 1. A sketch of a wafer and polishing pad at steady state.

2. Analysing the model and experiment

The hydrodynamic pressure of a slurry is formed between a
wafer and polishing pad with a small angle of inclination between
the wafer and polishing pad during the CMP process, which is called
the attack angle, ¢, as shown in Fig. 1. This angle leads to hydrody-
namic pressure at the contact surface and allows the slurry to flow
smoothly into the gap between the pad and wafer. The attack angle
cannot be directly controlled; it depends on the kinematical bal-
ance of the CMP device, including force and moment equilibriums.
Equivalent equations obtained from the forces are [27]:

—FB—FD—MgCOS¢+FL+FCZO (1)

where Mg is the weight of a wafer, Fp is the back force applied by the
wafer carrier, Fp is the down force, F; is the hydrodynamic force,
and F¢ is a contact force. The equivalent equations for the moments
are [27]:

2w Rc
(My Jotal = / / pi(r, 0)r% cos(y — 0) drdf
o Jo
21w rRc
+ / / pe(r, O)r? cos(yr — 0) drdé
o Jo

N
— ) ripsAg cos(y — 6;) = 0 2)

i=1

21 rRc
(My)oral = / / pi(r, O)r? sin(y — 0) drd6
0 0
2m Rc
+ / / pe(r, O)r? sin(yr — 0) drdé
0 0
N

=) rippAgsin(y —6,) =0 (3)

i=1

where Py is the hydrodynamic pressure, P¢ is the solid contact pres-
sure, Pg is the back pressure applied by the wafer carrier, R; is
diameter of the wafer, and ¥ and 6 are the spinning angles of the
wafer and pad, respectively. Egs. (1)-(3) were used to calculate the
minimum film thickness, its position, and the attack angle, which
were then used as the initial values in the flow field model. Two
cylindrical coordinates were used to describe the motions of the
wafer and polishing pad, as shown in Fig. 2. The wafer and polish-
ing pad were rotated with angular speeds wp and w¢, respectively,
in the counter-clockwise direction.

The depth of the groove is much greater than the surface rough-
ness. The surface asperities can thus be ignored on the polishing
pad in the region with grooves. The roughness effect in the flow
field model is still considered for the region without grooves. From
Lin et al. [27], a Reynolds equation that considers both the smooth-
ing hydrodynamic pressure and the pattern effect at the polishing
pads is:

d ap 10p 0 ap 10dp
ol (%) (G8)] [ (%) o (538

0 0
= —(F)+ —(F 4
ar( 1) 80( 2) (4)
where
by = TP (N e hyg) he g = Bla = By rBf(N, e, hg) ha + Iy (5a)
! 121 ho +hg 20 hae+hy
Hy — r®f(N, e, hr) 1 *ﬁﬂtanyh“ -h 4 TBf(N, e, hg) 1- B A ha = 15,
2 121 T-«a ho +hg 120 1-a ho +hp
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Dyf(N, e, hyq) m f(N, e, hg) m
+ M o1 a)ha+hﬂ v o1 a)m (5f)

where the coefficients hq, hg, and m and the function f{N, e, h;4) are
written as:

he = (1 — a)h3 + (a)h?, (6a)
hg = (1 - B)h3 + ph2, (6b)

Polishing Pad

Fig. 2. Coordinates of a wafer and a pad.
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m = [-6rwc(hg + hyg) — 6wp(r + Ry cos O)(hg + hyy)]
+6(hg + h4)Rqwp sinf cot y (6¢)

f(N, e, hyg) = h3, + 12€*h,4 — 6Neh2 Coth (N;erd> (6d)

Here, P is the hydrodynamic pressure formed between the wafer
and polishing pad, r and 0 are the cylindrical coordinates, @, and
@y are flow factors along the r and 6 directions, respectively, @s; is
the shear flow factor in the r direction, x is the viscous of slurry, and
y is the parameter of the roughness patterns. ¥ =Ags5:/Ag50 - Lo5r
and Ag g are the self-correlation functions of the surface asperities
along the r and 6 directions, respectively. hg and h,4 are the film
thicknesses at the regions with and without grooves, respectively.
Uy, Uy, Ugg, and Uyg are the flow velocities along the r,0 directions at
upper and lower surfaces, respectively. R; is the distance between
the centres of the wafer and polishing pad. & and § are flow rates
along the r and O directions, respectively; they were assumed to
be equal. The boundary equation was given as follows: when the
radius from the centre of the wafer, r, is equal to the radius of the
wafer, Rc, the hydrodynamic pressure is equal to the atmosphere
pressure (1atm). Based on Eq. (1), the hydrodynamic pressure can
be obtained using the finite difference method. The fluid velocity
and the flow rate at any position in the flow field can be obtained by
using the gradient of the hydrodynamic pressure and the boundary
velocity.

The deformation of a polishing pad was assumed under the elas-
tic limit. The contact pressure produced by the roughness of pads
can thus be obtained by the elastic contact theory as [28]:

P 4 Ewp

WP= 53— 375
3 n(Rp)!/?

where Pyyp is the pressure produced by the contact load of a solid

applied at the real contact area, Ayp. d is the compressible defor-
mation of the roughness peaks, § = z; — h. Eyp is the effective elastic

modulus:
1-12, 1-12\ "
Ewp = ( Yo+ P> (8)

/ i (zs — h)'/% - p(z5) dzs (7)
h

Ew Ep

where Eyy and vy, are the modulus and the Poisson’s ratio of the pol-
ished surface of the wafer, respectively. E, and v, are the modulus
and the Poisson’s ratio of the roughness peaks on the polishing pad,
respectively. R is the radius of curvature of the roughness peaks
on a polishing pad, and ¢(z;) is the Gaussian probability density
function.

L exp (-2 (©)
o2 202
The contact radius of the surface roughness produced by the pad

and wafer, ayp, is:
awp = (Rp)'/*(8)"/? (10)

P(zs) =

An elastro-plastic model was used to simulate wear particles
contacting the wafer surface. Several assumptions were used to
modify the behaviour of the wear particles. (1) Wear particles were
distributed uniformly on the wafer and polishing pad; a surface
roughness that consists of wear particles was homogeneous and
independent of time. (2) The Gaussian distribution function was
used to describe the distribution of wear particles on roughness
peaks. (3) The contact behaviour of the roughness peaks between
the wafer and pad was elastro-plastic contact. (4) The radii of cur-
vature of the roughness peaks on the pad were assumed to be equal.
(5) The roughness peaks were independent of each other. (6) The
hydrodynamic pressure and fluid film did not exist in the contact

region. The Hertz contact theory was used to describe the contact
behaviour of the roughness peaks [28]. Tabor [29] showed that for
the elastic deformation formed at all roughness peaks of two rough-
ness plates, the average contact stress was P, = K:H, where H is the
hardness of the softer material and K. is a constant. The critical
yielding deformation, &, can be written as:

_ (mKcHw \?
b = () Ru (1)

Es and v, are the elastic modulus and the Poisson’s ratio of the
wear particles, respectively. Hyy is the hardness of the wafer on the
polishing side. The real contact area formed by a particle in contact
with a wafer surface can be written as [30]:

Awa(ha) = Awae(ha) + Awap(ha)

ha+6¢
= JTRWA / (Za — ha)¢W(Za)dZa
ha

o]

(12)

dw(2(zqg — ha) — 8c)(za) dzq

ha+dc

+ TI.'RWA

where Awge(hq) and Awap(hq) are the real elastic and plastic contact
areas formed at the wear particle and wafer contact regions, respec-
tively. Ry is the complex radius of curvature of the roughness
peaks and is written as:

Rg= (- + 1) 13
WA= (Rw * RA) (13)
where Ry and R, are the radii of curvature of the roughness peaks
on the wafer and pad, respectively. The value of R, is half of the
secondary particle size. The elastro-plastic contact load of a wear
particle is written as:

Fwa(ha) = Fwae(ha) + Fwap(hq)

4 hq+8¢ 15
= 3 EwaRij; / (Za = ha)' *$(za) dza
ha

(14)

+ tKcHw Ry / (2(zq — ha) — 8c)P(za) dzq

ha+0¢

where Fyae(hq) and Fyap(hg) are the contact loads created by elastic
and plastic contact, respectively, which act on the real contact area
between the wafer and pad. h, is the distance from the surface of a
wear particle to the wafer. ¢(z,) is the probability density function
of roughness peaks on a pad along the altitude direction.

The contact load created by a wear particle acting on the wafer,
denoted as Fyy,, can be obtained by the contact pressure, Py, cre-
ated by the contact between the wafer and pad, and the projection
area of a wear particle, Aya. Fywa can thus be written as:

Fwa = PwaAwa = Pwamt(Ra)? (15)

From this equation, the real contact pressure of a wear particle, Py,
can thus be written as:
F, F,
_fwa _ _fwa . (16)
Awa  7(Ra)

Pya

The removal rate of wafers, RR, is usually defined as the average
removed thickness per unit time. Fig. 3 shows a wear particle acting
on a flat plate. x is the contact length of the particle and specimen.
daw is the deformation created by the particle and wafer. dgp is the
deformation created by the particle and pad when the removal area
of a particle at the surface of the wafer, AS, is very small. The wear
volume of a particle is written as:

AV =k ASVt ~ kVtSawr/ Sawx (17)
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Fig. 3. A sketch of the wear volume of a particle.

where V is the relative sliding speed, t is the wear time, and k is a
constant of wear. With the use of Eq. (17), the removal rate is:

RR — A\_/Tla _ kvgau\/ SquXNg (18)

Ant An

where ng is the concentration of particles. Xie and Williams [31]
introduced the attack angle, 6, formed between a particle and wafer
as shown in Fig. 3, which affects the wear volume. When the attack
angle, 0, is less than 15°, and the pressed depth of a wear particle
is assumed to be very small compared to the diameter of a particle,
the wear constant k can be written as:

~ 3 Saw
k~2V (19)

The removal rate can be rewritten as [30]:

2 Xmax
RR = 25000y / da(x) dx (20)
AR "

max*aap

where 7, is the number of particles of contact area. ¢q (x) is the
Gauss density function. &g is introduced as a chemical factor in the
removal rate function, RR. If the chemical factor g = 1, which means
that non-chemical effect occurring at the contact area.

3. Results and discussion

The numerical calculation flow chart is shown in Fig. 4. The force
and moment equations were used to solve for the minimum slurry
film thickness, spinning angle ¢, and attack angle ¢ as initial con-
ditions. The Reynold’s equation, considering both the smoothing
hydrodynamic pressure and the pattern of the pad, was solved to
obtain the hydrodynamic pressure distribution, and the solid con-
tact pressure was used to obtain the applied normal load. Then
the force balance equation was iterated until it converged. The
wear theory of particles was then used to obtain the distribution
of the removal rate of the silicon oxide film, which varied with
the pattern of concentric pads in the radial direction. All coeffi-
cients of the material and the operating conditions are shown in
detail in Tables 1 and 2, respectively. In the analysis model, sev-
eral parameters were obtained from experimental measurements,
including the hardness of the wafer and pad and particle size and
concentration in the slurry. The experiment was conducted on a
commercial CMP device. The rotational speed of the pad and wafer
carrier was 90 rpm counter-clockwise. The down force was 1 psi,
or about 6.896 kPa. The polishing duration time for each wafer was
40s. Because slurry filled in the clearance between the wafer and
pad, the fluid behaviour of slurry in this gap between the wafer and
pad can be considered as a fully developed flow.

Many factors affect the removal rate and uniformity of the sili-
con oxide film treated by the CMP process. A new theoretical model
was established and presented to analyse the fluid field, removal
rate and uniformity, which varied with the groove depth and width

Input operating data of CMP process

I

Balance equations of forces and moments used to solve the
minimum film thickness, spinning angle, and attacking angle.
A

Average contact pressure of roughness

peaks of a pad
Kept
iteration
Y until
The deformation theory of solutions
polishing pads converged

A 4

Reynold’s equation considered both with smoothing
hydrodynamic pressure and pattern effect in polishing pads.

A4

Wear theory used to obtain the removing rate of a
silicon oxide film

v

Output data, including hydrodynamic pressure, solid
contacting nressure. and removal rate.

Fig. 4. Flow chart of the CMP model.

Table 1

The material properties and conditions used in the numerical calculation.
Nanohardness of the SiO, film wafer without a passivation layer, 10.88

E. (GPa)
Young’s modulus of the SiO, film wafer without a passivation 72.4
layer, E,, (GPa)

Poisson’s ratio of the SiO, film, vy, 0.2
Young’s modulus of abrasive particles (Al,03), E, (GPa) 393
Poisson ratio of abrasive particles (Al,03), v, (GPa) 0.27
Mean radius of abrasive particles (Al,03), Ry (um) 0.2
Young's modulus of pad’s asperities, E, (MPa) 100
Poisson ratio of pad’s asperities and substrate, v, and v 0.3
Young’s modulus of pad’s substrate, Eps (MPa) 2.4
Viscosity of the slurry (Ns/m?) 0.001
Standard deviation of pad’s roughness heights (um) 15
Mean radius of curvature for pad’s roughness heights, R, (um) 50
Pad’s asperity density, ns (1/m?) 4.3 x 107
Distance between the centres of wafer and pad, Rd (m) 0.6096
Wafer radius, R; (m) 0.3048
Density of the slurry before dilution, ps (g/mm?3) 1x1073
Density of abrasives, p, (g/mm?) 4x1073
Average volume of a single abrasive, V, (um?3) 14x10°2
Mean height of a single asperity, [ (m) 1.5x 107>

Table 2
The operation conditions used in the study.

Polishing pad Rodel Politex Regular E (I1C1400)

Down-force pressure 6.896 kPa
Back Pressure 10.34 kPa
Platen speed 90 rpm
Carrier speed 90 rpm

Slurry flow rate 150 x 10~% m?/min

Plating temperature 37°C
Polishing time 40s
Pre-wet duration 20s

300 x 1075 m3/min
Manual brushing

Pre-wet flow rate
Pad condition
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Width: 1.2 mm ; Depth:1.7 mm
Pitch: 4 mm ;Area Ratio: 29.36 % Hydrodynamic Pressure : kPa

ad Grooves Properties
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Fig. 5. Contour diagram of hydrodynamic pressure varying with different conditions of concentric grooves on a dimensionless wafer area: (a) width is 0.7 mm, depth is
1.7 mm, groove pitch is 4 mm, and area ratio of grooves on a pad is 17.15%; (b) width is 1.2 mm, depth is 1.7 mm, groove pitch is 4 mm, and area ratio of grooves on a pad is
29.36%; (c) width is 1 mm, depth is 1.2 mm, groove pitch is 6 mm, and area ratio of grooves on a pad is 16.06%; (d) width is 1 mm, depth is 2.3 mm, groove pitch is 6 mm, and
area ratio of grooves on a pad is 16.06%; (e) width is 1 mm, depth is 1.2 mm, groove pitch is 4 mm, and area ratio of grooves on a pad is 24.48%.
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Fig. 6. Contour diagram of solid contact pressure varying with different conditions of concentric grooves on a dimensionless wafer area: (a) width is 0.7 mm, depth is 1.7 mm,
groove pitch is 4 mm, and area ratio of grooves on a pad is 17.15%; (b) width is 1.2 mm, depth is 1.7 mm, groove pitch is 4 mm, and area ratio of grooves on a pad is 29.36%;
(c) width is 1 mm, depth is 1.2 mm, groove pitch is 6 mm, and area ratio of grooves on a pad is 16.06%; (d) width is 1 mm, depth is 1.2 mm, groove pitch is 4 mm, and area

ratio of grooves on a pad is 24.48%.

and the arearatio of the concentric groove pads. The area ratio is the
area of the grooves divided by the area of the whole pad. A high area
ratio indicates that a higher groove area existed on a pad, the real
contact area formed at a wafer and pad. In this study, the removal
rate varied with the radii of the wafer according to the theoreti-
cal analyses and was confirmed with the experimental data, which
provided the correction of the numerical data.

3.1. The hydrodynamic pressure

Particles in slurry move with the flow direction of the fluid
field, which varies with the gradient of the hydrodynamic pres-
sure. When the variation of the hydrodynamic pressure is large, the
motion of particles is violent, and a good uniformity of a polished
wafer can thus be obtained. The distribution of the hydrodynamic
pressure formed at the contact area affects the flow direction of the
slurry; the number of abrasive particles at the contact area thus
varies with it. Fig. 5 shows the contour graphs of hydrodynamic
pressures varying with grooving width, depth, pitch, and area ratio.
The arearatio of a pad varies with the groove width and the pitch of

the grooves. In Fig. 5, the distribution of the hydrodynamic pressure
can be separated into negative and positive fields. In the positive
pressure field formed at the contact area between the wafer and
pad, the fluid pressure forms to separate these two contact sur-
faces; the slurry can thus flow into the contact area. Otherwise, the
negative hydrodynamic pressure, also named the suction pressure,
allows these two contact surfaces, that is, the wafer and polishing
pad, to be in contact, and thus the abrasive particles can remove
material. The polishing behaviour thus occurs mainly at the neg-
ative pressure field. Contour lines formed several eddies at and
near the centre of the pad; the flow rate of the slurry thus became
lower than that in the other area. Neither the negative nor the
positive hydrodynamic pressure regions nor the pressure gradient
increased with grooves of greater width, as shown in Fig. 5(a) and
(b), or shallower depth, as shown in Fig. 5(c) and (d). These phenom-
ena indicate that a narrow groove width means the slurry cannot
flow out smoothly. Deeper grooving depth also let the slurry stay at
the groove for a longer time instead of flowing out. The slurry thus
filled the gap between the wafer and pad, and the suction and pos-
itive pressures were hence decreased. Fig. 5(c) and (e) shows that
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the hydrodynamic pressure varies with different groove pitches,
which vary with the area ratio of the pad. Comparing these two
figures, the distributions of the hydrodynamic pressure seem sim-
ilarly, and the flow of the slurry does not vary significantly with
different groove pitches.

3.2. The solid contacting pressure

Fig. 6 shows the distributions of that solid contacting pressures
varying with groove width, depth, pitch, and area ratio of the con-
centric grooved pad on the dimensionless contact area of the wafer.
Different groove widths, depths, and pitches only slightly affect the
distribution of the solid contacting pressure. However, their val-
ues are much higher than the hydrodynamic pressure, as shown in
Fig. 5. Because the total pressure applied at the contact area is the
sum of the solid contacting pressure and the hydrodynamic pres-
sure, the abrasive effect for the wear depth of a particle due to the
solid contacting pressure is hence more important than hydrody-
namic pressure. However, the removal rate is also affected by the
number of abrasive particles in the slurry, which increases with
increasing gradient of hydrodynamic pressure.

3.3. The removal rate and uniformity of SiO, film

Fig. 7 shows the removed thickness of the SiO, film varying with
the dimensionless radius of the wafer area and the geometrical
parameters of the polishing pads, including groove width, depth,
pitch, and arearatio. Fig. 7(a) and (b) are the groove pitches of 4 mm
and 6 mm, respectively. These two figures show that the results of
analysis and experiments are well matched, especially in Fig. 7(a).
The value of the removed thickness near the centre of the wafer is
lower than those at other positions. This is due to the distribution
of the hydrodynamic pressure, which forms several eddies near
the centre, which let the slurry quickly flow into the area and thus
decreases the number of abrasive particles. The removal rate was
also affected by the effective density of particles and not only by
the wear depth controlled by the solid contacting pressure. The
removed thickness of silicon oxide films increased with decreasing
width and depth of grooves, as shown in Fig. 7(a) and (b). A narrow
groove decreases the area ratio of grooves on a pad and increases
the contact area of wear particles. A shallow groove lets more slurry
and particles stay on the pad surface, making the slurry flow more
violent due to a higher gradient of the hydrodynamic pressure
field, as shown in Fig. 5(c) and (d). In the study of Lin et al. [27],
the application of concentric grooves in general lowered the suc-
tion pressure (negative pressure) formed between the pad and the
wafer, elevated the removal rate and reduced the non-uniformity.
However, the influences of the groove depth on the removal rate
and non-uniformity become insignificant when the depth is exces-
sively large because the operating speed was 35 rpm in the study of
Linetal.[27], but the machine here was operated at 90 rpm, which is
twice as high. The distribution of the hydrodynamic pressure anal-
ysed at 35rpm in Lin’s study [27] varied more smoothly than that
obtained at the speed of 90 rpm, as shown in Fig. 5. They also indi-
cated that the removal rate was reduced by increasing the groove
width such that it finally approached the result of a non-grooved
pad, which is the same as our findings, as shown in Fig. 7(a) and (b).
Several situations were not considered in the proposed model, like
the flatness of the polishing pad and the starvation effect without
grooves. This may be a result of the assumption that the slurry must
fill in the clearance between the wafer and pad. In a wide pitch pad,
starvation may decrease the hydrodynamic pressure, but this phe-
nomenon cannot be found in Fig. 5(c) and (e). However, starvation
behaviour was not considered in the proposed CMP model, which
led to estimation error in the removal rate calculation results. More
calculation error can be found in Fig. 7(b). Fig. 7 shows that the opti-
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Fig. 7. Removal rates varied with different geometrical conditions of concentric
grooves were obtained from experiments and theoretical analyses and comparing
with each other: (a) groove pitch is 4 mm, and (b) groove pitch is 6 mm.

mum conditions of a concentric pad for silicon oxide polishing are a
width of 1 mm, a depth of 1.2 mm, and a pitch of 4 mm for a removal
rate of 3100 A/min and a non-uniformity of under 5%.

4. Conclusion

The design factors of concentric grooves, including width, depth,
and pitch, were considered in this study. A CMP analysis model
was developed and compared with experimental results. Several
conclusions were obtained:

1. Thevalue of the solid contact pressure is much higher than that of
hydrodynamic pressure. The experimental and analytical results
show that the removal rate was also dominated by the effective
density of particles, which was affected by the gradient of hydro-
dynamic pressure variation and did not only arise from the effect
of the wear depth, which was dominated by the solid contact
pressure.

2. The suction hydrodynamic pressure field expands its region with
increasing width and decreasing depth of grooves. The flow rate
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of the slurry was thus increased, also increasing the number of
abrasive particles.

3. The analytical results were consistent with the experimental
results when the grooving pitch was 4 mm. The removed thick-
ness of the silicon oxide film increased with decreasing width
and depth of grooves. The optimum conditions of a concentric
pad for silicon oxide polishing are a width of 1 mm, a depth of
1.2 mm, and a pitch of 4 mm for a removal rate of 3250 A/min
and a non-uniformity of under 5%.
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