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Abstract - The study explores the effect of different abrasive particle sizes of slurry on the abrasive removal depth and 
surface roughness of sapphire wafer for chemical mechanical polishing using pattern-free polishing pad and hole-pattern 
polishing pad. Through experimental results of chemical mechanical polishing, with pattern-free polishing pad and hole-
pattern polishing pad, regression equations for the average abrasive removal depths with abrasive particle sizes of slurry is 
obtained. From the experimental results and regression analysis, it is found that the increasing abrasive particle sizes of 
slurry, the average abrasive removal depth and is decreased and surface roughness is decreased. Besides, the surface 
roughness of using pattern-free polishing pad is smaller than that of using hole-pattern polishing pad with the same abrasive 
particle size of slurry. The abrasive removal depth of using pattern-free polishing pad is greater than that of using hole-
pattern polishing pad with the same abrasive particle size. As seen from the current experimental results, when the abrasive 
particle size is smaller, under the same volumetric concentration of slurry there are more abrasive particles in the slurry, and 
hence a better abrasive removal amount will be achieved. Besides, when the abrasive particles of polishing slurry are 
smaller, under the same volumetric concentration of slurry, since there are more abrasive particles in the slurry, the scratches 
on the surface tend to be increased. Therefore, the surface roughness will be increased. 
 
Keywords -Chemical Mechanical Polishing, Sapphire Wafer, Abrasive Removal Depth, Surface Roughness, Abrasive 
Particle Size 
 
I. INTRODUCTION 
 
The planarization process of sapphire wafer usually 
used the chemical mechanical polishing (CMP). 
Slurry with the abrasive particles was added in the 
CMP experiment. The pattern of polishing pad for 
CMP used in polishing sapphire wafer would affect 
the abrasive removal depth and the condition of 
sapphire wafer surface. In 1927, Preston [1] presented 
the CMP abrasion theoretical model as MRR=KPV, 
where MRR is the material removal rate, P is the 
pressure used, V is the relative speed of the wafer to 
the polishing pad and K is the Preston constant. The 
contact condition between abrasive particles and 
wafer surface was proposed by Cook [2]. And 
hereplaced the pressure and speed in Preston’s 
equation with the positive stress and shear stress of 
the contact surface between the abrasive particles and 
the wafer. Chekina and Keer[3] used contact 
mechanics to analyze the relationship between wafer 
surface morphology and contact pressure in the CMP 
wearing process under steady conditions and 
determined that the effect of planarization is related 
to geometric unevenness in a surface and different 
surface materials. Jiang et al. [4] used a two-body 
wear model for rough surfaces in contact and defined 
the wear energy of a material. The asperity peak for a 
rough surface was presumed to be conical and the 
asperity distribution a Gaussian distribution. Jongwon 
et al. [5] developed a contact deformation effect 
model for abrasive particles and derived a volumetric 

removal model for individual abrasive particles. Lin 
and Chen [6] developed a method to calculate 
polishing times for chemical mechanical polishing 
that uses binary image pixel division. Lin et al. [7] 
used a pattern-free polishing pad and a hole-pattern 
polishing pad with different downward forces, 
rotation speeds and slurry volumetric concentrations 
to observe the removal amount of sapphire wafer. 
Wei et al. [8] developed a mathematical model of 
material removal rate (MRR) to investigate the 
chemical action during chemical mechanical 
polishing (CMP) of ultra-thin SUS304 substrate 
(thickness<0.1 mm) based on the theoretical analysis 
and the experiments. AFM is generally used for 
measuring and observing conductive and 
nonconductive surface patterns. AFM probes can be 
used as cutting tools to nanocut the material in 
semiconductors, optoelectronics, and metal surfaces. 
(Tseng et al. [9]). Abovementioned studies do not 
explore the abrasive removal depth and surface 
roughness of sapphire wafer are affected by different 
abrasive particle sizes of slurry for chemical 
mechanical polishing with pattern-free polishing pad 
and hole-pattern polishing pad. 

 
II. DETAILS EXPERIMENTAL  
 
2.1. Experimental Apparatus and Materials for 
CMP 
This study conducted a conventional CMP 
experiment that used SiO2 abrasive particles to polish 
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2-inch sapphire wafers. The machine that was used 
was the PM-5 polisher, which is produced by the 
Logitech Company. The polisher is located in the 
Precision Manufacturing Laboratory of the National 
Taiwan University of Science and Technology. The 
polishing pad was a pattern-free polishing pad WEC-
2000 and a hole-pattern polishing pad WEC-2000P, 
with their diameters being 16” and 15” respectively. 
Before use, the polishing pads were first cut to be 
300mm and adhered onto the polishing disc made of 
aluminum. The abrasive particle sizes are 0.02um, 
0.05um, 0.06um which is produced from the Sun 
Chion Company. The rotational speed of the 
polishing pad and the wafer carrier were both 60 rpm. 
The downward force of PM-5 polisher machine in the 
CMP experiments for setting downward force was 
8kg. The pattern-free polishing pad and the hole-
pattern polishing pad are shown in Fig.1. and Fig.2. 
respectively. At downward force 8kg, there are 3 
sapphire wafer samples polished for each abrasive 
particle size are 0.02um 、 0.05um 、 0.06um of 
slurry, with each sample polished for 30 minutes. 
 

 
Fig.1. Pattern-free polishing pad 

 

 
Fig.2. Hole-pattern polishing pad 

 
A precision electronic balance was used to measure 
the weight of the pre-polishing wafer. Subtracting the 
post-polishing weight from the pre-polishing weight 
gives the abrasive removal weight for the experiment. 
Dividing the abrasive removal weight by the density 
of the sapphire wafer gives the abrasive volume 

removed. Dividing the polishing volume removed by 
the area of sapphire wafer gives the average abrasive 
removal depth. The average abrasive removal depth 
of different abrasive particle sizes obtained from this 
CMP experiment by using pattern-free polishing pad 
and hole-pattern polishing pad were further taken the 
regression analysis and obtained the regression 
equation for analysis. 
 
2.2. Experimental Apparatus for AFM of Sapphire 
Wafer 
AFM experiments of surface roughness of sapphire 
wafer for CMP using different abrasive particle sizes 
with pattern-free polishing pad and hole-pattern 
polishing pad were conducted using the Dimension 
3100 atomic force microscope (Veeco, Digital 
Instruments) in the Nano Lab at Tungnan University, 
Taiwan. The AFM probe that was used in the 
experiment is a DT-NCHR diamond-coated probe. 
The thickness of the diamond coat was approximately 
100 nm and the hemispherical tip of probe had a 
spherical radius of approximately 150 nm. 

 
III. EXPERIMENTAL RESULTS 
 
3.1. Abrasive Removal Depth of Pattern-free 
Polishing Pad and Hole-Pattern Polishing Pad 
Some results are obtained from the CMP experiment 
of pattern-free polishing pad and hole-pattern 
polishing pad. For the pattern-free polishing pads 
being polished for 30 minutes, the abrasive removal 
depth of the one with abrasive particle size 0.06μm is 
212.341nm/30min., the abrasive removal depth of the 
one with abrasive particle size 0.05μm is 
224.832nm/30min., and the abrasive removal depth 
of the one with abrasive particle size 0.02μm is 
296.778nm/30min. As to the hole-pattern polishing 
pads, the abrasive removal depth of the one with 
abrasive particle size 0.06μm is 212.341nm/30min., 
the abrasive removal depth of the one with abrasive 
particle size 0.05μm is 224.832nm/30min., and the 
abrasive removal depth of the one with abrasive 
particle size 0.02μm is 287.784nm/30min. Therefore, 
for pattern-free polishing pads, the abrasive removal 
depths per minute are 7.078mm/min. at abrasive 
particle size 0.06μm, 7.494nm/min. at abrasive 
particle size 0.05μm, and 9.893nm/min. at abrasive 
particle size 0.02μm.  As to hole-pattern polishing 
pads, the abrasive removal depths per minute are 
7.078mm/min. at abrasive particle size 0.06μm, 
7.494nm/min. at abrasive particle size 0.05μm, and 
9.593nm/min. at abrasive particle size 0.02μm, as 
shown in Table 1. As seen from Table 1., a smaller 
abrasive particle size will result in a greater abrasive 
removal depth per minute.  This is because under the 
same volumetric concentration 50% of slurry, a 
smaller abrasive particle size under the same slurry 
will probably bring about more abrasive particles, so 
that the abrasive removal depth will be greater. 
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Table1:Abrasive removal depths of pattern-free polishing pad 
and hole-pattern polishing pad (downward force 8kg, 

rotational speed 60rpm, volumetric concentration 50% of 
slurry) 

 Abrasive removal 
depth(nm/min) 

Abrasive Particle 
size (μm) 

Pattern-
free 

Hole-pattern 

0.06 7.078 7.078 
0.05 7.494 7.494 
0.02 9.893 9.593 

 
3.2. Roughness (Ra) of Pattern-free Polishing Pad 
and Hole-Pattern Polishing Pad 
The surface roughness (Ra) of a pattern-free 
polishing pad with abrasive particle size 0.06μm 
(downward force 8kg, rotational speed 60rpm, 
volumetric concentration 50% of slurry) is 0.116nm 
obtained from AFM experimental result, as shown in 
Fig.3. The surface roughness (Ra) of a pattern-free 
polishing pad with abrasive particle size 0.05μm 
(downward force 8kg, rotational speed 60rpm, 
volumetric concentration 50% of slurry) is 0.125nm 
obtained from AFM experimental result. The surface 
roughness (Ra) of a pattern-free polishing pad with 
abrasive particle size 0.02μm (downward force 8kg, 
rotational speed 60rpm, volumetric concentration 
50% of slurry) is 0.158nm obtained from AFM 
experimental result. The surface roughness (Ra) of a 
hole-pattern polishing pad with abrasive particle size 
0.06μm (downward force 8kg, rotational speed 
60rpm, volumetric concentration 50% of slurry) is 
0.168nm obtained from AFM experimental result, as 
shown in Fig.4. The surface roughness (Ra) of a hole-
pattern polishing pad with abrasive particle size 
0.05μm (downward force 8kg, rotational speed 
60rpm, volumetric concentration 50% of slurry) is 
0.179nm obtained from AFM experimental result. 
The surface roughness (Ra) of a hole-pattern 
polishing pad with abrasive particle size 0.02μm 
(downward force 8kg, rotational speed 60rpm, 
volumetric concentration 50% of slurry) is 0.221nm 
obtained from AFM experimental result. 

 
Fig.3.Surface roughness (Ra) of a pattern-free polishing pad 

with abrasive particle size 0.06μm (downward force 8kg, 
rotational speed 60rpm, volumetric concentration 50% of 

slurry) 

 
Fig.4. Surface roughness (Ra) of a hole-pattern polishing pad 

with abrasive particle size 0.06μm (downward force 8kg, 
rotational speed 60rpm, volumetric concentration 50% of 

slurry) 
 
From abovementioned, we can find that the smaller 
the abrasive particle size, the greater the surface 
roughness (Ra). This is because under the same 
volumetric concentration of slurry, a smaller abrasive 
particle size will bring about a greater number of 
abrasive particles. Therefore, the scratches on the 
surface will be more, and a greater surface roughness 
will be produced. 
 
3.3. Comparison Between Pattern-free Polishing 
Pad and Hole-Pattern Polishing Pad 
The above experimental results are summarized in 
tables. Table 1. shows the comparison of abrasive 
removal depth between pattern-free polishing pad and 
hole-pattern polishing pad, and Table 2. shows the 
comparison of surface roughness between pattern-
free polishing pad and hole-pattern polishing pad. As 
seen from Table 1., the abrasive removal depth of a 
hole-pattern polishing pad with abrasive particle size 
0.02μm is smaller than the abrasive removal depth of 
a pattern-free polishing pad.  
This is because the hole-pattern polishing pad has 
holes, with the smallest abrasive particle size being 
0.02μm, and at the places of holes there is no 
grinding or polishing effect, so that its abrasive 
removal depth per minute is smaller. As seen from 
Table 2., the surface roughness of the hole-pattern 
polishing pad is greater than the surface roughness of 
the pattern-free polishing pad. And when the abrasive 
particle size of polishing slurry is smaller, under the 
same volumetric concentration of slurry, since there 
are more abrasive particles in the slurry, the scratches 
on the surface tend to be increased, thus producing a 
greater surface roughness. As to the hole-pattern 
polishing pad, since there are holes on the surface, 
when the abrasive particles go through the holes 
during CMP, there is no grinding effect, and the 
edges of holes are scratched. As a result, its surface 
roughness is greater than the surface roughness of 
pattern-free polishing pad. 
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Table 2:Comparison of surface roughness between pattern-free 
polishing pad and hole-pattern polishing pad (load 8kg, 

rotational speed 60rpm, volumetric concentration 50% of 
slurry) 

 
3.4. Regression Analysis 
The surface roughness (Ra) of a pattern-free 
Regression analysis was made for the above 
experimental results. The regression analysis results 
of the abrasive removal depth of pattern-free 
polishing pad are shown in Table 3. and Fig.5. In the 
Table 3., x denotes the abrasive particle size, and y 
denotes the abrasive removal depth per minute. Its 
regression equation is: y = -72.588x + 11.301; R-
square is 0.989; and average residual is 0.051. Since 
its R-square tends to be 1, the analysis is considered 
reasonable. The difference between its experimental 
value and the theoretic value of regression is quite 
small, as shown in Table 3., implying that the 
regression equation is reasonable and acceptable. The 
regression analysis results of abrasive removal depth 
of hole-pattern polishing pad are shown in Table 4. 
and Fig.6. In the Table 4., x denotes the abrasive 
particle size, and y denotes the abrasive removal 
depth per minute. Its regression equation is: y = -
72.588x + 11.301; R-square is 0.989; and average 
residual is 0.051. Since its R-square tends to be 1, the 
analysis is considered reasonable. The difference 
between its experimental value and the theoretic 
value of regression is quite small, as shown in Table 
4., implying that the regression equation is reasonable 
and acceptable. 
Table3:Comparison of experimental value and theoretic value 

of regression of the abrasive removal depth of pattern-free 
polishing pad 

 

 
Fig. 5. Regression analysis results of abrasive removal depth of 

pattern-free polishing pad 
The regression analysis results of surface roughness 
of pattern-free polishing pad are shown in Table 5. 

and Fig.7. In the Table 5., x denotes the abrasive 
particle size, and y denotes the surface roughness. Its 
regression equation is: y = -1.0615x + 0.179; R-
square is 0.998; and average residual is 0.014. Since 
its R-square tends to be 1, the analysis is considered 
reasonable. The difference between its experimental 
value and the theoretic value of regression is quite 
small, as shown in Table 5., implying that the 
regression equation is reasonable and acceptable. 
Table 4:Comparison of experimental value and theoretic value 

of regression of the abrasive removal depth of hole-pattern 
polishing pad 

 
 

 
Fig.6. Regression analysis results of abrasive removal depth of 

hole-pattern polishing pad 
 
Table 5: Comparison of experimental value and theoretic value 
of regression of the surface roughness of pattern-free polishing 

pad 

 
 

 
Fig. 7. Regression analysis results of surface roughness of 

pattern-free polishing pad 
The regression analysis results of surface roughness 
of hole-pattern polishing pad are shown in Table 6. 
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and Fig.8. In the Table 6., x denotes the abrasive 
particle size, and y denotes the surface roughness. Its 
regression equation is: y = -1.3423x + 0.2475; R-
square is 0.998; and average residual is 0.016. Since 
its R-square tends to be 1, the analysis is considered 
reasonable. The difference between its experimental 
value and the theoretic value of regression is quite 
small, as shown in Table 6., implying that the 
regression equation is reasonable and acceptable. 
Table 6:Comparison of experimental value and theoretic value 
of regression of the surface roughness of hole-pattern polishing 

pad 

 
 

 
Fig.8. Regression analysis results of surface roughness of hole-

pattern polishing pad 
 
CONCLUSIONS 
 
In this study, through experimental results of 
chemical mechanical polishing, with pattern-free 
polishing pad and hole-pattern polishing pad, 
regression equations for the average abrasive removal 
depths with abrasive particle sizes of slurry is 
obtained. From the experimental results and 
regression analysis, it is found that the increasing 
abrasive particle sizes of slurry, the average abrasive 
removal depth and is decreased and surface 
roughness is decreased. Besides, the surface 
roughness of using pattern-free polishing pad is 
smaller than that of using hole-pattern polishing pad 
with the same abrasive particle size of slurry. The 
abrasive removal depth of using pattern-free 
polishing pad is greater than that of using hole-pattern 
polishing pad with the abrasive particle size 0.02μm. 
This is because since there are holes on the hole-
pattern polishing pad, with the smallest abrasive 
particle size being 0.02μm during CMP, and at the 

places of holes there is no grinding or polishing 
effect, so that its abrasive removal depth per minute is 
smaller. As to the hole-pattern polishing pad, since 
there are holes on the surface, when the abrasive 
particles go through the holes during CMP, there is 
no grinding effect. As a result, its surface roughness 
is greater than the surface roughness of pattern-free 
polishing pad. As seen from the above experimental 
results, when the abrasive particle size is smaller, 
under the same volumetric concentration of slurry 
there are more abrasive particles in the slurry, and 
hence a better abrasive removal amount is achieved. 
Besides, when the abrasive particles of polishing 
slurry are smaller, under the same volumetric 
concentration of slurry, since there are more abrasive 
particles in the slurry, the scratches on the surface 
tend to be increased. Therefore, the surface roughness 
is increased. 
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