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Indicative Feedback — Open Until Sunday 12 October

Single question: “the running of the course enables my learning and an appropriate class climate”

BUT there is a comments section where you can consider:

* How is the of the course?

Do you find the amount of each week manageable?
* Do you understand the so far?

* How are you finding with the TAs?

 Are you comfortable in class and in the exercise session?
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Recap on Questions During Exercise Session : Plasma/UV Ozone

Energy source

Speed

Aggressiveness

ST hstruments

ology Matters
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Plasma Cleaning

‘ Oxygen

Carbon
dh oo o 4% o

Plasma Cleaning is used to remove all traces of surface organic

contaminants in a fast, effective and repeatable process

Electrical discharge

Fast (seconds — minutes)

More aggressive, can etch surface

Ultraviolet lamp

«
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254nm 254nm
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Activated oxygen (oxygen in atomic form)

[ ’ Chemical bonds in
o Co, organic compounds
H,0 \ ’ (hydrocarbons) are broken

UV light (185, 254 nm)
Slow (minutes — hours)

Gentler treatment, mainly oxidizes
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Recap on Questions During Exercise Session : Plasma/UV Ozone

Ultraviolet lamp
-
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? 1850m [0 185nm  254nm ~ 1850m
e Oxygen ' 254nm 254nm
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Acti ated oxygen (oxygen in atomic form)

Chemical bonds in
organic compounds
. : . H,O (hydrocarbons) are b oken
Plasma Cleaning is used to remove all traces of surface organic

contaminants in a fast, effective and repeatable process

Organic compounds (hydrocarbons)

Main reactive O radicals (O-), O* ions, electrons, .
. ( ). . Atomic oxygen (O-) and ozone (O3)
species excited O,
. Physical sputtering and chemical Oxidize organic contaminants.
Cleaning o . .
echanism oxidation — radicals and ions The UV also helps decompose
remove contaminants organics directly via photolysis.
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Various Species Get Generated in Plasma

Plasma is an ionized gas — state of matter where neutral molecules, ions, electrons, and excited
species coexist and constantly interact (network of reactions)

Species Charge Lifetime Main role Acts by
. . microseconds— Chemical oxidation of | Reacts chemically to form CO,,
O- (atomic oxygen radicals) Neutral - . .
milliseconds organic contaminants H,O

. : Bombards surface, transfers
Physical sputtering,

O™ (positive oxygen ions) Positive nanoseconds . momentum, creates dangling
activation
bonds
e~ (electrons) Negative very short lonization, excitation Keeps plasma sustained, can
& Y ’ break bonds or excite O,
O,* (excited oxygen) Neutral (excited state) microseconds Energy t.ransffer, mild can emit UV photc?ns orreact
oxidation to form radicals
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Roles of Different Wavelengths in UV Ozone Cleaning

Question: Why can’t the oxygen radicals formed by the 185 nm UV directly clean surface?

Ultraviolet lamp

185nm Upper gas layer

Misleading — both 185 nm and 254nm e ——————

254 nm photons do not reach

surface equally Breaks ozone

Almost none of the 185 nm UV near the surface

light reaches the surface, only
acts in gas phase above sample

The 254 nm photons are not
absorbed by O, and penetrates
closer to surface

Near surface

Activated oxygen (oxyge
| =
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STU Dﬂ@ﬁ[ﬁ’@] m@tmﬁ§ abe Organic compounds (hydrocarbons) NG
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Oxygen radicals extremely tomic form)

reactive and instantly forms P
ozone (before reaching
surface)
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Different Wavelengths Break Different Bonds

Calculate the energy of 185 nm vs. 254 nm UV light — which can break the double bond in O,?

X%GY\W\
90 009

Bond dissociation energy (E required to break one mole of double bond) for 0=0: 498 KJ/mol

Energy of 185 nm photon:

E=hc E = (6.63x103%)Js)x(3.00x10°m/s) = 1.08x1018J (per photon)
A 1.85x 107/ m
1.08 x 1018 ) x6.022 x 102 = 6.51x10°J/mol = | 651 kJ/mol

Energy of 254 nm photon: 472 kJ/mol NS 4g Ci
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Real-life Applications For Hydrophobic/Hydrophilic Coatings

Question: Should medical implants be hydrophobic or hydrophilic?
bi@@‘(\/\/&bo‘jjb /&

ol Integrins
A / W ucl
~ " "'\

’ ‘
Collagen . a
& Proteins

“Recent studies suggest a general
stimulating effect of higher surface
hydrophilicity on hard and soft
tissue integration with the implant,
vielding accelerated healing and
early tissue integration.

Biological
Fluid

The optimal degree of
hydrophilicity for best biological
and clinical outcomes remains

_ unclear.”
Hydrophobic Surface ™"~

Macroscale Level Microscale Level Nanoscale Level

ng NG
Gittens et al. | Acta Biomaterialia| 2014 NO ‘\ g/‘

o o{ NS
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Real-life Applications For Hydrophobic/Hydrophilic Coatings

Hybrid coatings that integrate hydrophilic and hydrophobic components

Non-coated titanium vs. Coated titanium

Bacterial infection Antibacterial

Soft tissue 1 Promote soft tissue
inflammation __ implantitis attachment
Failure of Promote

osseointegration osseointegration

Hybrid coating & o o . .

Tang et al. |[BME Mat | 2024

2
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Plan of the Course: Fundamentals, Characterization, and Applications

1: Intro to Surfaces & Interfaces 8: Solid-Liquid Interfaces
2: Surfaces in the Real World - Adsorption

3: Surface Energetics & Interfacial Phenomena

4: Atomic Structure of Real Surfaces 11: Electronic Properties of Surfaces
5: Solid-Solid Interfaces 12: Thin Film Technologies

6: Recap? 13: Biosensor Fundamentals

7. Characterization of Real Surfaces 14: Biosensing applications

Would you like a recap session next week?
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Recap from Lesson 4

* Crystals are never perfect

* Crystal structures driven by planes of surfaces having different surface energies

 Wulff construction shows equilibrium crystal shape

* Surfaces cost energy because bonds are broken

 Controlling surface energy, we can control material morphology
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Recap from Lesson 4 — From 0-D to 3-D Defects

12

* Surface defects are based on energy minimization

 Defects are inevitable — even in perfect equilibrium defects exist

* Challenges and opportunities of defects

» Point Defects - vacancies, interstitials, adatoms 1)
» Line Defects — dislocations, terraces, ledges, kinks
» Surface reconstructions

» Bulk (volume) Defects — voids, inclusions, pores

5D
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QOutline of Lesson 5

* Homophase/heterophase solid-solid interfaces

* [ntroduction to grain boundaries (2-D defects)

* Energetics of grain boundaries

* Different types of grain boundaries

* How defects influence properties

* Electron microscopy techniques
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Real Materials Made of Many Small Crystals

Single crystals
(monocrystalline solids)

| -ooo-o-o:o-o-o
-o-oum

—

Relatlve spacing and orientation of

neighboring atoms governed by
chemical bonding
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Patchwork of individual crystals (grains)

(Polycrystalline solids)

Ind|V|duaI grains dlffer in size and
orientation and joined by planar
interfaces called grain boundaries

Sutter | Structure of Crystalline Materials | 2025
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Polycrystalline Solids in 3-D

Amorphous Crystalline Polycrystalline

| — PE——
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Random arrangement Regular repeating lattice Grains with different orientations
No definite shape, moldable Definite geometric shape Separated by grain boundaries
Softens over temp. range Sharp melting point Grain boundaries control properties
Glass, plastic, gels Salt, diamond, sugar Most metals, ceramics

2
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Solid-Solid Interfaces are Common in Nature

&L
CHEMENA

o = solid crystalline phase

Any pure material that is in a single phase but in a
polycrystalline solid, will have plenty of a| o interfaces
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Homophase and Heterophase Solid-Solid Interfaces

@
al|pB ° o | o
Crystalline or amorphous Crystalline material
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Types of Heterophase a | B Solid-Solid Interfaces

Crystalline | Crystalline Crystalline | Amorphous Amorphous | Amorphous
Gelatin/Bio-glasses : Bone and Wound Healing
Properties ; Capabilities
Anti-inflammatory, antibacterial : Bone and tissue repair
and anticancer :
Y, 50\ | o
& o e
® ’o \ 4 [
aE& S

Gelatin/Bioactive Glass-
based Composites

Composites for Bone . ":?f :t - Composites for Soft
Engineering/Repair Tissue Engineering/Repair
Hydrogels, fibers, ; Films, particles,
nanoparticles and others : scaffolds and others
High atomic order Disordered at boundary Random atomic arrangement
Li et al. | Electron | 2024 Zhang et al. | Symmetry | 2025 Barreto et al. | J. Funct. Biomater. | 2023

) moni ullong
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Grain Boundaries Are 2-D Defects

Grain boundaries cause a disruption in periodicity (atoms are in the wrong positions):
Higher energy
Broken distorted bonds

Material is at a slightly Ioweigensity

‘\ U .
WMYTRLLLLL

SesNessee

Atoms at a grain boundary lower the energy by arranging themselves so their rows line
up better and match the atomic pattern on the other side

NG
CHEMSNA
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Grain Boundaries Form Microstructure

Grain boundaries are planar defects across which the crystal orientation changes
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Microstructure influences properties: strength, toughness, K
e corrosion, resistance, electrical CHE M%NA



Why do Grain Boundaries Form?

In engineering materials, a crystal is usually referred to as a “grain”

)
Tt
.- .:’0.:’:’
R Y
mEEEas

Nucleation of crystals Crystal growth Irregular grains form as Grain boundaries
crystals grow together form

Rapid cooling =» more nucleation points and smaller grains, stronger material

Slow cooling = larger grains with lower strength, hardness, and ductility

ND
[OWA STATE UNIVERSITY C H E M %N A
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Thermodynamics of Homophase Solid-Solid Interfaces
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Thermodynamics of Homophase Solid-Solid Interfaces
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Thermodynamics of Homophase Solid-Solid Interfaces

(xl | (xl Homophase solid surfaces
oo o000 Weroy = Yooy ¥ Voo
L \
00000
€ -0-0-¢ A few dangling bonds |
00000 + elastic energy |

@/‘—%

| J= NG
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Thermodynamics of Homophase Solid-Solid Interfaces

oy | o,

Q—Q—Q—%Q Homophase solid surfaces
Q_Q_Q/Q\Q\Q WOC10C1 = YOC1 + YOCZ
2\

m: Disl ion!
Q\Q*Q islocation!

Q—QW A few dangling bonds
M@ + elastic energy

NG
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Measuring the Grain Boundary Energy

We can associate a surface free energy term yspto At equilibrium: Z
the presence of grain boundaries 0

YGB = 2YsyCOS
Surfect trvee E 6

\ ) |
D A

YGB grain boundary energy

Vg
N
o -
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When two grains meet at a surface, their
boundary has an energy (Y ¢g)

vV YSvV YSsv

Atoms at intersection rearrange to minimize
total energy, creating a small groove




Measuring the Grain Boundary Energy

_—
YeB =|2Ysv |— Wega 5 %CQM@
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0, o | a Yoo o, | o ’\'OEUJL =
O SU SHm
o090 0-0-0 o—0-90-0090 '
—Wep

o-0-0 0-0-0 o—0-0-0-0-0
o-0-0 0-0-0 > 0-0-0-0-0-0
o-0-0 0-0-0 o—-0-0-0-0-0
o-0-0 0-0-0 o—0-0-0-0-0

Two separate crystal surfaces New interface (grain boundary)
have total energy = 2y ¢y with its own energy per unit area

. NS
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Key Takeaways

* Real materials are polycrystalline consisting of small grains with different
orientations separated by grain boundaries

* Grain boundaries are planar 2-D defects
* |nterfaces can be homophase or heterophase
* Grain boundaries cost energy but can lower total system energy overall

* Groove angle at the surface gives a measure of the interfacial energy —
linking thermodynamics to microstructure

NG
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Different Types of Grain Boundaries

ies (GB)

Different types of grain boundar
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King et al. | Acta Materialia| 2011

Lesson 5 - MSE 304 - Fall 2025

29



Low Angle Symmetric Tilt Grain Boundaries

Low angle grain boundaries can be described as an array of edge dislocations

| ) / Crystal/grain misorientation related to dislocation spacing

Atomic resolution image
of low-angle boundary
in Mo

| o3 g N NS
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Low Angle Symmetric Tilt Grain Boundaries

Boundary energy clearly higher than bulk crystal

BUT disruption minimized by forming ordered arrays or dislocations

10° grain boundary in SrTiO; crystal

N
Grain boundary
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High Angle Tilt Grain Boundaries

Adjacent grain rotated with respect to each other

Can cause major disruptions in both lattices at the grain boundary

Disruption — high energy

Greater disruption =2 Higher grain boundary energy

2
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Grain Boundary Energy

33

Greater misorientation — energy of boundary systematically increases

Square lattice or simple cubic lattice
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Maximum misorientation at 45° - highest energy?
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Lower energies at certain rotation angles
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Grain Boundaries: Coincidence Site Lattice

At certain angles, some lattice sites in rotated grains coincide at the boundary

Coincidence site lattice: at certain angles sites in both grains coincide = more stable boundary

?

019199 5
! ' $

Y]

Superimposed grains

ovey\ 3y
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Grain Boundaries: Coincidence Site Lattice

At certain angles, some lattice sites in rotated grains coincide at the boundary

Coincidence site lattice: at certain angles sites in both grains coincide = more stable boundary

P aW

/874
.
®
®
-

E 1

Superimposed grains Some atoms in red and blue grains (yellow points)

Coincident site (super) lattice

NG
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Grain Boundary Energy

Greater misorientation — energy of boundary systematically increases

Maximum misorientation at 45° - highest energy?

& L= 1317 5 S I7T 13
=
~
—
E
>
O
-
)
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-
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—
O O 10 20 30 40 50 60 70 80 90
an
0 (degrees)
Square lattice or simple cubic lattice Lower energies at certain rotation angles

V3
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Coincidence Site Lattice Quantification

° 0=369
{ - uantify the coincidence site lattice using:
f%a}l f‘i'..;‘.“: /‘ Q Y 8
3 ) _gg'}\{.':.::;’ ¥ Area Coincidence Site Lattice
‘*.’f\_ \!";‘t.’. Area Fundamental Lattice
bt A, ST
T V5 x V5
o KL _ .
.“'f\ .3"‘. 1x1

L&

N
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Coincidence Site Lattice Quantification

2 =5 grain boundary structure

R 2Ya

e S
9 oo

Ordered repeat of atoms at grain boundary

N2
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Do Such Lattices EXxist In Reality?

2 =5 grain boundary structure Atomic-scale imaging of MgO films

Polycrystalline metal oxides have diverse applications in nanoelectronics

While grain boundary defects are ubiquitous, their structure and electronic properties are poorly understood

2
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Other Coincidence Site Lattices

2 =13 grain boundary structure

Periodic repeat of atoms at grain boundary

AV
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Grain Boundaries are Essentially Organized Defects
L

&E\ L= 1S O 9o I7T 13

E Lower energies correspond to angles for forming

B T ' coincidence site lattices

S’ 500

m ° ° e e °

ch oo As X increases =» less sites overlap =2 less stabilization
300

a ° ° °

_g — 2=1 =>» perfect fit of all sites (no rotation)

. 100

-

8 O 10 20 30 40 50 60 70 80 90

0 (degrees)

Nature prefers order even when the structure is imperfect

The coincidence site lattice is a way the crystal partially restores order at an interface

N
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Key Takeaways

* Grain boundaries are 2-D defects between misoriented crystals
* Asthe angle of misorientation increases, crystal mismatch grows =»
higher grain boundary energy
* Coincidence site lattice models determine low-energy orientations

* Such lattices exist in various polycrystalline materials

Why do we care about grain boundaries as defects?

NG
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Grain Boundaries Affect Electrical Properties

Polycrystalline materials are everywhere, and their grain boundaries strongly
affect electronic properties (e.g. efficiency in solar cells)

nole,e h'

p-type semiconductor P-n junction

(space charge region
\ or depletion layer)
S

Polycrystalline
silicon solar cell

n-type semiconductor __re-uniting

electvors €

Grain boundaries act as “roadblocks” to the movement of charge carriers (electrons and holes) and
trap or scatter these charges

Polycrystalline silicon solar cells are cheaper to make but less efficient than single-crystal silicon
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Grain Boundary Engineering: Tune Mechanical/Electrical Properties

Optical microscopy of metal Scanning electron microscopy Transmission electron
inclusions in matrix MICroscopy cross-section

/' 12.7 nm

Grain size/shape influence Inclusions block Sharpness of boundaries
ductility (mechanical) fractures/movement control electronic properties
in semiconductors

N
e Clechrical  pertormance. CHEMSNA



Characterizing Polycrystalline Grain Boundaries

Electron Backscatter Diffraction (EBDS)

FE SEM source

Backscatter Kikuchi
diffraction pattern

Inkson | Materials Characterization using NDE Methods | 2016

N
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Electron Microscopy to Visualize Real Surfaces and Materials

Light Microscopy Electron Microscopy

Brightfield  Darkfield Scanning Electron Transmission Electron
; Microscopy (SEM) Microscopy (TEM)

I Electron source

Electron f— ]
\_{/ source [ *
I | 'm NF Condenser lenses
condense 4 4 = .
enses ‘
ammmmm———— Condenser aperture
1. Objective qencrator| | Amplifier |
Aperture —r— : ,

Scattered J |
2. Specimen - — ... light Scanning coil —— VNN - S— - Sample
| ). Objective lens
jective : |

3. Condenser e Objective aperture

o E— - slected ar:
lens Back-scattered —— SN | Selected area aperture
C ' electron detector B - |
Ld entra \ / , Intermediate lenses
aperture \ I - ’ - s B
\{!/ O Dpetecto BT EE—— Projective lens

% | tector
\\\\\ / v
4. Light source = n \ E— FluOrescent screen
e v Sample
AL

®Q N
" CHEMSNA
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Electron Microscopy to Visualize Real Surfaces and Materials

IHlumination source

Principle

Vacuum
Thickness of specimen

Magnification power

Complexity
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Light Microscopy
Light (400-700 nm)

Image formed by
absorption of light waves

Not used under vacuum
5 um or thicker

Low maghnification
(up to 1500x)

Less complex

Electron Microscopy
Beam of electrons

Image formed by

scattering/transmission of electrons

High vacuum
Ultra-thin, <0.1 pum

High magnification
(up to 1,000,000x)

Complex

=) CHEMSNA



Electron Microscopy to Visualize Real Surfaces and Materials

Light Microscopy Electron Microscopy

Peacock butterfly
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Visualizing at the Nanoscale

Nanoscience: Study of objects and systems in which at least one dimension is 1-100 nm

Tryptophan  Antibody SARS-CoV-2 Bacterium Red Blood Cell Width of hair Tip of pencil Marble Mouse
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1nm 10 nm 100nm 1000 nm 10 pm 100um 1000pm 10 mm 100 mm
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Length Scales Accessible with Different Microscopes

Bacteri e

NN 0%
[ |

' \

g Y ELECTRON MICROSCOPE
8) LIGHT MICROSCOPE
®© HUMANEYE

10 cm lcm 1mm 100 pm 10 um 1pm 100 nm 10 nm 1nm 1A

1m 10" m 10%m 10%m 10 m 10%m 10°*m 107 m 10°*m 10 m 10 m

NG
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Electron Microscopy to Visualize Real Surfaces and Materials

Over six decades of development to the instruments we have today

Goal to develop smaller and smaller transistors — semiconductor devices that are the fundamental
building blocks of modern electronics

10 000 nm

3000 nm
800 nm

90 nm 350 nm
cenm  45nm - g - \_-_\X
| | |

| I

First electron microscope
being checked by Ernst Ruska
& Max Knoll in 1931
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Electron Microscopy Techniques

Scanning Electron Microscopy (SEM) Transmission Electron Microscopy (TEM)

rmoFisher
ENT ; C

Bacteria

Body cells

Hydrogen Atom

O

o

-

Max resolution: 1 nm Max resolution: 50 pm Al
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Transmission Electron Microscopy - Electron Generation
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Tungsten crystal needle
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L 4
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L 4

Field emission
source

Generates free electrons

Few nanometers

S
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Transmission Electron Microscopy - Electron Acceleration

Charged metal rings

g e v -

TGN IS I TN g S

Accelerate electrons to
70% speed of light
(210,000 km/s)

N
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Transmission Electron Microscopy - Vacuum Pumps

Vacuum pumps remove all atmospheric molecules

;-f
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—a®
-
.
®

+*
.
.
.
.
.
+*
.

Accelerated electrons
would collide with
atmospheric molecules
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Transmission Electron Microscopy - Specimen Handling

Sample holder in line of the electron beam

Specimen placed on
sample holder inserted
through airlock into
vacuum chamber

3 10 | N
Branch.”
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Transmission Electron Microscopy — Magnetic Lens

3 sets of magnetic lenses

Condenser Lens

Objective Lens

Projector Lens

Electron beam hits specimen and scatters electrons,

imprinting an image onto transmitted beam 1
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Transmission Electron Microscopy — Magnetic Lens

3 sets of magnetic lenses

Condenser Lens

Objective Lens

Projector Lens

Magnify image imprinted by the
electron beam

Al
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Transmission Electron Microscopy - Image Detection

High resolution camera to capture
image

NS
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Simplified System - Complicated Details

Ny
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Key Takeaways

* Grain boundaries are important to characterize as they affect mechanical
and electrical properties

 We can visualize polycrystalline grain boundaries using certain techniques
* |ntroduction to electron microscopy to visualize real surfaces

* You can access the nanoscale using a beam of electrons

NG
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Summary of Today’s Class

* Solid-solid interfaces can be homophase or heterophase

* Grain boundaries are 2-D defects that form microstructures
* Grain boundaries cost energy but can lower total system energy overall
* Different types of grain boundaries at surfaces

* Electron microscopy techniques (TEM) to visualize the nanoscale
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