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Abstract 

This paper explores shear force spectral fingerprinting to understand the effect of break-in time 
and in-situ pad conditioning duty cycle during copper CMP. Polishing is carried out on a system 
that has a unique ability to measure shear force in real-time. Using Fast Fourier Transformation, 
shear force data is converted from time domain to frequency domain. In the first set of 
experiments, porous and non-porous pads are ‘broken-in’ for different durations. Results show 
that, under identical polishing conditions, porous and non-porous pads have opposing effects on 
removal rate and coefficient of friction. Furthermore, shear force variance increases with pad 
break-in time and unique and consistent spectra emerge which show increasing fundamental 
peaks for longer break-in times. In the second set of experiments, pad conditioning is performed 
during copper CMP for 0, 25, 50, 75 and 100 percent of the total polishing time using the non-
porous pad. Results show that removal rate and the coefficient of friction are not affected by 
conditioning duty cycle while shear force variance is found to increase with duty cycle up to 50 
percent, after which saturation is reached. Further investigation of shear force spectra indicates 
spectral similarities among the 50, 75 and 100 percent duty cycles thus suggesting similar 
conditioning outcomes for these three processes. Furrow density Monte Carlo simulations of 
various break-in and conditioning methods noted above are performed. Results indicate that the 
fundamental peaks seen in the experimental results are most likely generated by the pad 
conditioner. This work underscores the importance of pad break-in to achieve early steady-state 
polishing through optimum break-in time and to extend pad life through an optimum 
conditioning duty cycle. 
 

1. Introduction 

During chemical mechanical planarization (CMP), the pad accommodates slurry delivery 
into pad wafer regions via grooves and asperities. Previous studies have shown that without a 
proper mechanism to regenerate asperities, material removal rate and wafer non-uniformity 
decreases significantly [1,2]. In current state-of-the-art technology, pad asperities are 
continuously generated using an array of diamonds embedded into a metal plate which create 
microscopic cuts or furrows on the surface [3] and, consequently, wear down the pad. With an 
applied down-force, a rotating pad conditioner is swept back and forth radially across the pad 
with a certain oscillation frequency. The asperities generated by conditioning are on the scale of 
nm to µm, largely defined by the conditioner properties [4].  

Prior to any polishing, a CMP pad is ‘broken-in’ using a diamond disc and ultra pure 
water with the same conditioning parameters that will be used in the subsequent wafer polishing. 



Pad break-in is aimed to generate and define asperities to achieve a stable polishing process. 
During actual polishing, a wafer is pressed against the pad and, consequently, it degrades the pad 
asperities. In-situ pad conditioning plays an important role in regenerating the asperities to 
ensure the pad’s ability to hold slurry [5]. As a conditioning process ultimately wears down the 
pad, excessive conditioning will shorten pad life. Hence, the optimization of in-situ conditioning 
is imperative.    

Several research groups have investigated various aspects of pad conditioning to CMP 
performance such as the slurry holding capacity of the polishing pad [5], wafer non-uniformity 
[1,2], removal rate drop in the absence of conditioning [1,6,7], removal of by-products [2,6,8] 
and simulation of the surface structure [3]. There has been, however, little work regarding the 
effect of pad break-in time and in-situ conditioning duty cycle during copper CMP. 

In this study, the removal rate, coefficient of friction (COF) and shear force variance of 
copper CMP are investigated as a function of pad break-in time and in-situ pad conditioning duty 
cycle. In the first set of experiments, porous and non-porous pads are ‘broken-in’ for 5, 10, 20 
and 30 minutes. In the second set of experiments, pad conditioning on a non-porous pad is 
performed during copper CMP for 0, 25, 50, 75 and 100 percent of the total polishing time. 
Shear force spectral fingerprints are also explored to understand the effect of break-in time and 
in-situ pad conditioning duty cycle. Polishing is carried out on a system with the unique ability to 
measure shear force in real-time. Fast Fourier Transformation (FFT) is performed to convert 
shear force data from time domain to frequency domain to illustrate the amplitude distribution of 
shear forces [9]. The frequency spectra of the force gives a more in-depth insight into the 
interaction between the pad and the wafer. Furrow density Monte Carlo simulations of break-in 
and conditioning method are performed to support the interpretation of the spectral analysis of 
the experimental results.  

 
2. Experimental Apparatus and Procedure 

All polishing experiments were performed on a 100-mm polisher and tribometer capable 
of acquiring shear force in real-time at a frequency of 1,000 Hz. The polisher and its associated 
accessories have been described in detail elsewhere [5,8]. A 100-grit diamond disc from TBW 
Industries was used in this study. The diamond disc rotated at 30 RPM and oscillated at 0.33 Hz. 
The load applied on the diamond disc was 3.45 kPa. Cabot 600Y-75 containing hydrogen 
peroxide as the oxidizer was used as the copper CMP slurry. During polishing, the diamond disc, 
the pad and the wafer carrier rotated in a counterclockwise fashion. All polishing parameters 
were computer controlled and monitored. Polishing was done using 100-mm copper deposited 
wafers comprised of three layers: 20,000 Angstroms of PVD copper, followed by 1,000 
Angstroms of PVD Ta, followed by 1,000 Angstroms of thermal silicon dioxide grown on p-type 
silicon substrate. All wafers were polished for 75 seconds. After polishing, copper wafers were 
rinsed, dried and weighed using an Ohaus analytical scale with a resolution of 0.01 mg. The 
mass change before and after polishing was used to compute removal rate. 

Break-in time study.—  A porous pad and a non-porous pad were used in this study. The 
pads were broken in for 5 minutes with ultra pure water using the same conditioner and followed 
by a copper wafer polish with in-situ conditioning. Subsequent pad break-in and copper polishes 
were performed for a total break-in time of 5, 10, 20 and 30 minutes. Slurry flow rate was kept 
constant at 60 ml/min. Wafer polishing pressure was kept constant at 20 kPa and pad-wafer 
sliding velocity was set to 0.7 m/s (i.e. 90 RPM). 



In-situ conditioning cycle study.—  Prior to data acquisition, a non-porous pad was 
broken in for 30 minutes using ultra-pure water. Pad break-in was followed by a pad seasoning 
procedure (i.e. a 10-minute copper disc polishing using CMP slurry) to achieve a stable COF. 
The slurry flow rate was kept constant at 80 ml/min. The wafer polishing pressure was kept 
constant at 14 kPa and the pad-wafer sliding velocity was 0.62 m/s (i.e. 80 RPM). Five different 
in-situ conditioning duty cycles varied by the conditioning time (i.e. 0, 25, 50, 75 and 100 
percent of the total polishing time) were investigated. The experiment was started with 0 percent 
followed by 25, 50, 75 and 100 percent. 
 

3. Results and Discussion 

3.1. Pad Break-in Time 

Figure 1(a) shows the copper removal rate as a function of break-in time. It can be seen 
that the copper removal using a porous and non-porous pad are comparable (i.e. approximately 
2,000 Å/min) after 5 minutes of pad break-in. Meanwhile, as pad break-in time progresses to 30 
minutes, removal rate associated with the porous pad increases to approximately 2,500 Å/min 
while the non-porous pad decreases to approximately 1800 Å/min. Similar trends are also 
observed in the COF data shown in figure 1(b). It can be defined that COF indicates the extent of 
mechanical interactions among pad-wafer-abrasive particles during CMP. Hence, under a non-
chemically limited CMP process, higher COF should result in higher removal rate as observed in 
this study. The fact that different COF trends are observed in porous and non-porous pads 
suggests that COF data may not be a suitable parameter to observe the evolution of microscopic 
furrows on the pad surface. In contrast, shear force variance (i.e. the fluctuating component of 
shear force corresponding to the deviation from the mean shear force) shares the same increasing 
trend for porous and non-porous pads as shown in figure 1(c). Shorter break-in time corresponds 
to a lesser degree of surface roughness. As a result, lower shear force variance is observed during 
short pad break-in times (i.e. 5 minutes). As microscopic furrows are continuously formed 
during pad break-in, the pad surface becomes rougher; hence higher shear force variance of 
copper CMP is observed with longer break-in time. 

It can be observed from figure 1(c) that porous and non-porous pads reach the steady 
shear force variance at different break-in times. After the first 10 minutes of pad break-in, the 
porous pad reaches a steady shear force variance of about 15 lbf. In contrast, the shear force 
variance of the non-porous pad increases significantly during the first 20 minutes of break-in 
time, then it reaches a steady value at 32 lbf. This phenomenon may be closely related to pad 
porosity. In the non-porous pad, the pad texture solely depends on the role of the diamond disc 
conditioner. Therefore, a longer break-in time is necessary to fully define the texture over the 
pad surface. On the other hand, the pre-existing porosity on the surface of the porous pad 
dominates pad texture. The early time of pad break-in on the porous pad is critical in opening up 
the pores [10] and generating microscopic furrows in the land area between the pores. Further 
generation of microscopic furrows is not necessarily quantified by shear force variance since its 
contribution is over-shadowed by the surface porosity. 

FFT is employed to convert the raw shear force data from time domain to frequency 
domain to illustrate the spectral distribution of the force. The procedure has been described in 
detail elsewhere [9,11]. Figure 2 shows the shear force spectral analysis of four different break-in 
times using non-porous and porous pads. It must be noted that a low frequency range (i.e. lower 
than 7 Hz) is dominantly induced by the kinematics of the process including the rotational 
velocities of the platen, wafer, and the diamond conditioner [9]. As the break-in time increases, 



both pads induce similar responses on the spectral amplitude. Longer break-in time generates 
more microscopic furrows in the pad surface that cause a spectral amplitude increase of about 8 – 
12 Hz accordingly.  
 
3.2. In-situ Conditioning Duty Cycle 

In contrast to the pad break-in time study, there is no trend on removal rate and COF data 
that can be associated with in-situ conditioning duty cycles. Removal rate and COF of copper 
polishes with 0, 25, 50, 75 and 100 percent duty cycles are approximately 1,675 Å/min and 0.88. 
The standard deviation is 2 percent and is within experimental error. This observation suggests 
that the early pad break-in and pad seasoning were effectively performed in achieving a steady 
CMP performance. Stable COF results, coupled with the fact that the removal rate remains 
constant, indicates the lubrication mechanism can essentially be assumed the same for all 
investigated in-situ pad conditioning duty cycles.  

Figure 3 shows shear force variance as a function of duty cycle. With the same 
understanding inferred from the pad break-in time study, a higher percentage conditioning duty 
cycle regenerates microscopic furrows more aggressively on the pad surface, resulting in higher 
shear force variance. It must be noted that the copper CMP reaches a steady shear force variance 
value with a 50 percent duty cycle. This indicates that the polished wafer encountered a similar 
pad surface texture during polishing with 50, 75 and 100 percent conditioning duty cycles. 
Therefore, it can be inferred that the pad surface texture has a certain period of life during 
polishing. In the case of the 50 percent duty cycle, the pad texture generated by the conditioner 
during the first 50 percent of polishing time is not significantly worn out by the polished wafer 
for the remaining of the polish duration. 

Figure 4 shows the shear force spectral analysis associated with five in-situ conditioning 
duty cycles. A higher percentage of a pad conditioning duty cycle generates more microscopic 
furrows on the pad surface that cause a spectral amplitude increase of about 8 – 12 Hz 
accordingly. This observation is consistent with the study of pad break-in time. Again, the shear 
force spectral analysis confirms similar conditioning outcomes for 50, 75 and 100 percent duty 
cycles.   
 
3.3. Simulation 

Two Monte Carlo simulations are performed based on the polishing-conditioning 
parameters used in pad break-in time and in-situ pad conditioning duty cycle studies.  The 
simulation includes a rotating ungrooved non-porous pad as well as a co-rotating and oscillating 
conditioner. Pad topography is simulated by incorporating the actual arrangement of embedded 
diamonds on the conditioner. An example of a Monte Carlo simulated pad topography with the 
microscopic furrows generated by the pad conditioner is shown in figure 5. The simulation is 
used to calculate the mean furrow density of pad topography under a polished wafer based on the 
earlier Monte Carlo simulations. Figures 6(a) and 6(b) show mean furrow density as a function 
of polish time for break-in and conditioning duty cycle studies, respectively. FFT is employed to 
convert the mean furrow density from time to frequency domain to illustrate the spectral 
distribution of furrow density associated with pad break-in and conditioning. The results are 
shown in figure 7. A direct comparison of spectral analysis between the experimental and 
simulation results for break-in time (i.e. Fig. 2 and 7(a)) and conditioning duty cycles (i.e. Fig. 4 
and 7(b)) indicate that most of the fundamental peaks shown in experimental results are most 
likely generated by the pad conditioner.  



  
4. Conclusion 

The effect of pad break-in time and the in-situ pad conditioning duty cycle during copper 
CMP are explored. Fast Fourier Transform is employed to illustrate the amplitude distribution of 
shear force. Results show that, under identical polishing conditions, porous and non-porous pads 
have opposing effects on removal rate and coefficient of friction. Shear force variance increases 
with pad break-in time and unique and consistent spectra emerge which show increasing 
fundamental peaks for longer break-in times. In contrast, removal rate and coefficient of friction 
are not affected by the conditioning duty cycle while shear force variance is found to increase 
with the duty cycle of up to 50 percent after which saturation is reached. Further investigation of 
shear force spectra indicates spectral similarities among the 50, 75 and 100 percent duty cycles 
thus suggesting similar conditioning outcomes for these three processes. Furrow density Monte 
Carlo simulations of break-in and conditioning methods are performed, the results of which 
indicate that the fundamental peaks shown in the experimental results are most likely generated 
by the pad conditioner. 
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FIGURES 

 

 
Figure 1: (a) Removal rate, (b) coefficient of friction and (c) shear force variance   

 as a function of pad break-in time 
 
 

 
 

Figure 2. Shear force spectral analysis of four different break-in times  
using (a) non-porous pad and (b) porous pad 

 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 3. Shear force variance as a function of 
conditioning duty cycle 

 
 

Figure 4. Shear force spectral analysis of the 
five different conditioning duty cycles 
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Figure 5. Example of Monte Carlo simulation of pad topography with the microscopic furrows 
generated by the pad conditioner 

 
 

 
 

Figure 6. Mean furrow density under a polished wafer as a function of polish time  
for (a) pad break-in and (b) conditioning duty cycle experiments 

 
 

 
 

Figure 7. Spectral analysis of furrow density under a polished wafer for  
(a) pad break-in and (b) conditioning duty cycle experiments corresponding to figure 6 


