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Abstract - Rotary chemical-mechanical polishing (CMP) tools are 
widely used for integrated circuit (IC) manufacture. Logic device 
manufacturing has required CMP for front end (FEOL) and 
back end (BEOL) processes, such as shallow trench isolation 
(STI), high-K metal gate (HKMG), dielectric (PMD, ILD, 
Contact), and interconnect metallization (Cu). Recently, 
manufacturers of memory ICs adopted Cu metallization which 
increased their CMP requirements. The normal mode of 
operation for a rotary CMP tool is one of dilution since fresh 
slurry is over-fed to a polishing pad that is saturated with spent 
slurry and process debris in an attempt to achieve pseudo-
equilibrium for material removal rates. As a consequence, slurry 
consumption is significantly higher (by 2X or 3X) than that 
needed if the spent slurry and process debris were removed in-
situ, resulting in a replenishment mode of operation. Changing 
the CMP tool’s mode of operation from dilution to replenishment 
has been demonstrated to significantly reduce slurry 
consumption while achieving higher material removal rates 
(MRR), in agreement with predictions. Rotary CMP tools recycle 
spent slurry and process debris under the wafer during the polish 
process. The maximum concentration of process debris occurs at 
end of polish when one is trying to achieve a high quality surface 
finish, which is precisely when debris will do the most damage. 
Much has been reported about the effect of long slurry residence 
times which result in kinetic decay of the process. However, 
virtually no data has been published on the impact of process 
debris residence time on wafer defects, due to the fact that until 
recently the ability to vary the debris residence time in a 
controlled manner was not available. Exhausting spent slurry 
and process by-products in-situ allows removing debris that can 
cause wafer defects. Several attempts have been made to modify 
CMP tools and associated components (i.e., slurry delivery arm, 
pad, wafer retaining ring, etc.) to reduce slurry consumption; 
however, only one CMP tool modification provides control of 
both slurry and debris residence times, namely Pad Surface 
Manager (PSM). PSM, in its simplest mode of operation, can be 
described as a vacuum cleaner for the pad. Previously published 
data demonstrated 50% cost savings from reductions in slurry 
consumption, water consumption, and extended conditioning 
disk and pad life. This paper will present data that show the 
impact of PSM on CMP-induced wafer defects. 
 
CMP-induced scratches are typically caused by particles, such as 
agglomerated abrasive, pad debris, or materials of construction 
(i.e., plastic) larger than 1µm. A flare-up of microscratching can 
cause both yield loss and reliability issues, bringing a production 
line to a halt and resulting in premature failure of IC devices in 
the field. The forces exerted during CMP are more than 
sufficient to cause particle agglomeration in alumina- or silica-

containing slurries. In-situ pad conditioning produces very large 
particles (e.g., 2 to 200µm) of polyurethane that has been 
identified as a source of chatter marks, scratches, and 
microscratches. Accusizer 780 particle size distribution data was 
acquired for commercially available slurry before and after oxide 
polishing with samples collected at 10 second intervals using 
PSM. The mean particle size shifted from 0.6µm to 1.6µm after 
10 seconds of polishing and particles larger than 50µm were 
detected in the used slurry. The number of particles per ml larger 
than 1µm in the control sample of slurry was 0.13x104. After 10 
seconds of polishing with in-situ pad conditioning, the number of 
particles per ml larger than 1µm increased to 5.7x104, more than 
a 40X increase. After 80 seconds of polishing, the number of 
particles per ml greater than 1µm increased to >33x104, a more 
than 250X increase over the control. As the number of particles 
per ml larger than 1µm exceeds 2.0x104, the density of 
microscratches increases exponentially. A typical slurry 
residence time has been reported to be around 40 seconds. Based 
on the above results, debris residence time apparently may be 
considerably longer. Very large particles (i.e., >100µm) from 
filtered effluent were examined and identified as silica encrusted 
polyurethane pad particles using energy dispersive spectroscopy 
(EDS). A 50% reduction in light-point defects on polished 
thermal oxide wafers was achieved with PSM operated at a 
moderate vacuum. No attempt was made to differentiate between 
particles and scratches as the source of light-point defects.  
 

I. INTRODUCTION  
 
 The efficiency of CMP processes on rotary tools has been 
studied by numerous tool and material suppliers, as well as in 
academia [1-3]. It has been generally agreed that the process is 
rather inefficient in that a significant fraction of delivered 
slurry does not participate in the polish process and is sent 
directly to waste, pads are over dressed leading to a shorter 
operational life, and tools recycle polish by-products and pad 
debris under the wafer leading to poor surface finish (i.e., 
scratches, microscratches, chatter marks, etc.) and defectivity 
(i.e., particles, residues, etc.). The typical rotary polishing tool 
uses a slurry dispense system to deliver fresh slurry to a pad 
surface that is already saturated with water or spent slurry and 
polish by-products. A conditioning arm with a diamond 
abrasive disk is used to mix fresh slurry with materials already 
resident on the pad, resulting in over dressing the pad and 
decreasing its lifetime. The net effect is that a typical process 
of record (POR) will flood the pad with slurry in an attempt to 
reduce the impact of dilution by spent slurry, reaction 



products, and debris. To underscore the inefficiency of this 
approach, it has been reported that only about 5% of the slurry 
delivered to the pad actually participates in the polishing 
process [1].  
 After achieving a quasi-steady state material removal rate 
(MRR) with a higher than needed slurry flow rate, it has been 
determined that about 70% of the slurry contacting the wafer 
is spent [3]. The mean residence time for slurry has been 
reported to be a significant portion of the total polishing time 
[2]. The low slurry turnover rate has been shown to result in a 
reduced MRR and higher within wafer non-uniformity 
(WIWNU) [2]. The long slurry residence time in conjunction 
with an increasing concentration of by-products leads to an 
inherently unstable process and continuous kinetic decay. The 
maximum concentration of CMP by-products occurs near the 
end of the polish process, when one is trying to achieve a high 
quality surface finish. The high concentration of agglomerated 
slurry particles and pad debris results in microscratches and 
chatter marks, some of which lower yield while others 
decrease device reliability [4]. A buildup of Cu reaction 
products, leading to pad staining, has been shown to have a 
deleterious effect on MRR, WIWNU, dishing, erosion, and 
selectivity [5]. Removing process waste (i.e., spent slurry, 
reaction products, pad debris, etc.) in situ has the potential to 
lower wafer defectivity and improve process stability. 
 Confluense has developed a Pad Surface Manager (PSM) 
which consists of a replacement conditioning arm, electronics 
cabinet, vacuum and fluid controls, and a computer which 
allows in situ vacuuming of material from the polishing pad 
and delivery of water or process fluids to the pad, independent 
of that delivered by the CMP tool [6]. Vacuum and fluid 
delivery capabilities are plumbed into the PSM arm to allow 
exhausting material or delivering liquids through the arm’s 
end effector. The PSM arm is bolted onto the conditioning arm 
mount on the rotary CMP tool and has an external tube which 
is used to direct exhausted waste from the pad to a separator 
which spins fluid and solids from the vacuum. Various sensors 
(e.g., pH, conductivity, ion specific electrode, light or acoustic 
spectroscope, etc.) can be inserted in the effluent stream for 
real time measurements of the waste’s characteristics [6]. The 
PSM arm can deliver water or process fluids to the pad for 
rinsing or in situ process modifications. Control of the 
conditioning arm motion is retained by the CMP tool. The 
down force for the abrasive disk is controlled through the 
PSM computer and can be adjusted to take into account the 
level of applied vacuum, which exerts additional down force 
on the abrasive disk. PSM can be used to vacuum waste from 
the pad with zero or negative abrasive down force to 
significantly extend pad life while maintaining MRRs.  
 Implementation of PSM has allowed investigating and 
controlling CMP processes in real time. Analysis of the 
effluents can be used to detect endpoint or generate feed-
forward control signals for tool parameter adjustment and 
slurry composition modifications to continuously tune the 
CMP process to meet required targets [6]. Figure 1 contains a 
picture of a PSM mounted on an IPEC 372 developmental  

 
Fig. 1. A picture of a Mirra-type Pad Surface Manager (PSM) mounted on a 
modified IPEC 372 polisher. 

 
tool. PSM data reported here were generated with TBW 
Industries abrasive disks; however, the efficacy of PSM is not 
strongly dependent on the physical characteristics of the 
abrasive disk. Some slight variations in PSM end effector 
design or use of a disk mounting adaptor allows 
accommodating abrasive disks from nearly all suppliers. End 
users typically specify their current supplier’s abrasive disk. 
Detailed abrasive disk designs developed and tested are 
available for conditioning disk suppliers to help maximize the 
effectiveness of their abrasive products. Previous reports 
showed that PSM has a significant impact on lowering the cost 
of ownership (CoO) and cost of consumables (CoC) by 
improving throughput, reducing slurry and water 
consumption, and extending pad and abrasive disk life [7-10]. 
Previous evaluations of the change in slurry particle size 
during a complete polish cycle have indicated a significant 
increase in mean particle size and in particular, a significant 
increase in the number of particles larger than 1µm [1,8]. This 
paper will next examine how controlling the process debris 
residence time can affect wafer defectivity by extracting 
samples during the polish process to evaluate the impact of 
polish time on changes in the slurry particle size distribution. 
In additional defect experiments, oxide wafers were polished 
and inspected to determine the impact of debris removal on 
CMP-induced wafer light-point defects. 
 

II. EXPERIMENT 

 Data presented here were generated on a modified IPEC 
372 polisher using a Mirra POR (i.e., 7psi down force, 1.5psi 
back pressure, 65rpm for the carrier, and 83rpm for the 
platen). Oxide polishing data consisting of MRR and light-
point defects were generated on 200mm silicon wafers with 
500nm of thermal oxide. Polishing was performed with a K-
grooved Dow IC1010 pad. Pad conditioning was performed 
with a 4-inch diameter TBW Grid-AbradeTM abrasive. 
Standard pad break-in was performed using slurry and a 
conditioning disk. The oxide slurry used was Cabot SS11. The 
slurry flow rate was set at 200ml/min. The respective POR in-
situ conditioner parameters (i.e., sweep rate and abrasive rpm) 
were used for pad conditioning, controlled by the polishing 



tool. Abrasive down force and vacuum were controlled by the 
PSM. Slurry samples for patterned STI wafer polishing were 
collected at 10 second intervals and analyzed for their particle 
size distributions. The samples were collected using 9in. of Hg 
on the PSM. The samples were analyzed on a Particle Sizing 
Systems AccusizerTM780. Undiluted samples varying in 
volume from 50µl to 1ml were injected into the analyzer. 
Some samples were injected multiple times to determine the 
repeatability of the data. Counts for particle sizes from 0.5µm 
to 400µm were recorded for each sample run. Silver mesh 
with 800nm pores was used to filter effluent obtained during 
an oxide polish process. The captured particles were then 
examined in a scanning electron microscope (SEM) and 
analyzed with energy dispersive spectroscopy (EDS).  
Polishing tests evaluating the impact of PSM vacuum on oxide 
wafer defectivity were conducted using a Mirra POR with in-
situ pad condition and PSM vacuum levels varying between 0 
and 12in. of Hg on low defect oxide wafers. After polishing, 
the wafers were cleaned with DI water and dried in a Semitool 
SRD. The wafers were given a post-post-CMP clean in 
SC1/SC2 in an Akrion wet bench before measuring the 
number of light-point defects on a Tencor 6220. No attempt 
was made to differentiate between particles and scratches in 
the resultant optical defect data. 
  

III.DISCUSSION 

    Figure 2 contains a plot of measured slurry particle sizes for 
a sample of Cabot SS11 slurry before use. The mean particle 
size was 0.6µm and the number of particles per ml that were 
larger than 1µm was 0.13x104, well below the projected 
threshold for microscratching [1]. Furthermore, the 
distribution does not show a tail much beyond 1.5µm. Figure 3 
contains a particle size analysis of a sample of SS11 that was 
used for 10 seconds while polishing an STI wafer. The 
distribution now shows a tail that goes to about 50µm. 
Furthermore, the mean particle size has increased to 1.6mm 
and the number of particles per ml that were larger than 1µm 
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Fig.2. A plot of measured particle sizes for a control sample of oxide slurry. 
The mean particle size was 0.6µm and the number of particles per ml larger 
than 1µm was 0.13x104. 
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Fig.3. A plot of measured particle sizes for a sample of oxide slurry used for 
10sec. The mean particle size was 1.6µm and the number of particles per ml 
larger than 1µm was 5.7x104, a more than 40X increase relative to the control. 
 
increased to 5.7x104, an increase of more than 40X and well 
above the projected threshold for producing microscratches. 
The change in particle size distribution is assumed to be due to 
slurry agglomeration and pad debris, both of which can be 
influenced by the CMP tool process parameters. 
    Additional slurry samples were taken at 10 second intervals 
and Figure 4 contains a plot of the number of particles per ml 
that are larger than 1µm for seven samples. As can be seen, 
there is a general trend of an increase in the number as a 
function of polish time, as one might expect. At 80 seconds, 
there was a greater than 250X increase in the number of 
particles that produce microscratches, a factor of more than 
15X over the projected threshold for microscratching. The rate 
of increase of large particles may be even greater had samples 
not been removed at shorter intervals (i.e., if the only sample 
removed was after 80 seconds of polish) [8]. Previous work to 
evaluate slurry particle size distribution changes after 
polishing had been compromised by high levels of dilution 
with rinse water since samples were not obtained directly from 
the pad but from the tool’s waste drain [1]. Use of PSM allows  
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Fig.4. A plot of the number of particles per ml larger than 1µm as a function 
of polish time. The slurry sample taken at 80 seconds had 33.5x104 particles 
larger than 1µm per ml. That was an increase of more than 250X compared to 
the control sample shown at time 0. 
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Fig.5. SEM images of several large particles and EDS analysis of a large 
polyurethane particle encrusted with silica. The particle was obtained from 
filtered effluent during an oxide wafer polish. 
 
obtaining used slurry samples directly from the pad prior to 
dilution with rinse water and any resultant changes in 
emulsion characteristics which may enhance agglomeration. 
Additional experiments are underway to investigate particle 
size distributions for used slurry samples obtained at longer 
time intervals and under varying process conditions. 
    Examination of filtered effluent obtained using PSM during 
oxide polishing with in-situ pad conditioning indicated that 
polyurethane particles >200mm in size were produced. EDS 
analyses of these polyurethane particles showed that they were 
silica encrusted; greatly altering their ability to produce 
surface scratches and chatter marks [4]. 
    Figure 6 contains a plot of light-point defects measured 
using a Tencor 6220 on polished oxide wafers for different 
levels of PSM vacuum. The data were normalized to that 
observed without vacuum. As can be seen, as the PSM 
vacuum level was increased, CMP-induced wafer defects 
decreased. A nearly 50% reduction in light-point defects was 
obtained. No attempt was made to identify the source of the 
light-point defects (i.e., were they a result of particles or 
scratches?). Additional experiments are underway to attempt 
to correlate the number of particles per ml larger than 1µm 
with scratch density on oxide wafers. 
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Fig.6. A plot of the dependence of light-point defect counts, measured with a 
Tencor 6220 on oxide wafers, as a function of PSM vacuum level. A 
reduction of nearly 50% was observed at a PSM vacuum of 12 in. of Hg. 

IV. CONCLUSIONS 
 

    Use of PSM to convert the mode of operation of a rotary 
CMP tool from dilution to replenishment can favorably alter 
the tool’s characteristics. Reducing the residence time of the 
slurry improved the material removal rate (MRR), as 
previously predicted, and reduced slurry consumption. 
Measurable changes in the slurry particle size distribution 
were observed over time during the polish process. The mean 
particle size increased and the number of particles per ml 
larger than 1µm also increased. After only 10 seconds of 
polishing, with in-situ pad conditioning, the number of 
particles per ml larger than 1µm was well above the projected 
threshold for microscratching. Examination and analysis of 
solids from filtered PSM effluent indicated silica encrusted 
polyurethane particles larger than 200µm were produced. 
Reducing the number of large particles on the pad by 
removing them in-situ during pad conditioning will also 
reduce the density of microscratches. Slurry agglomeration, 
pad debris, and material removed from the wafer can all 
contribute to wafer defectivity by causing scratches. In a 
typical polishing process without PSM, debris is at its 
maximum concentration at end of polish where it will have the 
greatest negative impact on the surface finish. Consequently, 
reducing the residence time of debris by removing it in-situ 
will decrease CMP-induced wafer defectivity. PSM allows a 
programmable way to control the residence time of the slurry 
and process debris resulting in improvement in both the CoO 
and CMP-induced wafer defects. 
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