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Motivation

Mechanical properties are critical in many applications
- predictive modeling of complex systems
- performance and reliability

Measuring mechanical properties of sub-micron (nano) films remains difficult



Nanomechanics

Indentation

Nanobubbles

O’Connell and McKenna, Science 307, 1760-1763 (2005).

Membrane punch

Raegan et al. Eur. Phys. J. E 19, 453-459 (2006).

clamped-free AFM cantilever

cantilever tip in contact

Rabe et al. J Vac Sci Technol B 15 1506 (1997)
Hurley et al. J Appl Phys 94 2347 (2003) 

AFAM



Surface wrinkling

Bowden et al. Nature 393, 146 (1998).
Bowden et al. Appl. Phys. Lett. 75, 2557 (1999).

Lacour, et al. Appl. Phys. Lett. 82, 2404 (2003).

Volynskii et al. J. Appl. Polym. Sci. 72, 1267 (1999).



Surface wrinkling
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Bending of an elastic layer on an elastic foundation:

Assume sinusoidal deflection of the coating:

λ
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Minimize the compressive force in the coating:

M.A. Biot, J. Applied Mechanics 4, A1 (1937).
A.L. Volynskii et al. J. Material Science 25, 547 (2000).

R. Huang, J. Mechanics and Physics of Solids 53, 63 (2005).
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Surface wrinkling
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Assumptions:

thick substrate (hs >> hf )

interface must be well-bonded.

soft substrate (Es << Ef )

materials behave elastically



Surface wrinkling

ε

cεε =

λ

Governing Equations

where )1/( 2ν−= EE

3/1

3
2 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

s

f
fe E

E
hπλ

2/1

1⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

c
fe hA
ε
ε

3/2
3

4
1

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−=

f

s
c E

Eε
3/12

64
9

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
= sf

c

EE
σ

3

2
3 ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

f

e
sf h

EE
π
λ



Surface wrinkling

Huang, Hong, and Suo, J. Mech. Phys. Solids 53, 2101 (2005).

Chung and Stafford, unpublished data.



Metrology platform

Optical microscopy Small angle light scattering AFM

How to ascertain wavelength?
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Stafford et al. Encyclopedia of Materials: Science and Technology Online Updates (2006).



Validation

hf, Es

λe
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Stafford et al. Nat. Mater. 3, 545 (2004).
Stafford et al. Rev. Sci. Instrum. 76, 062207 (2005).
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Inorganic materials
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 wrinkling
 indentation

hf ≈ 725 nm
MSSQ-based films

Stafford et al. Nat. Mater. 3, 545 (2004).

o Films cast on polished salt plates to facilitate film transfer.

o Wrinkling metrology could measure films down to 100 nm; indentation could not.

o Semiconductor industry needs Ef > 4 GPa to withstand CMP.



Ultrathin films
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Stafford et al. Macromolecules 39, 5095-5099 (2006).
R. Huang et al. J. Aerospace Eng. 20, 38-44 (2007).
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insufficient 
mechanical strength

Observe dramatic decrease in Ef below 30 nm

Data can be explained by a surface layer (h*=2 nm) 
with reduced modulus (almost rubbery).



Soft materials
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Reverse metrology
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• Approach is most sensitive for Es < 2 MPa
• Thickness of sensor film is critical for 
measurement sensitivity

• Stress decays into the substrate on the 
order of a wavelength (λe)

Employ a ‘sensor’ film of known modulus and thickness to report back the 
substrate modulus:



Reverse metrology

water
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gel
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 wrinkling
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sensor film
contact 

lens

PMMA/contact lens

Wilder et al. Macromolecules 39, 4138-4143 (2006).

MPaEs 02.041.0 ±=
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New directions

• Application to new materials
• LbL assemblies
• polymer brushes

• Extend metrology to new measurements
• critical strain
• viscoelastic wrinkling



Wrinkling of PEMs
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EPEM=7.0 ± 0.2 GPa

LbL assembly of polyelectrolytes directly on PDMS
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Nolte et al. Macromolecules 38, 5367 (2005).
Nolte et al. Macromolecules 39, 4841 (2006).



Wrinkling of PEMs

Nolte et al. in preparation (2007).

LbL assembly of polyelectrolytes directly on PDMS

PAH

PAA



Wrinkling of brushes
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• thickness grows linearly with reaction time (tp)
• comparable thickness on PDMS as silicon.



Wrinkling of brushes

Wrinkling wavelength on PDMS:
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• Heat film/substrate above Tg for pHEMA (~85 oC)
• Upon cooling, compressive stress/strain is generated

008.0−=cε for pHEMA on PDMS

Tg

H. Huang et al. in preparation (2007).
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Wrinkling of brushes
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 hbrush - wrinkling
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PDMS

A macroscopic measurement (wavelength) 
can provide accurate measure of a property 
at the nanometer scale (thickness)

Measure brush thickness via wrinkling!

• assume bulk modulus
• wavelength thickness

H. Huang et al. in preparation (2007).



Reversibility in wrinkled brushes

λ = 1.78 ± 0.19 mm λ = 1.92 ± 0.10 mm λ = 1.89 ± 0.14 mm λ = 1.88 ± 0.06 mm

Heating/cooling cycle
Rinse with solvent (DMF/methanol)



Critical strain
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• thickness dependence (linear)
• modulus ratio to the 1/3

• no thickness dependence
• modulus ratio to the 2/3

o One way to detect 
critical strain (εc) is 
through OM or LS….

sample

laser

custom-built strain 
stage

mirror

Measure the scattered intensity as a function of compressive strain.



Critical strain - LS
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• thickness dependence (linear)
• modulus ratio to the 1/3

• no thickness dependence
• modulus ratio to the 2/3

Stafford, et al. Encyclopedia of Materials: Science and Technology Online Updates (2006).

o One way to detect 
critical strain (εc) is 
through OM or LS….



Harrison et al. Appl. Phys. Lett. 85, 4016 (2004).

Critical strain
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Critical strain
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o One way to detect 
critical strain (εc) is 
through OM or LS….

wavenumber
(~wavelength)

1st order diffraction spot
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Critical strain – PS/PDMS



Critical strain

R. Huang et al. J. Aero. Eng. 20, 38 (2007).
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Critical strain – pPS/PDMS



Critical strain - wettability

Chung et al. Soft Matter accepted (2007).
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Thermal wrinkling

Access to temperature dependent properties
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Chung and Stafford, unpublished data
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Thermal wrinkling
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Viscoelastic wrinkling

R. Huang, J. Mech. Phys. Solids 53, 63-69 (2005).
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Thermal (viscoelastic) wrinkling

Yoo P.J. and Lee, H. H.Macromolecules 2005, 38, 2820-2831



Thermal (viscoelastic) wrinkling
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Real-Time Surface Scattering
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R. Huang, J. Mech. Phys. Solids 53, 63-69 (2005).
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Scattering data is easily reduced

Exponential growth of intensity with time

Excellent agreement with theory



Scattering Data
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Early Wrinkling and Viscosity

Initial stage (constant wavelength, exponential growth in amplitude):
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Wrinkling 
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Temperature Dependence

Rate increases with T

Equilibrium intensity increases with T
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