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C (ILD) and shallow trench isolation (STI) hemical-mechanical polishing 
CMP processes.

(CMP) has enabled the production of 
advanced semiconductor devices by 
producing a globally planar wafer The Role of Pad Conditioningsurface. The near-atomic-level flatness 
achieved by CMP is driven by the optical  The CMP process requires a poly-d e p t h  o f  f o c u s  i s s u e s  o f  urethane polishing pad; a slurry com-photolithography, which is a highly posed of abrasive, chemicals, and water; sophisticated process. Photolithography and a wafer carrier. The wafer carrier   requires a flat surface to image dense supports the wafer during CMP and multilayer integrated circuits. In general, applies the necessary load or pressure to the smaller the device features, the flatter remove material from the wafer surface. 

moving polishing pad surface. The The substrate must be. At the current polishing pad has a significant effect on device technology node, global wafer CMP process performance. It transports planarization and CMP are necessary for the slurry to the pad/wafer interface, has building reliable next-generation an  impac t  on  wafer -po l i sh ing  multilevel interconnects. nonuniformity, and effects global wafer   The CMP process is highly dependent and device planarityon consumables, such as slurries and  The condition of the polishing pad polishing pads. This article investigates surface during CMP is critical for the impact of polishing pad conditioning optimum and predictable process on silicon dioxide interlevel dielectric 

A case study investigates how conditioning CMP 
pads with different diamonds abrasives affects film 
removal rates, wafer-to-wafer nonuniformity 
wafer defects, and pad lifetime.

In addition, this carrier 
can rotate during pol-
ishing to achieve uni-
form system kinematics 
in order to achieve bet-
ter polishing uniformity.
  In an orbital CMP tool, 
slurry is distributed 
through and onto the
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Figure 1: CETR TribometerFigure 1: The CETR tribometer.

performance. Pads such as the IC1000 
Rodel (Newark, DE) consist of a thin 
porous closed-cell  polyurethane 
material. Because the surface of a new 
(unconditioned) polishing pad is smooth, 
it wets poorly and thus provides poor 
slurry transport to the pad/wafer 
interface. Pad conditioning is therefore 
necessary to open up closed cells in the 
polyurethane pad, improve the transport 
of slurry to the wafer, and provide a 
consistent polishing surface throughout 
the pad's lifetime. 
   During conditioning, the polish pad 
surface is roughened, flattened, and re-
freshed by the use of diamond abrasive 
conditioners. On the CMP tool the pad 
conditioning process is relatively simple: 
an arm or mechanical assembly apples
necessary down force to a diamond abrasive component, 
which is placed on the pad surface and moved in a 
sweeping manner until the pad is considered fully and 
evenly conditioned. To maintain a consistent pad surface 
at all times, this process can be performed in situ during 
wafer runs or ex situ between wafer runs. 

Pad conditioning influences removal rates and within-
wafer polishing nonuniformity. In general, aggressive 
conditioning processes or those that apply high down 
force with the same pad conditioner abrasive result in 
increased oxide polishing rates at the cost of shorter pad 
life. This trend has been observed primarily while using 
oxide CMP slurries such as fumed-silica Semi-Sperse 12 
from Cabot (Aurora, IL) and Klebesol 1501 from Rodel. 
In order to minimize the cost of ownership of oxide CMP 
applications, pad conditioning must be optimized to 
provide high polishing rates with very long pad lifetimes. 

Characterizing CMP Pad Conditioning 

  Polishing rates during CMP are often characterized by 
Preston's equation, which linearly relates film removal 

2rates to polishing velocity and down force. Preston's 
equation is a simple tool for characterizing the 
wafer/slurry/polishing pad interaction and is a fairly good 
approximation of relatively mechanical processes such as 
STI and ILD CMP. 

To characterize CMP pad conditioning using diamond 
abrasives, researchers at SpeedFam-IPEC (Chandler, AZ)

 

Table I: Abrasive types and specifications.

and geometry on polishing 
nonuniformity. Data and ob-
servat ions from models 
allowed the researchers to 
quantitatively analyze how 
macroasperities and wear 
tracks affect pad lifetime, 
polishing nonuniformity, and 
pad glazing. 

Finally, to verify tribological

modified a tribometer from the Center 
for Engineering and Tribological Re-
search (CETR; Campbell, CA). The tri-
bometer is a device for measuring pad 
wear rates at different speeds and loads 
and for providing dynamic and static 
friction data. Since SpeedFam-IPEC per-
forms ex situ pad conditioning on its 
200-mm Momentum too l ,  t he  
researchers evaluated commercial ex 
situ pad conditioners with different 
diamond arrangements for static and 
dynamic friction and for pad cut rate. 
Diamond abrasive pad conditioners from 
companies such as 3M (St. Paul, MN), 
ATI (Lewis Center, OH), QQC 
(Dearborn, MI), TBW (Furlong, PA), 
and Rodel/Kinik are available with many 
different diamond configurations.

For this study, the researchers investigated friction and 
pad removal rates by characterizing the three main 
configuration types with a constant diamond protrusion: 
random, clustered, and uniform grid. Using the modified 
CETR tribometer (shown in Figure 1), they conducted a 
friction and pad cut rate study to help characterize the 
interaction of the diamond abrasive conditioners with the 
pad surface. Coefficients of static and dynamic friction as 
well as pad cut rates were gathered. Based on the 
tribological and pad cut rate data, conditioning energy 
requirements for CMP and pad lifetime predictions could 
be determined. 

Examples of the three abrasive configurations are listed 
in Table I. In order to provide a fair comparison of 
abrasives, the size of the diamond protrusion was held 
constant at 125 µm for this study. The Type B abrasive 
contained a regular array of nine-diamond clusters spaced 
approximately 1 mm apart from one another. The Type C 
abrasive had a uniform diamond grid pattern with a 
diamond pitch of approximately 500 µm. 

Pads appear to polish optimally when they are 
macroscopically planar. However, as the polishing pad 
undergoes wear, a wear pattern or track can develop that can 
negatively affect polishing  nonuniformity.  In  addition, 
when a pad is installed,   foreign   materials   can   be  
caught   underneath    the  pad, generating macroasperities, 
or pad bumps. In order to   address  these issues, 
SpeedFam-IPEC's hardware engineering group conducted 
a finite element analysis with a multichannel air 
bag-type wafer carrier to evaluate the impact of pad shape
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data and analytical modeling results for diamond abrasive pad 
conditioning, a thorough process study evaluating pol-ishing 
nonuniformity, removal rate stability, and defectivity was 
conducted on a 200-mm Momentum CMP tool. For this test, 
process performance was monitored using plasma-enhanced 
tetraethylosilicate (PETEOS) oxide wafers, IC1000 pads, and 
Semi-Sperse 12 slurry. The objective of the study was to 
compare the performance of clustered- and uniform-grid 
abrasive pad conditioners during orbital CMP using ex situ pad 
conditioning. 

Tribological T esting and Results 

Tribology, the science of friction and wear, is relevant to 
CMP pad conditioning. For this study, a large single Rodel 
IC1000-A4 K-grooved pad was cut into multiple 5-in.-
diameter samples for the tribometer. The samples were applied 
directly to the platen using the pressure-sensitive adhesive 
backing films supplied with the pad. The tribometer was 
configured as a pin-on-disk tester for all tests, with a platen 
diameter of 5 in. Diamond abrasive conditioner end-effector 
samples were individually mounted to the tribometer carrier 
shaft using adhesive tape. Precise dial-micrometer 
measurements of the pad thickness were completed before and 
after conditioning to evaluate pad erosion. In addition, cross-
head displacement during the tribometer testing time of 15 
minutes was used to confirm pad cut rates. In general, dial-
micrometer and tribometer crosshead displacement 
measurements matched within 10%. Friction data were 
gathered for each sample and test condition using the strain 
gauge sensors built into the tribometer. Sample test speeds 
ranged from 0.2 to 0.6 m/sec, and conditioning pressures 
ranged from 2 to 7 psi. In addition, a 100-ml/min flow of DI 
water was used to remove debris and lubricate the pad surface 
during the conditioning process. To determine static and 
dynamic friction coefficients (Cd), a separate platen oscillation 
test in clockwise and counterclockwise motion was run at the 
above loads. 

Optical microscope observations of the pad surface and 
conditioner end-effector were made after each test to help 
evaluate diamond loss and the nature of the pad asperity 
generated by the abrasive. To improve the repeatability of the 
tests, a new abrasive sample was used for each run. 

Tribometer data revealed that for all three abrasive types the 
IC1000-A4 pad erodes in a Prestonian manner. Abrasive cut 
rates on the pad under test conditions increased linearly with 
both pressure and pad speed, demonstrating that pad 
conditioning is a highly mechanical process. This observation 
indicates that increasing pad velocity or the applied pressure 
during conditioning reduces pad life. Figures 2 and 3 illustrate 
typical pad erosion data gathered from the tribometer.

The Cd comparison in Table II reveals that the dynamic 
coefficient of friction and pad cut rate trend together and are a 
function of the diamond abrasive configuration. In addition, 
clustered diamond pad conditioning abrasives (Type B) exhibit 
relatively high coefficients of static and dynamic friction.         
High static coefficient of friction values for pad conditioners  
indicate that the conditioning end-effector is more likely 

Figure 2: Example of IC1000 pad erosion rate versus 
platen speed at 5 psi for Type C uniform-grid abrasive.

Figure 3: Example of IC1000 pad erosion rate versus 
pressure at 0.6 m/sec for Type B clustered abrasive.

To chatter during pad conditioning on a CMP tool. For 
all samples, a slight decrease in the dynamic coefficient 
of friction was observed when pad speed was increased 
from 0.2 to 0.6 m/sec. 
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Using tribological data, the work imparted to the polishing pad 
by the conditioning abrasive can be directly calculated. If this 
work is normalized by the volume of pad removed by the 
abrasive, it is possible to determine what the diamond abrasive is 
doing to the pad during conditioning. The value of the work per 

3unit volume of pad removed (in gigajoule per m), known as 
excavation energy, is a strong indicator of what is happening to 
the pad surface. Excavation energy for all three diamond 
conditioners is presented in Table III. 

Excavation energy data revealed that the Type B clustered 
diamond conditioner requires very little energy to remove pad 
material. This conditioner is very effective at scraping material 
off the pad surface, thus reducing pad lifetime during CMP 
applications. In contrast, because the Type C conditioner is not as 
effective at removing pad material as Types A and B under the  
same  work  conditions,  its  use  extends  pad        lifetime. 
Microscopic analysis of the pad surface revealed that 

Type Cd (Dynamic) Cd (Static) Cut Rate 
(mil /min) 

A 0.63 0.79 0.20 
B 0.76 0.90 0.85 
C 0.57 0.76 0.10 

 Table II: Tribological data for performance of the three main 
types of diamond pad conditioners at 5 psi. 

Abr asive Type Applied Work/  
Total Pad Volume 
Removed (GJ/m3) 

A 3.04 X 109 
B 1.90 X 109 
C 3.23 X 109 

 
Table III: Excavation energy of diamond configurations for      
IC1000-A4 pads.

Figure 4: Pad asperity planarization demonstration using a rigid 
Type C pad conditioner.

since the Type C abrasive grooves the pad, conditioning en-
ergy does not excavate pad material. The grooving patterns 
reflect the grid arrangement of the diamonds in the Type C 
abrasive. The Type A conditioner exhibits a combination of 
the Type B and Type C mechanisms, since its random 
diamond arrangement is composed of both clusters and 
ordered areas. Overall, pad microasperities generated by the 
Type C abrasive are larger than those generated by the Type A 
and Type B abrasives. Consequently, pad conditioning using 
the Type C abrasive results in a more robust pad asperity than 
pad conditioning using the other abrasives. 

Using Finite Element Analysis to Determine the 
Impact of Pad Macroasperity on Polishing 

CMP pads inevitably develop asperities or wear tracks. 
Regardless of how much care is taken during pad installation 
to wipe foreign materials such as adhesive residues, particles, 
and cleanroom wipe fibers from the polishing platen surface, 
it is not possible to remove all contaminants from the platen. 
The pad conditioner must help to mitigate the impact of 
asperities caused by such contaminants. Rigid-backed pad 
conditioners with random, clustered, or uniform-grid 
diamond configurations function in a geometrically selective 
manner during pad conditioning. 

Figure 4 demonstrates that the use of a Type C diamond grid 
conditioner can flatten microasperities. For this test, a 
relatively large bump composed of an epoxy material was cast 
onto the platen surface. A new pad was installed over the 
bump and conditioned. Although the bump was quickly 
flattened, very little pad material was removed from the 
region surrounding the bump. 

The impact of macroasperity height and diameter on 
wafer/pad interface pressure distribution in the case of a 
single-layer 0.080-in. IC1000 polishing pad was evaluated 
using Pro-Mechanica finite element modeling software from 

full-factorial design of experiment. Figure 5 il-
lustrates the typical model setup and results of 
the simulation. 

As displayed in Figure 6, the impact of 
macroasperities on the polishing process can be 
significant. The Pro-Mechanica predicts local 
wafer/pad interface pressures of up to 5000 psi 
for large-height (>4-mil), small-diameter 
(<0.25-in.) pad bumps at a carrier polishing 
pressure of 4 psi. In this test, high local wafer or 
pad pressures, in addition to a surrounding non-
contact zone resulting from the pad bump lifting 
the wafer off of the pad, led to lower-than-pre-
dicted local polishing removal rates and degrad-
ed within-wafer polishing nonuniformity. High 
pressures at the wafer/pad interface enhance pad 
glazing and flatten pad asperities generated by 
the diamond abrasive. Pad bumps, therefore, 
effectively behave much like holes in the pad 
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during CMP processing. Large-
diameter asperities result in low 
local wafer or pad pressures, 
since the air bag–type carrier 
allows the wafer to conform to 
the pad surface. This correlation 
may explain why air bag– or 
front-referencing–type carriers 
are virtually insensitive to wear 
tracks in pads. 

 It can be concluded from 
Figures 5 and 6 that global pad 
planarity has a significant 
impact on the wafer/pad 
pressure profile during CMP 
app l i ca t i ons .  Moreove r ,  
optimum polishing uniformity, 
stable material removal rates, 
and extended pad lifetime are 
achieved when the pad is 
p l a n a r i z e d  d u r i n g  t h e  
conditioning process. Rigid-

Figure 5: Wafer/pad pressure profile resulting from a pad macroasperity (bump). 

backed grid, clustered, and randomly oriented diamond rates across the wafer diameter could be evaluated. The data 
conditioners perform this function well. revealed that the PETEOS polishing rates degraded sub-

stantially in the wafer center as 100 wafers were processed. In 
PETEOS Wafer Polishing Evaluation addition, polishing tests that were run for more than 2 minutes 
After tribological characterization was completed, tests were on a single wafer demonstrated a significant loss of film 
conducted to determine how the physical nature of pad removal rate. Polishing rate degradation at the wafer center 
asperities affects orbital CMP polishing performance. The tests 
compared the performance of full-sized pad conditioners 
containing Type B clustered or Type C grid abrasive. The same 
conditioning load, time, and contact pressure were used for 
both abrasive types. The purpose of the test was to evaluate pad 
lifetime and process performance for a constant-load pad 
conditioning process. (The Type A abrasive was not 
completely tested because it resulted in relatively high pad 
erosion rates and pad asperity that clearly resulted from a 
combination of the Type B and Type C mechanisms. 

Polishing Results with the Type B Abrasive. Process stability 
using the Type B pad conditioner abrasive was studied by 
installing a new Rodel 0.080-in./0.050-in. IC1000/SUBA IV 
polishing pad in a Micro Planarizer module on a Momentum 
tool. The module was equipped with a production version of 
SpeedFam-IPEC's multizone front-referencing carrier. The 
system and internal wafer cleaner were process qualified to 
collect polishing and defect data. For this experiment, defects 
were evaluated using a calibrated Tencor-Prometrix 6420 from 
KLA-Tencor (San Jose), which measures defects >0.16 µm. 
Cabot SS12 slurry was used at the process of record (POR) 
flow rate of 200 ml/min to polish prime PETEOS oxide wafers 
for 2 minutes. Ex situ pad conditioning using a 12-lb load was 
completed before each wafer was polished. 

Diameter scans of the wafer film thickness were measured with 
an OptiProbe 3260 spectral ellipsometer from Therma-Wave 
(Fremont, CA) before and after the test wafers were polished 
for 2 minutes. By subtracting the postpolishing scan 
measurements from the original scan measurements, polishing 

Figure 6: Two-dimensional analysis of the impact of 
macroasperity geometry on maximum wafer/pad interface 
pressure when a front-referencing carrier is used. 
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can be seen in the polish rate profiles presented in Figure 7. As 
more wafers were polished, the removal rate at the wafer 
center decreased. For this test, an average of 189 defects/wafer 
>0.16 µm was recorded. In a simulated testing run, the 
researchers found that polishing pad lifetime was 
approximately 400 wafers. 

Polishing Results with the Type C Abrasive. After the 
evaluation of the Type B clustered pad conditioning abrasive 
had been completed, the Momentum tool was requalified with 
a new Rodel 0.080-in./0.050-in. polishing pad. The ex situ pad 
conditioning process used to test the Type B abrasive was 

Figure 7: Evaluation of how much film was removed from 100 PETEOS wafers after 2 minutes 
of polishing when the pad was conditioned with the Type B abrasive. The average removal rate 
was 2227 Å/min and wafer-to-wafer nonuniformity was 4.97%. 

Figure 8: Evaluation of how much film was removed per minute from 75 PETEOS wafers when 
the pad was conditioned with the Type C abrasive. The average removal rate was 3096 Å/min 
and wafer-to-wafer nonuniformity was 1.27%. 

was used for the Type C abrasive. 
Again, the oxide POR was used 
to evaluate the stability of the 
polishing process and gather 
defect data. 

   The data from this test re-
vealed that the film removal rate 
using pads that had been 
conditioned with the Type C 
abrasive was very stable across 
the wafer diameter over the 75 
wafers processed and that the rate 
also was substantially higher 
than that for the Type B abrasive. 
Polishing tests run on a single 
wafer for up to 5 minutes 
demonstrated little or no changes 
or drift in the film removal rate. 
Polish diameter scan profiles, 
shown in Figure 8, appeared very 
stable. A defect count of only 19 
defects/wafer >0.16 µm also was 
observed. In a simulated test

whose results are presented in Figure 9, the researchers found 
that pad lifetime was approximately 750 wafers. A summary of 
the polishing results for pads conditioned with the Type B and 
Type C abrasives is presented in Table IV. 

Discussion  

   The polishing data gathered in these tests show that pad 
asperities generated by different diamond pad conditioners can 
be correlated to oxide removal rate, wafer-to-wafer polishing 
repeatability, and within-wafer nonuniformity during the 

CMP process. For the CMP 
process using the SS12 slurry, a 
grooved microasperity on the 
pad surface caused by a uni-
form grid conditioner performs 
better than the scraped asperity 
caused by a clustered pad 
conditioner. This f inding 
contradicts the view that overall 
cut rates caused by pad 
conditioning abrasives correlate 
directly with polishing rates on 
PETEOS wafers. Although the 
diamond grid pad conditioner 
yielded pad cut rates that were 
only 25% of the cut rates from 
the clustered conditioner, it 
improved CMP polishing rates 
by more than 35% and increased 
pad lifetime. 

 At least two possible mecha-
nisms either one or both of 
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which may be present at the 
wafer/pad interface—might ex-
plain why there is such a differ-
ence in polishing performance 
between the two pad condition-
ers. The first involves the 
physical robustness of the pad 
asperity. A tougher, thicker pad 
microasperity can apply more 
load to the wafer/polishing pad 
interface, thereby enhancing 
local material removal rates. 
Preston's equation states that 
increasing the local wafer/pad 
interface pressure improves 
polishing rates. Based on simple 
beam-bending equations, as-
perity rigidity is a strong function 
of asperity thickness. The rigidity 
of a pad microasperity increases 
with the cube of the asperity 
thickness, or groove-to-groove 
spacing. A thicker pad asperity is 
the re fo re  more  res i s tan t  

Figure 9: Results of a simulation of the lifetime of a pad conditioned with the Type C abrasive. 
Wafer-to-wafer nonuniformity when polishing ~750 wafers was 1.3%.

to thermal  degradation and collapse during CMP than a Conclusion  
thinner one. 

Tribological data from diamond abrasive conditioning of The second possible mechanism is the asperity's ability to 
polishing pads can be used to characterize friction and abrasive accommodate polishing residues during CMP. Because such 
cut rates, as well as to quantify the work applied to the pad residues accumulate more rapidly in the grooves of smaller pad 
during the conditioning process. Finite element analysis of the asperities than in the grooves of larger ones, the larger ones 
pad conditioning process reveals that rigid diamond pad remain in contact with the wafer surface longer. Consequently, 
conditioners improve polishing performance by planarizing larger-grooved asperities caused by grid abrasives can 
the pad, thus eliminating bumps that negatively impact accommodate more slurry by-products than the smaller 
polishing nonuniformity. Grid-type diamond abrasive scraped asperities caused by clustered abrasives. The better 
conditioners are very effective at grooving the polishing pad, defect data from wafers polished with pads conditioned by the 
whereas clustered diamond pad conditioners are effective at Type C abrasive indicate that polish residues may be better 
scraping material off of the pad surface. Random diamond managed on polishing pads having grooved microasperities. 
configurations on pad conditioners result in a combination of 

Although the density and protrusion of the diamonds in grid the two cutting mechanisms (grooving and scraping). High pad 
abrasives ultimately affect polish and defect performance, care erosion rates do not necessarily correlate with CMP material 
must be taken when optimizing pad asperity because many removal rates. 
factors are influenced by the manipulation of the diamond Experimental data indicate that grooved-pad asperities 
pattern. If the diamond density of the abrasive end-effector is generated by grid-type abrasives are more robust in oxide CMP 
dramatically increased, the pad scrapes too much, causing applications than scraped-pad asperities generated by cluster-
polishing rate stability to decline. Conversely, by reducing the type abrasives. This effect is likely the result of the grooved 
diamond density too severely, too few asperities are generated asperity's ability to resist collapsing during CMP, which 
on the pad surface to provide adequate fluid transport during increases wafer/pad contact pressures and perhaps improves 
the CMP process. Therefore, the optimization of a diamond the asperity's ability to store polishing residues. This study 
pad conditioner for orbital CMP is complex and requires demonstrates that pad lifetime, process performance, and
extensive experimental investigation. 

Table IV: Summary of polishing data for Type B and Type C pad conditioning abrasives. All measurements were taken with a 3-mm 
edge exclusion on PETEOS oxide wafers after 2 minutes of polishing.

Abrasive 
Type 

Average Removal 
Rate (Å/min) 

Wafer-to-Wafer 
Nonuniformity (% 1 s) 

Defects per Wafer 
>0.16 µm 

Pad Lifetime 
(Wafers) 

Asperity  
Type 

B 2227 4.9 189 >250 Scraped 

C 3096 1.3 19 >750 Grooved 
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stability are tied to the nature of the pad asperity generated by 
the diamond conditioning abrasive. Proper optimization of 
diamond abrasive conditioners for oxide CMP is not trivial in 
light of the complex nature of the pad asperity and its impact on 
the CMP process. 
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