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Nanoporous Hybrid Glass Films...

Block Copolymers Nano-Laminates MSSQ Hybrids
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Nanoscience Applications
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... blosensors, molecular
sieves, charge separation
layers, anti-reflection coatings
and ULK dielectrics...

...but hybrid glasses are
mechanical fragile!

microelectronic photovoltaics
devices



Molecular Modeling of Hybrid Glasses
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MD Modeling of OCS/OCS(Me)

Simulation Elements Bonded Interactions

Oxygen: () U(r)=k-(r-r,)?
U<9): k'(‘g_go)2
OCs: Q’O\O/Q U(¢)=%K1[1+cos(¢)]+%Kz[l—cos(2¢)]
OCS(Me): @/O\Q/C)\O +% K1+ cos(3¢)]+% K,[1-cos(4¢)]

H atoms are modeled implicitly enforce all bond lengths, angles and dihedral angles
(united atom approach)

Non-Bonded Interactions: Stillinger-Weber
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Simulations Reproduce Local Chemical Structure

Characteristics of simulation with 750 OCS molecules and 2800 O atoms
Variable condensation

Si atoms are fully coordinated
- 99.5 % have oxygen CN of 3

Silicon
- 0.05 % have oxygen CN of 2 + Oxygen \
Few free oxygen defects
- only 1% O atoms are unbound 7
CH,

Correct density
- Model density = 1.596 g/cc
- Real density = 1.539 g/cc

Correct Si-O-Si bond angle distribution
FWHM of ~ 8 degrees consistent with 7

degree FWHM reported for silica
[Feuston and Garofalini J. Phys. Chem. 1988]
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Simulations Reproduce Local Chemical Structure

Characteristics of simulation with 750 OCS molecules and 2800 O atoms
Variable condensation

Condensation and network connectivity
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l Condensation

—Sli—O—Sli— + H,0
Condensation degree, g

— fraction of Si-O-Si bonds formed
— typical values: 0.7 t0 0.9

CH,
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Si-X-SI Network Connectivity
Si-X-Si connectivity, p = fraction of bridging Si-X-Si bonds present

Bridging Si-X-Si bonds Terminal bonds
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Cure to increase condensation (UV, thermal, e-beam)
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Simulating Bulk Modulus
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Bulk Modulus, K (GPa)

Simulating Bulk Modulus
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Model Nanoporous Glasses

Sample Pore:
atoms of porogen shown
mesh grid shows pore surface

Model Porogen: Porous Glass Model:

4 C,parms _
25 vol% porosity

~1.2 nm

R = 0.6 nm

gyration

7.6 nm
FSTANFORD
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Effect of Porosity on Elastic Stiffness
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Effect of Porosity on Elastic Stiffness
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Effect of Porosity on Elastic Stiffness
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Effect of Connectivity on Fracture Energy Ge

Adhesive and cohesive
fracture concern for reliable
integration film

| lacopi et. al (2007) 11 Linet al (2008) .‘

2 23 24 25 260 1 2 3 4 500 05 10 15 20
Average Connectivity Network/Terminal Bond Ratio  Si-O Bond Ratio, SiO,,

Fracture Energy, G_ (J/m°)
NO PN W g N

Increased connectivity — more bonds to break — higher G

Is there a fundamental scaling law?
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Simulating Cohesive Fracture

How many and what type of bonds must be broken to
fracture the network?




Applying Graph Theory to Model Networks

Ford and Fulkerson, “Maximal Flow Through a
Network”, Canadian J. Math. 1956.
Implement with Goldberg-Tarjan algorithm (1988) using
MATLAB script and Boost Graph Library.

Weight edges by strength
Convert to weighted graph and or energy

find min-cut...
atoms = vertices, bonds = edges
bond strength/energy = edge weight

collapse source/sink into single vertices Grandbos et al. Science (1999)



3-D Complex Fracture Path Selection
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Effect of Connectivity on Fracture Energy, G
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Effect of Connectivity on Fracture Energy, G

assume no plastic
deformation
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Predicted Fracture Energy Scaling
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Eﬁect of Connectmt

y on Fracture Energy
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Why (p-0.55)? Bond Percolation Theory

Effective Medium Approximation: percolation threshold at 2/z = 2/4
linear scaling with p

2-D Square lattice 3-D Hybrid Glass
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Can almost model
hybrid glass as a 2-D
square lattice of Si
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Predicting Modulus of New Glasses
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High Modulus 1,3,5-Benzene Glasses

closed = model Si

open = experiment
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1,3,5-Benzene is inherently more stiff than Et-OCS, as predicted



Summary

Elastic Modulus
e precursors and molecular structure <:|
o effect of nanoporosity

Fracture Energy
e network connectivity

e scaling relations —
Si(OR)s
(RO)SSI /
New Materials \Si(OR)s (RO)Si Si(OR)4
(RO);SI Si(OR)g
CH,
Si(OR)3 - Si(OR),

FSTANFORD ROIS -

ENGINEERING



