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Abstract: The polishing pad plays a vital role in achieving the desired removal rate and level of surface planarity during the 

electrochemical mechanical planarization (ECMP) process. Material removal rate (MRR) and within wafer non-uniformity 

(WIWNU) are two important factors in determining the polishing performance. In this work, a theoretical model for predicting 

the radial distribution of tribasic ammonium citrate (TAC) concentration on the wafer is proposed. The experimentally 

measured MRR was found as a function of the TAC concentration in the slurry. Hence, the model could not only predict the 

removal rate at a given point on the wafer surface, but also reflect the WIWNU. Model predictions are in good agreement with 

the experimental data. The proposed model are used to perform an analysis of the effect of pad designs on the MRR and 

WIWNU of the wafer. 
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1. Introduction 

Chemical mechanical polishing (CMP) technology has 

become a widely used technique for planarization removal. 

Traditional CMP technology faces severe challenges due 

to the introduction of new porous low-k dielectric material, 

which may be damaged easily in the CMP process [1-3]. 

In order to overcome the inherent defects of CMP, 

electrochemical mechanical polishing (ECMP) technology 

has been introduced and gotten more and more attention 

[4]. The planarization performance of ECMP is 

significantly influenced by polishing pad characteristics 

[5-7]. Pad structure and properties are important to 

determine the removal rate and within wafer non-

uniformity (WIWNU) during ECMP process, which are 

very important factors in determining the polishing 

performance. The design of the pad is critical in achieving 

the desirable ECMP performance. 

2. The Model Used to Predict the 

Removal Rate and WIWNU 

In this work, the slurry delivery system is schematically 

shown in Figure 1. The pad has an X-Y groove pattern, as 

shown in Figure 2. Between these grooves, there are pad 

mesas in the form of squares. The depth and width of the 

grooves are h and b, respectively. The holes are uniformly 

distributed on the pad surface to supply slurry during the 

operation. Each hole comes up against a groove junction 

(black node in Figure 2). The liquid flow rates and directions 

are determined by the liquid pressure distribution at all the 

intersections on the pad. The chemicals in the liquid are 

depleted as the liquid flows away from the injection points on 

the pad. The chemical reaction continues to occur on the pad 

groove. At the same time, pad asperities on the pad mesas in 

contact with the wafer surface mechanically remove the 

reacted film from the wafer surface. Therefore, the material 

removal is achieved by chemical dissolution of the copper 
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due to chemical reaction and through mechanical removal of 

a reacted layer formed on the wafer surface by the asperities 

on the pad mesa. 

 

Figure 1. Slurry delivery system in experiments. 

 

Figure 2. Pad structure. 

The basic electrolyte composition in experiment consists 

of 6 wt.% hydroxyethylidene diphosphoric acid (HEDP), 0.3 

wt.% 5-Methyl-1H-Benzotriazole (TTA), 3 wt.% Tribasic 

Ammonium Citrate (TAC) at pH8. The anodic potential is 2.6 

V (vs. SCE). The copper removal rate on the wafer surface is 

a function of the TAC concentration on the wafer surface. It 

is assumed that the TAC concentration only varies with 

distance along the groove and is uniform at the cross-section. 

The paper sets the TAC concentration at node A in any 

groove as CA, and the TAC concentration at node B as CB. 

The flow rate of groove is assumed to be QAB m
3
/s, and the 

length of the groove is assumed to be L. Consider a 

differential volume of fluid of length ∆� and occupying the 

entire cross-section. The area at the top of the groove in 

contact with the wafer is 2a∆�. The rate of copper removal is 

2�∆��(�(�)). Because two moles of TAC are consumed for 

every mole of copper removed [8], the rate of TAC consumed 

in the differential section ∆� is 4�∆��(�(�)). The rate at 

which TAC enters is 
���(�) , and that rate at which it 

leaves is 
���(� + ∆�). Therefore, 


����(�) − �(� + ∆�)� = 2��∆��(�(�))   (1) 

and in the limit ∆� ⟶ 0 
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Equation (2) can be integrated from A to B (from 0 to L) 
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where f(C) is moles of Cu
2+

 removed per square meter per 

second, C is the TAC concentration and has the units of 

moles of TAC per liter. The result for the removal rate can be 

converted to nm/min by multiplication by a suitable 

conversion factor. In this work, f(C) can be obtained by 

fitting the data of copper ECMP experiments, after including 

the origin point (0, 0). 

�(�) = −2.124 × 10&' ∙ �� + 3.706 × 10&, ∙ �  (4) 

In addition, the unknown parameter QAB can be obtained as 

follows. Choosing an arbitrary groove as an example, the 

relationship between the flow rate in this groove and the 

pressures at its two ends (node A and node B) can be written 

as follows: 


�� = -��(.� − .�)             (5) 

where K01 is a constant for this groove, P0 and P1 are the 

pressures at the beginning and the end of the groove, 

respectively. The above relationship is a reasonable first 

approximation for calculating the pressure drop in a pad 

groove, because the entrance length is small compared with 

the length of the groove. Assuming steady fully developed 

laminar Newtonian flow in a typical pad groove, which is 

modeled as a rectangular duct, the Navier-Stokes equations 

can be simplified to yield: 

3456
374

+ 3456
384

= 9

:

3;
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where = is the viscosity of the liquid, which is taken to be 

the viscosity of water at room temperature because of the low 

chemical concentration in the liquid, P is the dynamic 

pressure, and c is a constant. At the top and bottom surface 

and the two side walls, no-slip conditions are imposed. So, 

the volumetric flow rate can be evaluated by: 
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A mass balance can be written at an intersection of four 

neighboring grooves, which is defined as node (i, j). The 

formulation of this mass balance is: 


C� + DEFGHEI = 
FGJ               (8) 

where 
C�  and 
FGJ  are the total volumetric flow rates in 

those grooves in which the liquid flows into the intersection 

and those in which the liquid flows out of the intersection, 

respectively. DEFGHEI  is the flow rate of the fresh liquid if the 

node is a hole from which fresh liquid comes up and is zero 

if the node is not a hole. 

In addition, the total liquid flow rate 
JFJ�K  used in the 

experiment can be expressed as follows: 

∑D(C,M) = 
JFJ�K               (9) 

The assumption that the pressure at the bottom of the holes 

is the same for all the holes because of the nature of the 

distribution system for liquid flow. Therefore, the constant K 

is assumed to be the same for all the grooves.  

It is assumed that the thickness of the wafer is equal to the 

depth of the recess in the wear ring. The combination of the 

wafer and the wear ring covers the entire pad surface during 

polishing. Consequently, the pressure at any node on the pad 
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surface and the pressures at its neighboring nodes as well as 

the liquid flow rates in its neighboring grooves obey the 

relationship given by Eq. (8). 

The liquid is delivered through the holes into the space 

between the wafer and the pad. The flow rates through 

different holes are different. The relationship between the 

flow rate and pressure drop for each hole is given as follows: 


 = -9N.� − .C,MO =
PQR

S:T
(.� − .C,M)       (10) 

where k1 is the constant; Pd is the pressure of the liquid under 

the copper plate, which is assumed to be uniform in the 

following analysis; Pi,j is the liquid pressure at the node (i, j); 

c and h are radius of hole and the depth of copper plate, 

respectively. 

For the hole in the pad designated (i, j), the relationship 

among the liquid flow rate from the hole D(C,M) , the liquid 

pressure at the node Pi,j, and the pressure under the copper 

plate Pd is given by: 

.� −
U(V,W)
XY

− .C,M = 0              (11) 

Combining Eqs. (8), (9), (10), and (11), the liquid pressure 

on the pad surface, the liquid flow rates from each hole, and 

the liquid flow rate in each pad groove can be obtained. 

If the TAC concentration at one end of the pad groove is 

known, the TAC concentration at a distance x from the end is 

given by: 

�(�) = Z.'"[×9"\]��
(Z.'"[×9"\]&�.9�^×9"\_��)IY.R`4×Ya
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The average TAC concentration in a pad groove is given 

by the integration: 

��fg =
9

!
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"           (13) 

The calculation of TAC concentrations at all the 

intersections within the pad is an iterative computational 

process. The computation begins from the holes, where fresh 

liquid is supplied and the initial TAC concentration is known. 

The TAC concentration at an arbitrary in the pad is only 

determined by the liquid flows entering this intersection, not 

the liquid flows leaving this intersection. 

An important issue in the calculation of the TAC 

concentration distribution in pad groove system is that the 

calculation is different for different regions on the pad 

surface. Due to the relative motion between the wafer and the 

pad, the pad surface can be divided into two different regions 

during the polishing process: the area partly covered by the 

wafer (region I), and the area never covered by the wafer 

(region II). 

In region I, where the wafer does not always cover the 

pad surface, the chemicals in the liquid have a chance not 

to react with the wafer surface during a certain portion of 

each orbit. During the time when the wafer does not cover 

the pad surface, the chemical concentration in the liquid 

will maintain its value from one junction to the next. The 

rest of the time, the TAC in the liquid in each groove react 

continuously with the wafer surface. The liquid stream 

from a hole, where fresh liquid is supplied, is considered 

as starting stream. The chemical concentration in the 

starting liquid stream will continuously decrease in the 

flow direction from one junction to the next. Then the 

incoming streams mix and the concentration of this 

mixture is the starting concentration for the outgoing 

streams. The chemical concentration in the outgoing liquid 

stream continues to decrease until the next junction. Thus 

the TAC concentration in Region I will be time-dependent 

and proper modeling of this behavior is too complicated to 

attempt here. Therefore, the fact that the grooves in 

Region I come into contact with the wafer only during a 

fraction of each orbit period is accommodated 

approximately in this work. This approach should still 

provide a robust approximation because of the enormous 

number of orbits executed during even a few seconds. In 

region II, the liquid may still contain unconsumed 

chemicals and fresh liquid is supplied from the holes in 

this area. Thus region II contributes nothing to the 

material removal. 

Consider a point on the pad surface with radius r with 

respect to the center of functional regions. Assume h is the 

fraction of the time this point is in contact with the wafer 

surface. If this point is within region II, h = 0. If this point 

is within region I, h is between 0 and 1. In this situation, h 

can be calculated by [9, 10]: 

h = 9

P
�i<<jk	(H

4eHY
4&H4

4
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where r1 is the distance between the pad center and the wafer 

center. r2 is the radius of the wafer. 

In region I, the TAC concentration is unsteady and changes 

with time. As noted earlier, it is assumed here that the TAC 

concentration in region I is also steady, but to evaluate the 

TAC consumption, the length L of a typical pad groove is 

replaced by hm as a first approximation.  

The path of a typical point on the wafer surface with 

respect to the pad surface nearly completely covers the area 

of an annulus if given sufficiently long polish time. Therefore, 

the average TAC concentration in the pad grooves within this 

annulus and the average TAC concentration of the liquid film 

on the pad mesas within the annulus are used to evaluate the 

material removal rate at the selected point on the wafer 

surface. Numerical calculations were made showing that the 

average TAC concentration of the liquid on the pad mesas is 

less than the average TAC concentration in the pad grooves 

within the path annulus for numerous wafer points at various 

radial locations. This difference is insignificant compared 

with the value of the concentration in the grooves. Therefore, 

it is an excellent approximation to assume that the average 

TAC concentration on the pad mesas is equal to the average 

TAC concentration in the pad grooves within the path 

annulus. 

 



 International Journal of Mechanical Engineering and Applications 2017; 5(4): 223-227 224 

 

3. Experimental Procedure 

All experiments were carried out on an simulated 

electrochemical mechanical polishing equipment [11, 12]. 

The copper removal rate in the experiments is measured by 

AFM. Seven microindentation were generated on the sample 

surface by using a G200 Nano Indenter (Agilent 

Technologies). AFM was used to scan each of them before 

and after polishing to calculated the actual material removal 

rate [13, 14]. The simulated material removal rate can be 

calculated using the Eq. (4) when the TAC concentration is 

predicated by the model. The MRR at any site on the wafer 

surface increase with the consumption of the TAC 

concentration at this site. The simulated material removal rate 

and the actual material removal rate measured in experiments 

on the different radial position of the wafer are displayer in 

Figure 1 when the number of holes and the radial of the holes 

are 45 and 0.5 mm, respectively. It is shown that the current 

theoretical results are in good agreement with the 

experimental data. The comparison with experimental results 

will also serve as further validation of the model. It is also 

indicated that the radial variation of Tribasic Ammonium 

Citrate (TAC) concentration on the wafer surface can reflect 

the WIWNU.  

4. Conclusion 

The model can be used as a design tool to optimize the 

structure of the ECMP polishing pad. Figures 4, and 5 

illustrate the effect of the number and radial of the hole on 

the distribution of the TAC concentration, respectively. 

Figure 4 indicates that there are the higher MRR and lower 

WIWNU when the hole is 45. Figure 5 indicates that the 

MRR decrease with the increase of the radial of hole, but 

WIWNU increase with the radial of hole. The modeling 

results should be insightful to polishing pad developers to 

design the next generation of polishing pads. 

 

Figure 3. Comparison between the MRR predicated by the model and the 

MRR measured in experiments at different radial position on the wafer. 

 

Figure 4. The radial variation of theoretical TAC concentration with 

different number of holes. 

 

Figure 5. The radial variation of theoretical TAC concentration with 

different R. 
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