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Important Roles for Glass Surfaces Methods of Characterization

* strength - surface composition (XPS)
- - depth profiling (SIMS)
Y tlca_'l - surface roughness (AFM)
 chemical defense - organic adsorbates (FTIR/Raman)
* substrate for coatings - chemical structure (NMR and NEXAFS)

- surface charge (streaming potential)

- contact angle tensiometry
- adhesion (CFM)

Characteristics and Properties of Glass Surfaces and Coatings
e surface composition ‘

 chemical functionality '
e contact angle/wettability

» surface charge and other surface forces
* porosity/roughness/specific surface

* cleanliness and chemical durability

e uniformity of ALL the above
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The composition, structure and properties of surfaces are

determined by the process used to create the surface.

* Fracture surface

 Melt surface (frozen liquid)>> thermal history
* Ground and polished

 Chemically etched

* Plasma or ion-sputtered

* Vapor deposited
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Outline

Part 1. Fundamentals

« Surface Structure and Adsorption
- fracture surface vs melt surface
- silica vs multicomponent

« Surface and In-Depth Reactions

« Surface Functionalization

Part 2: Functional Surfaces
 DNA Microarray Substrates

« Semiconducting Glass Surfaces
 Nanoscale Carbon Coatings

» Glass-Polymer Interfaces

PENNSTATE Materials Research Institute

ﬁ Center for Glass Surfaces, Interfaces, and Coatings



Crystalline Surfaces

Repeating arrays of nearly identical sites.
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Glass Surfaces

glass surfaces contain a continuum of heterogeneous adsorption sites.
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Glass Surfaces

the continuum of heterogeneous adsorption sites can be broken down into

a set of distinct types of adsorption sites.
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Glass Surfaces

Glass surfaces are made up of a vast collection of heterogeneous adsorption sites.

Modeling Goal: Map the
adsorption properties of the
surface as a continuous network
of heterogeneous sites.




Modeling Surface Adsorption Sites Using
Water (and other Polar PROBE Molecules)
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Adsorption Investigated with DFT

Start with a surface slab

(side views)

Create a surface profile

Z (ang.)

Physisorption
mapping

Multiply the gradient of the electric
potential by the dipole moment of
water (or any adsorbate)

Calculate the electronic
“softness” of the charge
density

l

Find sites that are charge
donor/acceptor pairs

l

Chemisorption
mapping




DFT Physisorption Mapping

Silica fracture surface

Pair

Strained . Strained (ang.) '
3-coord Si 3-coord Si
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coordination defect

concentration

Modeling “Melt Surfaces”

Hybrid Monte Carlo / Molecular Dynamics (MC/MD)
for simulating coordination-defect-free surfaces

Surface created by removal of —_ MD
/ PBC in positive z direction. ® MC

Computational resources

MC component limit (using MD).

(randomizing velocities).

melt
surface

v

simulation time



DFT Physisorption Mapping

silica melt surface... relaxed to eliminate dangling bonds
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DFT Physisorption Mapping
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Glass Surfaces for Research

clean fracture surfaces and frozen melt surfaces
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in-situ vacuum fracture

surface analysis by static TPD SIMS ' fracture:

Before fracture:
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in-situ vacuum fracture
surface analysis by ESR

NBOHC
(dangling oxygen
bond)

Generic E'-center
(dangling silicon
bond)

G. Hochstrasser, and J. F. Antonini, Surface Science 32, 644 (1972)
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*experimental work on clean silica fracture surfaces showed
dependence of water vapor adsorption kinetics on thermal history.
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(Glass Surface Structure Models

Silica at instant of fracture

Relaxed silica fracture surface




Silica
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Silica

25 Na,O — 75 SiO,

Fracture Surface

Y (ang.)

Hydroxylated FS
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Surface Hydroxyl Concentration

OH sites/(nm?)

Cooling Rate (K/s)
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ide Glass Surfaces
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Surface Laver Formation

*H,0
Na*,Ca™, A" * H;0° : :
’ ’ by hydration and ion-exchange
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Sodium-Trisilicate Glass

pH 2.0
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pH 2

Na,0-3 S0,
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(Glass Surface Structure Models

Silica at instant of fracture

Relaxed silica fracture surface




Antimony Depth Distribution by Angle-Resolved XPS and FAB-Static SIMS
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ISS Signal Ratio (R/0)

Alkali-to~Oxygen Signal Ratics
of 1500 eV *He* 1SS Spectra of

Heated Glass Surfaces
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Fiber Surface Layer
by TEM and SEM

PSUMCL

FA fiber corroded by
simulated body fluid




Organo-Functionalization of Glass Surfaces
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water barriers ?

Scheme 2.5: Schematical representation of the APS multilayer obtained by
Method 2, the gasphase silanization procedure of Haller [20].
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Silanization process:
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Angle dependent X

A preference for the protonated amine
to be oriented towards the glass surface
and the non-protonated ones to be
oriented away from the surface is

suggested.
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Composite fracture surface: azide functional silane on silica beads in polyethylene
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FIGURE 5. Scanning electron micrograph of the fracture surface of a glass-sphere-filled high-density poly-
ethylene where the glass has been modified with an azide-functional silane.



Electrical double layer at the glass-water interface
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Glass surface modification using inorganic and organic coatings

60
Al-(hydr)oxide (pH=3.5)
Air side
40 - : Al-(hydr)oxide (pH=2.0)
Air side
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Glass Surfaces and Coatings for Biotechnology

PENNSTATE Materials Research Institute
ﬁ Center for Glass Surfaces, Interfaces, and Coatings




Adhesive Force Studies
by Chemical Force Microscopy (CFM)

Functionalized Si;N, Tip Force-Distance Measurements
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fiber probe for AFM/CFM (glass fiber diameter 10 pm)

Force Calibration Plot
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Interdisciplinary Materials Research,
Science and Engineering at Penn State

Core Competencies:

*nanoscience, nanomaterials and nanostructures
*electronic materials, devices and systems
*functional polymers and ceramics

*synthesis, processing and manufacture
*materials characterization and surface science
ecomputational modeling and simulation

PENNSTATE Materials Research Institute
| T Lowe




Glass Research at Penn State

Faculty:

David Green (mechanical)

John Hellman (struct/proppants)
Seong Kim (polymer coatings)
Mike Lanagan (dielectric props)
Karl Mueller (NMR/surface chem)
Chris Muhlstein (nanomechanics)
Carlo Pantano (surfaces/coatings)

Opportunities:

Coatings: processing and
properties

Mechanical properties and
strength

Corrosion and weathering
Glass for capacitors
Microwave processing

High performance buildings
Solar for pv and fuel
Composites



PENNSTATE

the Art and Science of Glass




Outline

Part 1. Fundamentals

» Surface Structure and Adsorption
- fracture surface vs melt surface
- silica vs multicomponent

» Surface and In-Depth Reactions

« Surface Functionalization

Part 2. Functional Surfaces
 DNA Microarray Substrates

« Semiconducting Glass Surfaces
 Nanoscale Carbon Coatings

» Glass-Polymer Interfaces

PENNSTATE Materials Research Institute

ﬁ Center for Glass Surfaces, Interfaces, and Coatings



Glass Surfaces and Coatings for Biotechnology
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A tremendous interest in deoxyribonucleic acld
(DMA) characterization tools was spurred by the
mapping and sequencing of the human gename,
Mew tools were needed, beginning in the ezrly 19905,
to cope with the unprecedented amount of genomic
information that was being discoverad, Such nesds
lead to the development of DMNA microarrays; tiny
gene-based sensors traditicnally prepared on coated
glass microscope slides. The following review is
intended to pravide historical insight inta the advent
of the DMA microarray, followed by a description of
the technelogy from both the application and
fabrication points of view. Finally, a descripticn of
the unmet challenges and needs assodiated with
DMA microarrays will b2 described to define areas
of petential future developments far the materials
researcher.

®Directer A D-Schety Hetmion &5,
AT, Te-Scheti-Sin

[-E5127 Meiag, Cermaiy

E-mait s mmmee@schatt.com
A0drecior. Materials Aeseard Instiube,
The Perimyhvertia Stats Usirsiity,

159 Marerisis Fasearch retitute Buldng.
Unhemmity Park, PA S5302-5809 LITA
E-mait pamiancPerapriedy

moterkisindoy  March 2004

by Samuel D, Conzone* and Carlo G. Pantanot

Mast individuals, outside of academic circles focused
on genomics, became aware of the potential
commercial, technical, and socisl Importance of the
human genome project during the late 1980s. The
human genome praject was farmally initiated In
19907 and was expected to last 15 years, |t had the
major goals of ldentifying all of the genes in human
DM, determining the sequences of those genes, and
storing the information in public databases.
Heweaver, the preject moved quickly fram the onset
and, by 1998, the Department of Energy (DOE) and
the Mational Institutes of Health [MIH) predicted
that the human genome project would be complatad
by 2003,

The big buzz about biotech

The tremendous swccess in rapidly mapping and sequencing
the human genoma (a working draft sequence of tha human
genamea was complsted In 2000), has lead many
commentators to predict that similar achlevernents would
fellow on the applications slde, leading to unprecedented
discoverles related to human health?.d, Gaudy promises of
high-tech clinies with the abllity ta prescribe drugs based on
the genstic make-up of the patlent were well ahsad of their
time. Thig narrmal lag frern discovery (the sequencad human
genome) to true applications (genstically englnzered drugs)
is partially attributable to the lack of toals, which could
enable researchers to utilize effectively the tremendous
ameunt of infarmaticn that was generated during the hurnan
EZNOme projact.

REN-TIGT T O Gaevier L 2004



DNA Microarray: a glass-based biological sensor

Single strands of
Oligonucleotides or DNA
IMMOBILIZED at
known locations

& A U B AU

OrganoFunctional Coating < -

Glass Substrate — 1

Biomaterials and Bionanotechnology




DNA Microarrays (Gene Chips for sequencing)

Apply to pre-made

e Qz) §

S z DNA Microarray cccoos
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Unknown DNA solution
with fluorescent dyes.

Unknown DNA molecules attach
to their complementary probes.

Each spot contains identical DNA
probes of different known sequence.

Laser Confocal Scan
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The sequence of the unknown
strand is now determined.

Unknown
probe
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DNA Microarrays (Gene Chips for sequencing)

I3
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Apply to pre-made
? DNA Microarray
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Unknown DNA solution
with fluorescent dyes.

Unknown DNA molecules attach
to their complementary probes.

.

Each spot contains identical DNA
probes of different known sequence.

Laser Confocal Scan
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The sequence of the unknown
strand is now determined.

Unknown
probe




Immobilization of Unmodified DNA to glass substrates

Phosphate-Sugar
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Physical Chemistry/Engineering of the Microspotting Process
+ Air-bubble entrapment - Evaporation
s Air/water interface ' -
» Dissolved air

: Adsorption

- Aggregation
+ Concentration
-Qutgassing * Viscosity
| *Microorganisms
o’ © - Oxidation (pH)
z * Temperature
« Wetting e
» Clogging \ g * Denaturation
+Priming | S~/ _ Airiwater interface;
* Cross- 4 V - Surface/volume ratio
contamination - - Evaporation
. Drop stability , g::{ﬁ:;mn
* Volume reproducibility - Surface tension
* Directional stability . Diffusion
" Microfiuidics / * Drop-broadening
+ Immobilization s 7~ - Crystallization
- Contact angle /. * Aggregation
- Saturation | * Drying



MODIFICATION of GLASS for DNA ATTACHMENT

Functionalized Monolayer

‘w Coatings
] NH, NH, NH,
‘ Si—O0— Si—0—Si
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Modified Glass Surfaces | | |
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Aminosilane APS-treated sol/gel Hybrid sol/gel derived
(APS) derived porous silica APS-functionalized silica
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Optical microscopy A e
o ® & @
g < &

SEM

Confocal Laser
Scanning



Code 8161 - 52% PbO, 39% SiO 2, 5% K20, 2% Rb20 and 2% BaO.

The acid etch was brief and utilized an 0.10 N Electron Emission Glasses

HC1 solution. The hydrogen reduction took
10 h at 450-500°C.

_EE;':____ = . 20-50 nm

nlkilal:::;had ab : fb —[:i,;:? | :let::rn

These surface layers can exhibit '

resistivity of ¥~ an ohm-cm and 2-5 um S,
. Hydragen el bonduciing

secondary electron yields up to 3.5. - -

\\ \\\ MICROCHANNEL PLATE l
\
fﬁfil?ﬁ?éﬁf; \ tYS

Fig. 5. Schematic representation of a typical acid-etched and
reduced alkali-lead silicate glass surface; not to scale.
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(Cs,Rb) - Lead Silicate

Urreduced

Pb 4f

Acid-etchad
& reduced

Alrar
sputlet

Intensity of Pheloglectrons

Belare
sputier

148.8 131.9
= Binding Energy

Fig. 4. High-resclution XPS spectra of the Pb 4f line after
treatment of the (Cs, Rb)-glass; the spectra of a clean fracture
surface 1s shown for reference.
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Intensity of Photoelectrons
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Fig. 3. High-resolution XPS spectra of the O1ls line after

treatment of the (Cs, Rb)-glass: the reference spectra of a clean

fracture surface shows a shoulder at lower binding energy due
to non-bridging oxygen.
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A hollow billet of lead oxide cladding glass is mechanically supported by the insertion of a

rod of etchable core glass and then pulled through a vertical oven, producing a "first draw"
fiber of approx. 1 mm diameter. Lengths of first draw fiber are then stacked (usually by hand)
in a hexagonal array which is itself drawn to produce a hexagonal "multifiber".

Lengths of multifiber are stacked in a boule and fused under vacuum. The boule is sliced

and polished to the required thickness and shape. The solid core is then etched away,
leaving the channel array to be fired in a hydrogen oven to produce a semiconducting surface
layer with the desired resistance and secondary electron yield. (Source: Philips Photonics)

Fabrication of =

Microchannel Plates
Assemble

Channel —
Glass Core

1=t Stack 2nd Stack
(Bouled

Falish, Etch, Reduce in Hydragen

McF



A single x-ray photon interacting in a channel of the MCP produces a charge pulse
of about 1000 electrons that emerge from the rear of the plate. Since the
individual tubes confine the pulse, the spatial pattern of electron pulses at the rear
of the plate preserve the pattern (image) of x-rays incident on the front surface.
When coupled to an additional MCP and an electronic readout and display the
MCP becomes an x-ray image intensifier. The same microchannel plate technology

is used to make visible light image intensifiers for night vision goggles and
binoculars.
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Nanoscale Carbon Coatings for Glass

» o> e 4 A W

Carlo Pantano, Hoikwan Lee, Ram Rajagopalan and Josh Robinson

Materials Research Institute
Penn State University



Nanoscale Carbon Coatings for Glass

+

Glass Substrate

il

a potentially multi-functional coating

e water barrier
' i * low friction '
* electrical conductivity .
* high contact angle
A A A A A A
I The long-range goal is to deposit or grow this layer on glass to
enhance surface properties and add functionality.

Hoikwan Lee, Ramakrishnan Rajagopalan, Joshua Robinson and Carlo Pantano, “Processing and Characterization of Ultrathin
Carbon Coatings on Glass”, Applied Materials and Interfaces, Vol 1 No. 4, 927-933 (2009).
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Organic Precusors

Before Pyrolysis

After Pyrolysis

After Pyrolysis

(nm) at 800°C (nm) at 700°C (nm)
0.5wt% 9.60+0.15 3.28+0.04 57
Po'yf”r(f;gl\f'c"ho' 1Wt% 12.88+0.08 3.38+0.06
5wt% 53.31+0.17 10.04+0.05
0.5wt% 16.68+0.15 3.27+0.13 3.6
Coa'(gﬁ‘_;;’"c“ 1Wt% 20.94+0.81 4.60+0.18
5wt% 81.66+1.69 5.77+0.15
Photoresist (1805) | (10:1) 13.39+0.18 2.68+0.05 4.6
Thickness Measurement Ellipsometry Optical Profilometry

Thin carbon layers on the order of 3 — 6 nm in thickness were formed on glass substrates

Y Profile
¥ 835um

g F

SURFACE ROUGHNESS

Polymer PFA CTP Photoresist(1805)
Content (Wt%) (nm) (nm) (nm)
0.5/(10:1) 0.182+0.017 0.341+0.110 0.180+0.021
0.190£0.027 0.257£0.136
5 0.225+0.028 0.29310.036




Contact angle measurements

Contact angle of water on pristine

Precursor Contained FPA  Contact Angle AF45 glass
(Wt%) (degrees) [a]
0.5 80.78+2.55 —
Polyfurfuryl
Alcohol 1 80.55+3.92
5 79.96+2.39
0.5 79.56+4.22 Contact angle of water on carbon
Coal-Tar Pitch 1 77.34+1.75 coated AF45 glass
5
- . [b]
Photoresist 10:1 85.33+2.19

AF45 Glass - 47 .56




Lateral Force [x10°nN k]

Measured frictional force of carbon coated glass was five times lower than the pr

Measurement of frictional force using AFM

354 —®— Pristine Glass Surface
| —®@— Pyrolyzed Carbon Surface from PFA |
Pyrolyzed Carbon Surface from CTP /
09 v Pyrolyzed Carbon Surface from PR -
l . /l/
25 4 / |
[
20 - [ %
1
15 - m °®
10 A
5 | wYV ¥w“Vv—V
|
0 | ! | ! | ! | ! | ! | ! |
20 30 40 50 60 70 80

Normal Load [nN]

istine glass surface




Electrical Properties R

-« 5mm =I2mm| 5mm |<_

Au Au Au :@n

Carbon Layer

ALKALI-FREE Glass

Temperature (0C) Electrical Properties
(2:1) 1805 at 700°C with Rs (sheet resistance) 1.3x10"1 Q/square
vacuum P(Bulk resistivity) 1.3x10° Q cm
Electric conductivity 7.69x10° Scm
(2:1) 1805 at 800°C with Rs (sheet resistance) 6x10-2 Q/square
vacuum P(Bulk resistivity) 6x107 Q cm
Electric conductivity 1.67x10% Scm
1803 at 800°C with Argon Rs (sheet resistance) 5.03x10 Q/square
gas atmosphere P(Bulk resistivity) 2.2x103 Q cm
Reference
(thickness :440nm) Electric conductivity 4.54x102 Scm




Investigating the effect of sodium
near the glass/polymer interface

Joy Banerjee, Carlo Pantano (Penn State)
James Hamilton (Johns Manville)



Scope

Interfacial chemistry

 Between glass surface and
“green” (water-based) polymers

« Effect of bulk/surface glass
composition

» Effect of polymer pH and
processing conditions

p-AA
o \
0] r\ 0
S,. o 0 NN\ 0 )
1 1\0 coupling agent J 2 ° \\|/\O
w 0 = OH
v/ / =
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Resin solution

lass as-spun

Resin on sodium-rich
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nfrared Reflectance Spectroscopy o

thin films

Average reflectance
spectra

"resin film

- Glass substrate

f
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Resin thin film on glass (film thickness: 15nm)

Sodium-containin
silicate glass

ACID CARBOXYLATE

Reflectance

| ~1745 cm?t |

ik ~1706 cm'! ~1560 cm™?
/
/
ANHYDRIDE / Fused quartz
~1802,1760cm™ | |
Uncured
\\\ VN
Cured / AN —~ R
Y, — — TN~ T )
o - I N \i::\kfj/f‘i//f N o \//\)C\C\“;’)Y/
1850 1800 1750 1700 1650 1600 1550 1500

Wavenumber cm-1

O Resin interacts differently with JM901 versus fused quartz, primarily with carboxylate formation
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Resin on JM901 (varying thickness) ESTER
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ACID
~1706 cm™
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Resin on JM901 (varying thickness)

Average reflectance
spectra
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Resin on JM901 (varying thickness) ESTER o
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Does sodium transfer from glass into the resin?

90.0 - .
Resin (15 nm, cured) on JM901
80.0
70.0
Resin |
60.0 - Thickness:~ 12 nm ——t— = >—t
c 3
-‘% —&—Oxygen
g 500 —8—Sodium
§ | GIaSS == Nitrogen
E 40.0 } == Calcium
g == Carbon
30.0 ; . =@=Boron
X Silicon
20.0
10.0 - Sodium (at %) JM901
j 9 i == {7 —.ﬁ—#‘éﬁ
S (o O et 2= o SR, U~ SN S S S

-12.0 -7.0 -2.0 3.0 8.0 13.0 18.0 23.0 28.0

Sputter depth (nm)
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What is going on near the interface?

Bulk resin -

Interfacial region
A

Bulk glass

Carboxylate-rich zone

Leached layer

5 (6] OH o HO 0 . ) ‘o
v = ! Ak
e P n ! m j\ (\
HO O{}/\g GCoH 0;CH OF CIOH Ona o7 Sor e
\ O\/\ /\/O ¢ HO\ \/\N/\/O\C ® ester
?VC‘O@ N o @N’? c-O < o . eNa cross-link
N ] 0P ;( o % Q POH
o0 5 Na SR / /C:% n
C“o OH HO/ :% RCQO HO
PR o Qo Sodium carboxylate
R W i
°9 Naog NP c// OH ® O« ° Na% i
4.(-%/\(0/0 "o Ten, mo & A e e C_O@@Na
7 “No oH_ S5 o8’ & \® I =" \\
7 a@o@ o Na® 7/(: Na@ N péo o
N i S HE » - 0 The aqueous resin solution
(USRI W TR s e > & - i
o U Nu Il o S NI ] I Mo tpall o bl | 2.3 causes leaching of mobile
8" orpe Il % o . o = < . .
N 0o ¥ No ‘;j’oe 0 e foe 1 8 2’09 12 8 cations such as calcium and
— — © O .
OO T T W T ™ ?ﬂof\o 1 fSo || @ g sodium from the glass
a0 1 a0 11 1 11 . . .
\ 1K o heoof ¢ substrate into the thin film
\\\\\o L] \\\\\\v \\\\.SI 1 | i o Si .
:__&___} O AN A LS S LY A O Leaching can lead to
2. o N disruption of the resin cross-
LN o \ sy 0 link network, and alter
NASCANIC A SR A AN Iy adhesion at the resin/glass
N ‘ \\\\“Sx \\\\.‘Si N ) g )
interface due to formation of
@
o oRa gNa JCa carboxylates
\SI \Si \.SI oe oe\
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ing sites

+EN-O0D

l

J-000/HO0D-

L

Sodium carboxylate
83

Carboxylic acid

Our current interface model with proposed bond
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