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Automated Crack Velocity Testing
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• Low crack growth rates critical for 
growth of nano-scale defects

• Dominated by threshold behavior 
in v-G curves

Synergistic effects of 
CMP slurry chemistry 
and stress on defect 

evolution/crack growth

Relevance to CMP Damage 

g

10-5

10-4

10-3

 

h 
R

at
e,

 d
a/

dt
 (m

/s
)

 NH4OH
 DI Water
 Citric Acid
 TMAH
 H2O2

threshold crucial for CMP

0.1 μm

nano-scale
defect

Crack growth rates <10-10 m/s 
(below threshold) necessary to 

achieve reliable integration
1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

10-7

10-6

C
ra

ck
 G

ro
w

th

Applied Strain Energy Release Rate, G (J/m2)

threshold crucial for CMP 
defects

CH3 CH3 CH3 CH3
I                        I                          I           I 

CH3 – CH – CH2 – C – C ≡C – C – CH2 – CH – CH3
I I

CH3 CH3 CH3 CH3
I                        I                          I           I 

CH3 – CH – CH2 – C – C ≡C – C – CH2 – CH – CH3
I I

Cm          En

Dimeric (Gemini) surfactant
Low foaming (defoaming) and rapid 
surface wetting 

Linear (bridged) surfactant
Polyoxyethylene Alkyl Ethers 

Surfactant Effects on Defect Growth and Diffusion
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Surfactant Effects on Defect Growth and Diffusion
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Probing Molecular Interactions with AFM
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CmEn Concentration Effects on Crack Growth
pH7 + 0.01wt% surfactant

10-6

10-5

10-4
 

a/
dt

 (m
/s

)

10-6

10-5

10-4
 

/d
t (

m
/s

)
pH7 + 0.1wt% surfactant

C18            En 

Reduced conc. 

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
10-11

10-10

10-9

10-8

10-7

   30oC

 

C
ra

ck
 G

ro
w

th
 R

at
e,

 d
a

Applied Strain Energy Release Rate, G (J/m2)

pH 7

E20

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
10-11

10-10

10-9

10-8

10-7

   30oC

 

C
ra

ck
 G

ro
w

th
 R

at
e,

 d
a/

Applied Strain Energy Release Rate G (J/m2)

E100

E20

E10

pH7

Phase diagram of water-
C12E6 binary mixture

results in 
different 

assembly near 
crack tip

Applied Strain Energy Release Rate, G (J/m )

Crack Tip 
Reaction 
Region

H2O

Strained
Bond

OH-

Te
m

pe
ra

tu
re

 (°
C

)

Concentration

OH

Cra

H2O

CH3

OH

OH

OH

OH
CH3

OH

OH CH3CH3

CH3CH3OH

OH

OH-

OH OH

CH3

CH3

Crack tip 
reaction 
region

OH

bilayer

Bridging force

CH3

CH3

Crack Growth in Commercial Slurries

10-6

10-5

10-4
 

a/
dt

 (m
 s

−1
)

10-6

10-5

10-4
 

a/
dt

 (m
 s

−1
)

k =2.35 k =2.6

0.4 0.8 1.2 1.6 2.0 2.4
10-11

10-10

10-9

10-8

10-7

B3  k = 2.35
      23oC

 

C
ra

ck
 G

ro
w

th
 R

at
e,

 d
a

A li d St i E R l R t G (J −2)

B1 DIW

0.4 0.8 1.2 1.6 2.0 2.4
10-11

10-10

10-9

10-8

10-7

B3    k = 2.6
      23oC

 

C
ra

ck
 G

ro
w

th
 R

at
e,

 d
a

A li d St i E R l R t G (J −2)

DIW

B1

Applied Strain Energy Release Rate, G (J m 2) Applied Strain Energy Release Rate, G (J m 2)

BMS-B1 BMS-B3

pH 10.5 9-11

Oxidizing agent 0.4 wt% H2O2 1.0 wt% H2O2

Inhibitor BTA BTA

Surfactant O O

Chelate O O

Abrasive (silica) 12.5 – 15 wt% 1 - 30 wt%



8

Effect of Low-k Film Density/Dielectric Constant
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Road Map for Optimized CMP of Nanomaterials
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23

Diffusion time, t [hour]

Diffusion of CMP Slurry: Effect of H2O2 Addition
With H2O2 (1 wt.%)

- Uniform Fickian diffusion
- No buckling

Without H2O2

- Severe buckling
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Analyzing Diffusion Front with XPS
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Diffusion of Solutions into Nanoporous Films
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Mechanism Likely Related to Polymer Reptation
~D M α−

α = 2  polymer reptation theory

10-12

10-11
 

nt
, D

 (m
2 s-1

)

CmEn
polymer melt

surfactant in nanopores

-2

Experimentally,

Data for 
poly(butadiene)

2.3~D M −

102 10310-15

10-14

10-13

Surfynol

 

D
iff

us
io

n 
C

oe
ffi

ci
en

Molecular Weight (g mol-1)

-1.85

-1.96

Dimeric

Jones, Soft Condensed Matter

Molecular Weight (g mol )

diffusion

nanoporous glass

nanopore
surfactant 
molecule

micelle

Static tube 
(interconnected nanopores)

Dynamic tube 
(polymer entanglement)

Road Map for Optimized CMP of Nanomaterials

Defect Evolution
CMP Damage

Diffusion Removal Rate (RR)

k Increase

optimized

CMP

ULK damage

PAD

abrasiveCMP Slurry

Applied CMP shear loadSi

ULK RR

diffusion

nanoporous glass

nanopore

surfactant 
molecule

micelle



13

Correlations with CMP Removal
RR is inversely proportional to GTH.
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Summary
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• Defect Evolution and Damage
– fracture of ULK materials
– slurry chemistry effects on damage evolution

diffusion

nanoporous glass

nanopore

surfactant 
molecule

micelle
• Diffusion of Chemically Active Solutions

– diffusion of aqueous solutions
– effects of nonionic surfactants

• Correlations with CMP Removal Rate

PAD

abrasiveCMP Slurry

Applied CMP shear loadSi

ULK RRdefect evolution rates

– role of slurry chemistry and surfactants
– removal, diffusion and


