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Abstract 
 
Chemical mechanical polishing (CMP) is a semiconductor fabrication process. In this process, wafer surfaces are smoothed and plana-

rized using a hybrid removal mechanism, which consists of a chemical reaction and mechanical removal. In this study, the effects of 
wafer size on the material removal rate (MRR) and its uniformity in the CMP process were investigated using experiments and a mathe-
matical model proposed in our previous research; this model was used to understand the MRR and its uniformity with respect to wafer 
size. Under constant process conditions, the MRR of a silicon dioxide (SiO2) film increased slightly along with an increase in wafer size. 
The increase in MRR may be attributed to the acceleration of the chemical reaction due to a rise in process temperature. Based on the 
results obtained, the k and α values in the mathematical model are useful parameters for understanding the effect of wafer size on the 
MRR and its distribution under a uniform, relative velocity. These parameters can facilitate the prediction of CMP results and the effec-
tive design of a CMP machine.  
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1. Introduction 

Chemical mechanical polishing (CMP) is a hybrid material 
removal process, which incorporates a chemical reaction and 
the mechanical removal of a dielectric film [1]. In the CMP 
process, material removal occurs by the synergetic coopera-
tion of multiple process variables such as pressure, relative 
velocity, slurry flow, slurry chemical, and the material proper-
ty of the abrasive. CMP technology plays an important role in 
realizing and miniaturizing high-performance integrated cir-
cuits (ICs) [2]. Nowadays, an improvement in productivity is 
achieved in the semiconductor industry through the use of 
large-sized wafers. However, in terms of global planarization, 
achieving uniform material removal has been a challenge in 
the CMP of large-scaled wafers. 

The distribution of the material removal rate (MRR) in the 
oxide CMP process depends on the distribution of the normal 
contact stress of the wafer and the relative velocity between 
the wafer and the polishing pad [3]. Thus, previous studies 
have focused on calculating the stress distribution and relative 
velocity distribution. 

Kim and Jeong [4] calculated the uniformity of the relative 
velocity distribution via kinematic analysis. They demonstrat-
ed that the ratio of the rotational velocity of the platen to that 
of the carrier governs the relative velocity distribution. Ho-
cheng et al. [5] developed a material removal model for the 
CMP process, which is based on kinematic abrasive cutting. 
Normal contact stress distribution is also a key process varia-
ble for controlling the MRR distribution and has been studied 
by finite element analysis (FEA). Wang’s [6] study on the 
stress distribution in the CMP process focused on the von 
Mises stress. However, Chen et al. [7] proposed that the nor-
mal contact stress in the CMP process due to friction force, 
which is related to the MRR, is proportional to the normal 
contact stress. Bae et al. [8] also demonstrated that the normal 
contact stress distribution is similar to the experimental MRR 
distribution in silicon dioxide (SiO2) CMP. Lee and Jeong [9], 
meanwhile, reported that the MRR distribution in copper 
CMP depends on the distributions of the normal contact stress, 
relative velocity, and chemical reaction. The effect of wafer 
size on the MRR distribution has yet to be investigated in 
sufficient detail although several studies have been conducted 
on the MRR distribution to explain the non-uniform material 
removal in CMP. 

In this study, we used our previously proposed mathemati-
cal model [10] to compare the CMP performance for SiO2 

*Corresponding author. Tel.: +82 51 510 3210, Fax.: +82 51 518 8442 
E-mail address: hyunseop.lee@gmail.com  

† This paper was presented at the ICMDT 2013, Busan, Korea, May 2013.  
Recommended by Guest Editor Haedo Jeong 
© KSME & Springer 2013 



2912 H. Lee et al. / Journal of Mechanical Science and Technology 27 (10) (2013) 2911~2916 
 

 

wafers of different sizes. The model is also useful for gaining 
an understanding of factors affecting the MRR and its unifor-
mity according to the scale-up of wafer size. We focused spe-
cifically on the effect of the normal contact stress distribution 
and wafer size on the MRR distribution. 

 
2. Material removal rate distribution model 

As mentioned above, we employed the semi-empirical 
MRR distribution model for the SiO2 CMP, which has been 
proposed in our previous research [10], in order to understand 
the MRR and its uniformity with respect to wafer size. The 
normalized MRR distribution, considered as a spatial parame-
ter (φ), can be expressed as a combination of the normalized 
stress distribution and the average relative velocity distribution 
[10], which is given by 
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where σn(x,y) is the normal contact stress at point (x, y) on the 
wafer; σn.avg is the average normal contact stress; Vre.avg(x, y) is 
the average relative velocity at position (x, y) on the wafer; 
Vre.avg is the average relative velocity of the wafer; and α and β 
are indexes for representing the influence of each normalized 
parameter on the MRR distribution. The spatial parameter 
expresses the effect of each parameter on the formation of the 
MRR profile. 

The average MRR of the wafer was modeled using the 
Greenwood-Williamson model [11] and contact mechanics 
[12]. In this study, we assumed that particle indentation into 
the polishing pad had elastic deformation and that the defor-
mation associated with the wafer was fully plastic. The pro-
posed semi-empirical MRR model for SiO2 CMP based on 
Zhao and Chang’s model [13] and Wang’s nonlinear micro-
contact model for a single particle [14] can be expressed as 
[10] 
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where Aw

T is the apparent wafer-pad sliding area, which is 
calculated from the total contact area between the rotating 
wafer and the polishing pad during the process time; k is a 
constant representing the effect of slurry chemicals; l is the 
distance between particles contained in the hypothetical slurry 
volume; fs is the surface area density of the area of up-features 
of the grooved pad divided by the area of a flat pad; Rp is the 
average radius of curvature of the pad asperity tips; σp is the 

standard deviation of the distribution of the pad asperity 
heights; P is the applied pressure; Vre.avg is the average relative 
velocity during the CMP process; and Epf[Epf = (1-νp

2)/Ep+(1-
νf

2)/Ef
-1] is the composite elastic modulus of the pad (Ep) and 

the film (Ef), where νp and νf are the Poisson ratios of the pad 
and film, respectively. In addition, D is the diameter of the 
nanoparticle; Dcr is the critical particle diameter that can par-
ticipate in the material removal process; and Φ(D) is the size 
distribution of the particles in the CMP slurry. As reported in 
Jiang’s study [15], C is approximately 0.35 in a typical CMP 
process. Here, l is calculated as [10] 
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where X is the total slurry volume, ts is the imaginary slurry 
thickness (X/Aw

T), and Np is the total number of particles in the 
slurry. 

Here, ξ is the ratio of the indentation depth of a particle into 
the polishing pad [δp(D)] to the particle diameter D[ξ = δp(D)/D]. 
According to Ref. [14], ξ can be obtained by 
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where Hf is the hardness of the film and Eap is the composite 
elastic modulus of the pad and the particle. 

Thus, the MRR distribution model can be written as 
 

{ }( , ) ( , )avgMRR x y MRR x y= ⋅ Ω . (5) 

 
3. Experimental 

We conducted experiments wherein CMP was performed 
using a rotary CMP machine (GnP POLI762, GnP technology, 
Korea) designed for polishing 100 mm to 300 mm diameter 
wafers. An IC1000/SubaIV stacked polishing pad (Nitta Haas 
Inc., Japan), designed to improve the consistency of the CMP 
performance, was attached to the polishing platen. SiO2 films 
were deposited on silicon wafers with diameters of 100, 150, 
200, and 300 mm. The polishing time for each wafer was 60 s. 
The operating pressures were 27.58 and 34.47 kPa for the 
wafer and the retaining ring, respectively. The relative veloci-
ty was 65.312 m/min, and the slurry flow rate was 200 ml/min. 
The prepared slurry was a potassium hydroxide (KOH)-based 
silica slurry with a particle concentration of 12.5 wt%. The 
particle size distribution of slurry was measured using a par-
ticle-size analyzer. 

During the CMP process, dynamic friction force and 
process temperature were measured using a CMP monitoring 
system equipped with a piezoelectric force sensor and an 
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infrared sensor. The initial temperature before CMP was con-
trolled at 20±1°C for all experiments. The MRRs of wafers 
were measured using a reflectometer (K-Mac ST5030-SL). 
The initial thickness of the SiO2 film was 1500 nm for each 
wafer. The edge exclusion in the measurement of the MRR of 
the SiO2 film was 3 mm. 

The normal contact stresses were obtained by FEA using 
commercially available ANSYS software (ANSYS Inc., Ca-
nonsburg, PA). The thicknesses of the wafers with diameters 
of 100, 150, 200, and 300 mm were 525, 675, 725 and 775 µm, 
respectively. The 2D axisymmetric static model and material 
properties were as reported in Ref. [9]. 

 
4. Experimental results and discussion 

4.1 Tribological characteristics 

The friction force is known to be related to the MRR in the 
CMP process. Under a fixed wafer size, the MRR increases 
with increasing friction force [16]. However, a larger wafer 
size results in a higher friction force and higher polishing tem-
perature under constant process conditions (Figs. 1 and 2). 

The increases in friction and temperature are caused by the 

increase in normal force under the same pressure. The normal 
forces are 216.5, 487.1, 866.0, and 1948.5 N for the wafers 
with diameters of 100, 150, 200, and 300, respectively. The 
polishing temperature increases with the process time. The 
increase in polishing temperature affects the chemical reaction 
between the slurry chemicals and the SiO2 film. Despite the 
variation in the wafer diameters from 100 mm to 300 mm, the 
friction force and process temperature show a linear relation-
ship (Table 1). 

 
4.2 Normal contact stress distribution 

In this study, we used the same rotational velocities of the 
platen and wafer in order to ignore the effect of the relative 
velocity distribution on the MRR distribution. Under this con-
dition of the same rotational velocities of the platen and wafer, 
the relative velocity is uniformly distributed on the wafer. This 
means that the second term on the right-hand side in Eq. (1) 
becomes “1.” Thus, in our experiments, the MRR distributions 
theoretically depended on the normal contact stress distribu-
tion with respect to wafer size. 

Fig. 3 shows the MRR distributions of wafers of various 
sizes after the CMP process. The average MRRs of the wafers 
with diameters of 100, 150, 200, and 300 mm are 290.5, 298.6, 
310.9 and 315.7 nm/min, respectively. The MRR of the SiO2 
film increases slightly with increasing wafer size because of 
the impact of process temperature (Fig. 2). Under the applica-
tion of pressure, the decrease and increase of the MRR near 
the wafer edge depend on the normal contact stress distribu-
tion resulting from the contact among the wafer, retaining ring, 
and polishing pad. 

Meanwhile, Fig. 4 indicates that the deviation of normal 
contact stress decreases with an increase in wafer diameter, 

 
Fig. 1. Dynamic friction forces of wafers of various sizes during CMP
process. 
 

 
Fig. 2. Process temperature rise for wafers with various sizes during
the CMP process. 

 
 

Table 1. Average friction force and temperature rise of wafers of vari-
ous sizes during CMP experiments. 
 

Diameter (mm) 100 150 200 300 

Avg. friction force (kN) 0.099 0.209 0.390 0.612

Avg. temperature rise (ºC) 4.7 9.3 15.1 25.5 

 

 
 
Fig. 3. MRR distribution of wafers with various sizes after CMP. 
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because the wafer thickness increases as the wafer diameter 
increases to avoid breakage from gravity sag while handling 
wafers. However, Fig. 3 shows that the deviation of MRR 
increases with an increase in the wafer diameter. The disa-
greement between the FEA results and the experimentally 
obtained MRR distribution can be attributed to the bow of 
wafers, which refers to the deviation of the center point of an 
unclamped wafer from the reference plane. Normally, the 
larger the wafer diameter, the larger the bow is (from ≤ 10 µm 
for the wafer with a 100 mm diameter to ≤ 40 µm for that with 
a diameter of 300 mm). The index α in Eq. (1) compensates 
for the difference between the experimental MRR distribution 
and the normal contact stress; this index will be discussed later. 

 
4.3 Mathematical model and experimental results 

The material properties considered in our previous research 
[10] are listed in Table 2. From Eq. (5), it can be seen that the 
MRRs of the wafers with various sizes can be calculated con-
sidering the material properties listed in Table 2.  

Here, Dcr is assumed to be 22 nm, and the k value is deter-
mined by comparing the results of the mathematical model 
with the experimental results [10]. The size distribution of 
slurry particles used in the CMP experiments is shown in Fig. 
5. Assuming that k is “1” and the chemical reaction is ignora-

ble, the MRRs resulting from only the mechanical removal by 
slurry particles (i.e., mechanical MRR by particles) can be 
calculated. The calculated MRR values are lower than the 
experimental values. As mentioned above, the experimental 
MRRs of the wafers with diameters of 100, 150, 200, and 300 
mm are 290.5, 298.6, 310.9 and 315.7 nm/min, respectively. 
The experimentally obtained k values in Eq. (2), which indi-
cate the chemical reaction effects calculated from the compar-
ing the results of the calculated mechanical MRRs with the 
experimental results, increase with the increase in wafer size 
(Fig. 6). This implies that increasing the polishing temperature 
along with wafer size affects the chemical reaction between 
slurry chemicals and the SiO2 film. 

Meanwhile, Fig. 7 shows the comparison of the normalized 
experimental and normalized theoretical MRR distributions. 
The α values in Eq. (1) were derived from the linear regres-
sion of the normalized normal contact stresses and normalized 
MRRs. Assuming that the surfaces of the wafer and polishing 
pad are flat, as mentioned above, the deviation of the normal 
contact stress increases with a decrease in wafer diameter due 
to the difference in wafer thickness. The α values for the wa-
fers with diameters of 100, 150, 200, and 300 mm are 0.80, 
1.42, 1.91 and 3.61, respectively. The theoretical MRR pro-

Table 2. Material properties for mathematical modeling. 
 

Variable Value Unit 

σp 
Rp 
Ep 
νp 
Ea 
νa 
ρa 
ρs 
Ef 
νf 
Hf 

30 
25 
10 
0.2 
94 

0.26 
2270 
1040 
66 
0.3 
18 

µm 
µm 

MPa 
- 

GPa 
- 

Kg/m3 
Kg/m3 
GPa 

- 
GPa 

 

 
 
Fig. 4. Normal contact stress distribution of wafers with various sizes 
under pressure conditions of 27.58 kPa for the wafer and 34.47 kPa for 
the retaining ring (edge exclusion: 3 mm). 

 

 
 
Fig. 5. Particle size distribution of slurry prepared for CMP experiment.

 

 
 
Fig. 6. The k values calculated from the comparison of mathematical 
model and experimental results as a function of wafer diameter. 
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files are highly consistent with the experimental results (Fig. 7). 
The α value compensates for the difference between the nor-
malized normal contact stress distribution and experimental 
MRR distribution, by controlling the magnitude of the norma-
lized normal contact stress. Moreover, the α value increases 
with an increasein wafer size, thereby indicating that the bow 
size of the larger wafer is larger than that of a smaller wafer; 
consequently, the stress irregularity near the edge of a larger 
wafer is higher than that of a smaller wafer. Therefore, under a 
uniform, relative velocity distribution, the k and α values in the 
mathematical model are the representative parameters for un-
derstanding the effect of wafer size on MRR and its distribu-
tion in our experiments. These parameters can be used for pre-
dicting the CMP results of the next generation 450-mm wafers. 

 
5. Conclusions 

In this study, we investigated the effect of wafer size on the 
MRR and its uniformity in the CMP process. Although the 
temperature difference is significant for the wafer size,we 
used experimental results and a previously proposed mathe-
matical model to demonstrate that, under constant process 
conditions,the MRR of a SiO2 film increases slightly with an 
increase in the wafer size because of the mechanical abrasion-
dominant material removal mechanism ofabrasives. The in-
crease in MRR is a result of the acceleration of the chemical 
reaction due to the rise in process temperature. The k values in 
the mathematical model reflect the accelerated chemical reac-
tion with the increase in wafer size. Under the condition of a 
uniform relative velocity, the α value in the spatial parameter 

compensates for the difference between the theoretical and 
experimental MRR distributions by controlling the magnitude 
of the normalized normal contact stress. Furthermore, the α 
value increases with increasing wafer size, reflecting the geo-
metrical characteristics of a wafer (e.g., the bow). Finally, the 
k and α values in the mathematical model can be useful para-
meters for understanding the effect of wafer size on MRR and 
its distribution. 
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Nomenclature------------------------------------------------------------------------ 

MRRavg : Average material removal rate 
φ(x,y) : Spatial parameter 
σn(x,y)  : Normal contact stress at point (x,y) 
σn.avg : Average normal contact stress 
Vre.avg(x y) : Average relative velocity at position (x,y) 
Vre.avg : Average relative velocity of wafer 
α and β : Indexed for representing the influence of norma-

lized parameters on MRR 
Aw

T : Apparent wafer-pad sliding area 
k : Constant representing chemical reaction 
l : Distance among particles 
fs : Surface area density of polishing pad 
Rp : Average radius of curvature of pad asperity 
σp : Standard deviation of pad asperity heights 
P : Applied pressure 
Epf : Composite elastic modulus of pad and film 
D : Diameter of nanoparticle 
Dcr : Critical particle diameter 
Φ  : Particle size distribution 
X : Total slurry volume 
ts : Imaginary slurry thickness (X/Aw

T) 
Np : Total number of particle in the slurry 
ξ : Ratio of the indentation depth of particle into the 

polishing pad to the particle diameter 
Hf : Hardness of film 
Eap : Composite Elastic modulus of pad and particle 
MRR(x,y) : MRR distribution 
Ep : Elastic modulus of pad material 
νp : Poisson’s ratio of pad material 
Ea : Elastic modulus of abrasive particle 
νa : Poisson’s ratio of abrasive particle 
ρa : Density of abrasive particle 
ρs : Density of slurry 
Ef : Elastic modulus of film material 
νf : Poisson’s ratio of film material 
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