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In this study we have investigated the phenomena of edge rounding in chemical mechanical polishing (CMP) of patterned surfaces
for its potential for creation of different topographies. Hexagonal array of SiO2 cylindrical pillars with 20 mm diameter, 1 mm spac-
ing and �1 mm height was polished under different conditions to form rounded surfaces. The effect of CMP variables: pad and
pressure were studied by polishing these patterned wafers with Politex and IC1000/Suba IV stacked pad at different pressures.
CMP with soft Politex pad led to formation of spherical curvature with radius of curvature dependent on pressure and polishing du-
ration. Radius of curvature as small as 300 mm was obtained at 2.5 psi after polishing for 2 min using Politex pad. The surface evo-
lution dynamics during polishing has been discussed based on contact mechanical model for CMP.
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In the last couple of decades, chemical mechanical polishing
(CMP) has grown from a glass polishing technology to a standard IC
fabrication technique. Chemical mechanical polishing ensured the
miniaturization of integrated circuits by providing an appropriate cop-
per removal technique and also providing flatter wafer surfaces for
next generation lithographic tools. CMP is used in both front-end and
back-end processes, in shallow trench isolation (STI), interlevel
dielectric planarization, local tungsten interconnects, and copper dam-
ascene.1 It is finding application in wafer planarization of nonsilicon
semiconductor materials, e.g., wide bandgap semiconductors like SiC,
GaN for providing damage free substrates.2–4 Research and develop-
ment in CMP has almost totally been toward achieving a better local
and global wafer planarity, lower defectivity, and damage-free surface,
which are the fundamental needs of the semiconductor industry.
Owing to this, chemical mechanical polishing has become synony-
mous with chemical mechanical planarization. Nonplanarizing phe-
nomenon, such as dishing and edge rounding, are categorized as
defects and efforts have been made to reduce or eliminate these
defects. In our recent study, we reported the use of CMP for fabrica-
tion of microlens arrays.5 Microlenses are used in numerous applica-
tions in optical and optoelectronic systems, e.g., in detector and sensor
arrays, optical fiber interconnects, switches, amplifiers, isolators, mul-
tiplexers, attenuators, and imaging flat panel display systems and pho-
tocopiers.6 This inherent nonplanarizing nature has the possibility of
creating curved surfaces, which would open a new avenue for chemi-
cal mechanical polishing, that of a surface shaping process.

The material removal rate during CMP depends on the applied
pressure, linear velocity, the characteristic of the polishing medium
(pad and slurry) and the wafer material. Among these, applied pressure
and properties of the pad are the parameters which affect the contact
pressure during CMP. Material removal at any location in the wafer is
directly proportional to the contact pressure it experiences.7 Contact
pressure is uniform for a featureless flat wafer, whereas for a wafer
with high and low elevation features it varies along the wafer.8–12 Pol-
ishing pad and wafer when brought together under an applied pressure
leads to deformation of the pad along the wafer features. The local de-
formation of the pad determines the local contact pressure and hence
the local removal rate. It has been observed that the initial removal
rate at the edges/corners of a step feature during chemical mechanical
polishing is high leading to rounding of edges. Patrick et al. observed
the polishing rate of a step feature (rate of height reduction) to progres-
sively decrease during a CMP process.8 The decrease in polishing rate
was more prominent at the edge of the step and reduced toward the
center. It can be inferred that as the corners were progressively
rounded, the pressure at the edges decreased, leading to decrease in
the polishing rate. The contact pressure was dynamic and changed

continuously during polishing with change in the topography of the
surface. Chekina et al.9 and Saxena et al.,10 based on two-dimensional
contact mechanical model for CMP of a step feature, predicted a
reduction in variation in contact pressure with the progression of
CMP, until a steady state was reached. The surface shape reached
equilibrium in their model where further polishing did not change the
surface topography.

It is generally agreed that the above phenomena is due to the
conformal nature of the polishing pad, and that softer pads lead to
more edge rounding than harder pads.8,9 In literature, various other
reasons have been attributed to higher polish rate at the edge of a
step feature. Runnels, on his flow based feature scale model rea-
soned the rounding to occur because of high stress generated at the
corners by the flowing slurry.11 Patrick et al. attributed it to the pres-
sure enhancement at the leading edges of the step feature due to the
relative motion of the wafer and pad.8 Chekina et al. based on con-
tact mechanics model suggested that the high initial contact pressure
at the corners due to bending of the pad causes edge rounding.9 In
this work we have studied surface shaping using edge rounding phe-
nomena and the effect of CMP variables on the dynamics of surface
evolution. Nonplanarizing aspects of CMP, steady state as well as
nonsteady state, can be used to shape surfaces with applications in
optoelectronics, tribology, etc.

Experimental

A micron thick plasma enhanced chemical vapor deposition
(PECVD) silicon oxide was deposited on 1 in.2 coupons of soda
lime glass. Silicon dioxide was deposited by flowing nitrous oxide
(N2O) and silane (2% SiH4/N2) gases at a flow rate of 1420 and 400
sccm, respectively. The glass coupons were heated to 300�C while
the chamber pressure was maintained around 550 mTorr. Power was
kept at 60 W at a frequency of 187 kHz for formation of low stress
silicon oxide. The SiO2 layer was patterned using Microposit S1813
photoresist and standard UV photolithography using a Karl Suss
MA6 Aligner with a 365 nm Hg i-line radiation. The pattern con-
sisted of hexagonal arrangement of circular dots of 20 mm diameter
and 1 mm spacing. The samples were etched in 15 sccm SF6 and
5 sccm Ar in a Uniaxis Shuttlelock RIE-ICP reactor under 100 W
DC and 600 W RF power to form cylindrical pillar-type patterns.
Struers Co. TegraPol-35 with TegraForce-5 tabletop polisher was
used for polishing the samples at a down pressure of 2.5, 3.6, 5.4,
and 8.2 psi. The platen and head were rotating in the same direction
at 70 and 30 rpm, respectively. The relative linear velocity between
the pad and the wafer was �0.7 m/s. Two types of pads: Politex
(soft) pad and IC1000/Suba IV (hard) stacked pad supplied by Rodel
Inc. were used for polishing. SiO2 slurry with 5 wt. % loading and
pH 4 made from dilution of Levasil 50cK with nominal particle size
of 80 nm was used for polishing. Slurry flow rate of 50 mL/min was
used during CMP. The surface was characterized using a Veeco
Dimension 3100 atomic force microscopy using contact mode.
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Results and Discussion

Figure 1a shows the AFM image of initial surface profile of the
glass coupons. The cylindrical pillars were of 20 mm diameter and
�700 nm height with interpillar spacing of 1 mm. Figure 1b shows
the image of surface after polishing with soft Politex pad for 2 min.
The nonplanarizing phenomenon during CMP led to formation of
rounded surface profile. CMP of the initial pattern was performed
under different conditions to study the effect of CMP variables and
the dynamics of surface evolution.

Effect of pressure.— Figure 2a shows the line profile of the fea-
ture obtained after 1 min CMP using soft politex pad at different
pressures. The line profile was a typical profile obtained under the
CMP conditions. Both within an array and from coupon to coupon
the variation in height after CMP under similar condition was within
2%. To analyze the nature of surface profiles, parameter R has been
defined. It is the radius of the circle passing through the top of the
feature and point (x,y) along the profile given by R ¼ ðh2 þ r2Þ=2h.
Inset in Fig. 2a shows schematically the representation of R. R is
loosely related to the radius of curvature of the profile. The wide
variations observed in the differential radius of curvature
(R ¼ ð1þ f

0 Þ3=2=f
00
) of the AFM line profiles necessitated the defi-

nition of parameter R. The corresponding variation of parameter R
along the step for various line profiles is shown in Fig. 2b. For sim-
plicity only one-half of the R versus distance plot is shown. The R
values are decreasing outward from the center at all pressures. The
decrease in the value of R toward the edge indicates rounding of
edges. The anomalous low pressure curve is due to flatness at the
top of feature caused by lower polish rate (seen in Fig. 2a). It can be
observed that both the slope of best fit line and the R values are
decreasing with increase in polishing pressure. At higher polishing
pressure the removal rate is higher, the decrease in slope and R
value indicates that as more and more material is removed the
rounding moves from the edge toward the center.

Figures 3a and 3b shows the line profile and the corresponding R
plot after 2 min of polishing with the politex pad. There is a signifi-
cant difference in the plots compared to that obtained after 1 min of
polishing (Figs. 2a and 2b). Significant lateral material removal can
be observed in all the profiles with the initial vertical walls mostly
polished away. The R curves (Fig. 3b) for profiles obtained for sam-
ples polished at low pressures are horizontal where as the R values

of profiles at high pressure is increasing away from the center of the
feature. The slope of the linear fit to the R curves is decreasing with
decrease in pressure till it becomes approximately horizontal at a
pressure of less than 5.4 psi indicating a spherical curvature. The hor-
izontal R curve of samples polished at lower pressure is lower than
those polished at higher pressures. The spherical surface profiles
obtained at lower pressure has smaller radius of curvature than those
polished at higher pressures. High pressure polishing would lead to
curved surfaces faster but better curvature (smaller radius of curva-
ture) and high aspect ratio structures is obtained at low pressures.

Effect of pad.— Figures 4a and 4b shows the line profile and the
R plot of the step feature polished using harder polyurethane IC
1000/Suba IV stacked pad for 2 min at different pressures. The slope
of the R curves is negative for profiles obtained at all pressures with
surface showing higher curvature at low pressures as evident from
decreasing values of R with decrease in pressure. As pointed out in
previous studies, softer pads being more conformal lead to more
edge rounding than harder pads.8–10 After 2 min of polishing using
hard pad, the R curve shows similarity with 1 min polishing using
softer pads with its negative slopes. Also, in contrast to Fig. 3a, the
vertical walls remain intact when hard pad is used, only a small por-
tion at the top of the pillar shows some curvature. It is evident that
for the purpose of surface shaping a softer pad is more desirable.

Effect of time.— A closer look at Figs. 2b and 3b suggests that
the slope of R curves starts with being negative at the start of the
polishing process then slowly it becomes horizontal and then
switches to being positively sloped. The time required for reaching
these different stages varied with pressure. As can be observed, at a
high pressure of 8.2 psi the R curve changes the slope within 2 min
where as at lower pressures the R curves became horizontal after

Figure 1. (Color online) AFM image of the surface before and after CMP
(a) initial profile before polishing and (b) after polishing with Politex pad for
2 min at 2.5 psi.

Figure 2. (Color online) Surface profile and corresponding radius of curva-
ture after 1 min of CMP using Politex pad (a) surface profile obtained at dif-
ferent down pressures (b) the corresponding R curves along with the best fit
lines.
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2 min. The increase in R value outward is probably because of
reduction of step height to an extent where the bottom surface of the
step is also being polished. Further polishing in both cases reduced
the step height further and eventually led to a smooth surface. The
increase in the overall value of R and also the positive slope of R
curve of the profile polished at high pressure (8.2 psi) for 2 min
using politex pad, indicates toward this planarization of surface after
an overpolish. Surface shaping as seen above is more prominent at
low pressures with softer pad where as the exact nature of the sur-
face, i.e., the variation of R along the feature (spherical, elliptical)
can be controlled by the duration of polishing.

Discussion

Chekina et al. developed a numerical formulation for surface
evolution with the progress of CMP based on contact mechanics.9

According to 2D contact mechanics, the surface displacement of the
pad when it is pressed in contact with a rigid wafer with step fea-
tures is given by

wðxÞ ¼ �2ð1� m2Þ
pE

XN

i¼1

ðbi

ai

pðsÞ ln jx� sjdsþ Const [1]

where m is the Poisson’s ratio and E the elastic modulus of the pad,
p(s) the contact pressure, ai, bi are the boundary points of the contact
domain.9 The surface displacement of the pad when pressed against
a step feature is, as expected, dependent on the elastic properties of
the pad, its elastic modulus and Poisson’s ratio, i.e., the conformal
nature of the pad. The model steady state surface profile for a single
step can be derived by integrating Eq. 1. At steady state the removal
rate at every point of the feature is same which implies a uniform
contact pressure [p(s) constant] along the feature. Equation 1 upon
integration under constant contact pressure [p(s)] gives

wðxÞ ¼ �2ð1� m2Þ
pE
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where p* is the contact pressure which is constant throughout the
step, a is the width of the step. Figure 5a shows the plot of the func-
tion ðy� 1Þ lnð1� yÞ � y ln y, 0< y< 1 for various values of the
prefunction coefficient K ½2ð1� m2Þ�=ðpEÞp�að Þ. The prefunction
coefficient K, represents the effect of CMP variables: pad properties
(elastic modulus and Poisson’s ratio), down pressure and pattern
width on the surface profile during CMP. Theoretically, the possibil-
ity of achieving different steady state profiles for a particular step
width by changing the CMP variables can be seen from Fig. 5a.
Decrease in the value of K, which can be caused by high elastic mod-
ulus (hard pad) or low pressure polishing, reduces the rounding
effect. Figure 5b shows the variation of parameter R along the steady
state profile for various values of K. When K is low (high elastic
modulus of pad, low pressure), R decreases from the center of the
step outwards. Higher R in the center region indicates a relatively
flatter step polish. For a particular value of K, R is constant through-
out, which indicates a spherical curvature. At higher K values (low
elastic modulus, high pressure), R is lower at the center indicating a
more curved surface at the center of the step. Equation 2 and the pre-
function constant can be used to get an insight into the surfaces
obtained after polishing with politex and IC1000 pads. In Fig. 2b, the
decrease in R values outward from the center after 1 min of polishing
using politex pad resembles the curves for lower values of K (Fig.
5b). The lowering of R values at high pressure polishing is consistent
with the fact that high K at high pressure gives more curvature. In
Fig. 3a the surface after 2 min of polishing at different pressures
looks similar to profiles obtained for decreasing values of K (Fig.
5a). This will seem like an anomaly particularly because increase in
pressure increases the value of K which is opposite of what the mod-
eled curve depicts. The similarity arises from the high removal rate

Figure 3. (Color online) Surface profile and corresponding radius of curva-
ture after 2 min of CMP using Politex pad (a) surface profile obtained at dif-
ferent down pressures (b) the corresponding R curves along with the best fit
lines.

Figure 4. (Color online) Surface profile and corresponding radius of curva-
ture after 2 min of CMP using IC1000/Suba IV stacked pad (a) surface pro-
file obtained at different down pressures (b) the corresponding R curves
along with the best fit lines.
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at high pressures which has reduced the step height. R plots, which
are a better way of comparing the nature of surface profiles, are hori-
zontal at low pressures where as it is increasing outward at high pres-
sures. This is similar to the trend with decreasing value of K shown
in Fig. 5b, thus the nature of surface profile is similar to that pre-
dicted by the model. The IC1000 pad has higher modulus than the
politex pad which gives a lower value of the prefunction coefficient
K. Low value of K implies higher R values meaning low curvature
surface. It can be observed from Fig. 4b that the R values are compa-
ratively higher when polished with hard pad than that obtained after
polishing with politex pad.

The prefunction coefficient K, along with the polishing period
determines the surface obtained during CMP. The Poisson’s ratio of
both the pads is similar �0.2 where as the elastic modulus of
IC1000 pad (29 MPa) is �sixfold higher than that of Politex pad
(5 MPa).10,12 The K value for Politex will always be �sixfold larger

than IC1000 pad for all pressures and pattern width. The prefunction
coefficient (K) for a step width of 20 mm and pressure of 2.5 psi was
calculated to be 0.007 and 0.042 for IC1000 and Politex pad, respec-
tively. It should be noted that though the K value of the Politex pad
is lower than those plotted in Fig. 5, different curvatures including
spherical were attained. Equation 2 is based on two-dimensional
contact mechanics. It defines the steady state profile after CMP of a
2D step feature with equal elevated and recess width. The width of
recess in a patterned wafer would affect the deformation of the pol-
ishing pad and hence would alter the polishing dynamics. Overall,
the dynamics of the polishing process, the effect of CMP variables,
pad and pressure, seems to follow the modeling trends. The surface,
changes throughout polishing and an intermediate state would give
the desired surfaces under appropriate CMP conditions.

Conclusions

We studied the nonplanarizing phenomena of edge rounding for
creation of surfaces with different curvatures. A softer pad with low
elastic modulus at low pressures is most suited for shaping of surfa-
ces. The dynamics of the polishing process seems to follow the con-
tact mechanical modeling trends. The various CMP variables; pad,
pressure, affect the profiles as predicted by the modeling work of
Chekina et al.9 Various curvatures including spherical were created
by CMP at different stages of polishing. CMP, which till now has
been looked at only as a planarization technique, can be used for
creating different topographies for applications in tribology, optoe-
lectronics etc.

University of Florida assisted in meeting the publication costs of this
article.
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