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Nanoscale Control: Nanomaterials for Energy
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Global Warming:  How to Win?

TIME (2008)
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Hard Times:  The End of Prosperity?

TIME (2008)
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SPECIAL ISSUE: THE ENERGY CHALLENGE

EARTH AT NIGHT: composite satellite image
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Ascension Island (1970~1990)
百年の愚行 (ONE HUNDRED YEARS OF IDIOCY), 2002

Tetsuya Ozaki



U.S. / San Francisco (1989)

百年の愚行 (ONE HUNDRED YEARS OF IDIOCY), 2002



Argentina / Buenos Aires (1993)

百年の愚行 (ONE HUNDRED YEARS OF IDIOCY), 2002



Philippine / Lubango (1996)

百年の愚行 (ONE HUNDRED YEARS OF IDIOCY), 2002



Zaire / Goma (1994)

百年の愚行 (ONE HUNDRED YEARS OF IDIOCY), 2002

cholera
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Science vs. Art
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Mesoporous Structure Oxide Nanoparticles Semiconductor Nanoparticles

Nanowires Nanocomposites Nanoscale Coating

Synthesis/Control of Nanostructures for Desirable Applications
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A Nanoscale (Nanocar) Vehicle
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James M. Tour’s Group
Rice University
Science 315, 1199 (2006)



Organic Electronics
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Advanced Inorganic Materials for Photovoltaics
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Physics Today (March 2007) 

Photovoltaic Conversion Efficiencies & Novel Conducting Polymers
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Solar Energy Conversion

Physics Today (March 2007) 
G. W. Crabtree and N. S. Lewis
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Environment-Friendly Power Sources 

Mobile 
Electronics

Carbon

백금나노입자
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Hyundai Motors 



PDA

Mobile 
Phone

Laptop 
Computer

High-Technology Electronics Equipments

MP3 
Player

Digital Camera

PMP
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Microelectronics

Thin-Film Battery Capsule-Type Endoscope

• Smart Card
• Portable Sensors
• ID Tags
• SRAM

• Sensors
• RF Communication
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The Materials Science of Cosmetics   -- Future ??? 
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Whitesides’ Group: Writing a Paper

─ ADVANCED
MATERIALS ─

What is a Scientific Paper?

A paper is not just an archival device for storing a completed research program.
It is a structure for planning your research in progress.

Why do I do the work?

What are the central motivations and hypothesis?

Prof. George M. Whitesides
Department of Chemistry and Chemical Biology
Harvard University
Cambridge, MA 02138 (U.S.A.)

Adv. Mater. (2004)
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Thermodynamics = Why

Phase Transformations = How

Attractive Research
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G
(= H – TS)

Configurational Coordinates
(for ~104 atoms)

Metastable

Activated

Equilibrium

How do phase 
transformations occur?

Thermodynamic
Driving Force

Phase Transformations of Nanomaterials
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Prof. David Turnbull

Jeju Island (Aug. 2005)
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http://www.3dchem.com/

Vitamin C
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Gibbs Free Energy

H - TS
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Characteristics of Phase Transformations
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First-Order Transition
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Heat Capacity of Second-Order Transition
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Stability of Nanostructures - Scheme 
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__________ ________



Stability of Nanostructures – Free Energy
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Two General Cooling Paths – Crystalline vs. Amorphous Phases

Route ①: path to the 
crystalline solid state

 discontinuous

Route ②: rapid quenching 
to the amorphous solid

 continuous
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Schematic Sketches of Atomic Arrangements

(a) Crystal =  The bond lengths and angles are exactly (almost) equal.

(b) Amorphous =  High degree of local correlation.

(c) Gas =  The particles are rarely correlated. 
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Glass-Transition Temperature vs. Cooling Rate

Liquid–glass transition
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Relaxation
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KAL



Specific Heat of Amorphous Phase

No Latent Heat         Second-Order Transition         Glass - Liquid Transition
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Examples of Applications for Amorphous Solids
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Amorphous InGaZnO Semiconductor for Thin-Film Transistor (TFT)



Diffusion

- Redistribution of atoms from regions of high concentration
of mobile species to regions of low concentration.

- It occurs at all temperatures.
- The diffusivity has an exponential dependence on T.

Random Walk

initial

final
Gas : D ~ 1 cm2/s         (Dt)1/2 ~ 3000 km              

Liquid : D ~ 10-5 cm2/s     (Dt)1/2 ~ 10 km

Solid : D ~ 10-8 cm2/s     (Dt)1/2  ~ 300 m 

Age of Universe ~ 1017 sec  (1010 years)
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Fick’s Law

Fick’s 1st Law 
: diffusive flux (atoms/cm2•sec) 

D : diffusion coefficient (cm2/sec)

C : atomic concentration (atoms/cm3)

X : distance (cm)

Fick’s 2nd Law
If D is independent of C, then

t
C
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∂
∂
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How Do Atoms Diffuse?

<Vacancy Mechanism> <Interstitial Mechanism>

(a) Before jumping    
(b) After jumping into the right-hand side

(a) Direct interstitial mechanism
(b) Direct exchange of a pair of atoms
(c) Ring mechanism 
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Kick-Out Mechanisms

ex) Au diffusion in c-Si

(b) Au has exchanged its
original position with Si.

(a) Interstitial Si has approached
substitutional Au.

(c) Au has re-occupied a   
regular site by kicking  a 
Si atom into an interstice.
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How Fast? – Thermal Activation

Thermally assisted energy-release 
mechanism via the vibrational 
state marked by the heavy 
horizontal line.

For interstitial diffusion








 ∆
−=

Tk
HDD
B

mexp0

Activation enthalpy : Q = ΔHm ~  1 eV

Prefactor:  D0 ~ 10-2 – 10-3 cm2/sec

For substitutional diffusion








 ∆+∆
−=

Tk
HH

DD
B

mfexp0

Activation enthalpy : Q = ΔHf + ΔHm ~ 3 - 5 eV

Prefactor:  D0 ~ 10 – 10-1 cm2/sec
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Several Points for Self Diffusion

(1) Rough correlation between Q ( = ΔHf + ΔHm ) and Tm

Interatomic bond strength (cohesive energy) ↑ Q ↑  Tm  ↑  D ↓

Q ~ 20 kBTm

(2) Temperature Dependence
For Ge self-diffusion Tm = 1211 K  D = 3.1•102 Å2/s    (Dt)1/2 ~ 1000 Å

Tm = 298 K    D = 1.4•10-41 Å2/s  (Dt)1/2 ~ 10-19 Å
For  t = 1 hour

(3) Measurements (S.I.M.S.)

Si28 Si29

By deposition ( ~ 200 Å ) Implant Si29  ~ 100 keV

Si28

5000 Å 

kB = 8.617    10-5 eV/K×

D = 4.4 cm2/s exp(-3.4 eV/kBT)×

Si28

General Materials Science   BP 49http://bp.snu.ac.kr



Solution to the Diffusion Equation

t
CCD
∂
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=∇⋅ 2Governing Equation D > 0
D independent of C

Gaussiant > 0 
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Empirical Survey of Self Diffusion

* Extended Structural Defects
- Dislocation
- Grain boundary
- Short circuit: easy diffusion path 

dominant at low T

* Structure
- fcc:           D(Tm) ~ 10-8 cm2/s 
- bcc:          D(Tm) ~ 10-7 cm2/s 
- diamond:  D(Tm) ~ 10-12 cm2/s 

boiling melting

vapor

liquid

crystal
defect

amorphous

high T low T
Tm/T

D [cm2/s]

100

10-4

10-5

10-8

10-20
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Self Diffusivity

Comparison between the self-diffusivities
of the cubic semiconductors Ge and Si,
the trigonal semiconductors Te and Se,
and the typical metals Cu, Ag, and Au.
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10-8 cm2/s←

_______
____→10-12 cm2/s

- 2010-09-06



Self Diffusion in Ge

Tracer self-diffusion coefficient of
Ge as a function of temperature.
Data are from various groups.
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Self Diffusion in Si

Tracer self-diffusion coefficient of 
Si as a function of temperature from
various groups. Deviations may 
arise from several reasons which 
need to be further investigated.
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Tracer Diffusivities of Foreign Atoms in Si

Survey of the diffusivities of foreign
atoms in silicon. Foreign atoms include
Cu, Ni, Li, Fe, O, C; groupⅢ (Al, Ga, As);
groupⅤ (P, As, Sb); and Ge. 
For comparison, Si self-diffusion data
are included.

←
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10-4 cm2/s

→10-12 cm2/s



Device Applications

• In semiconductor devices, solute atoms control electrical
conductivity and n-type (or p-type) doping.

• Concentration and distribution of dopants play a critical role 
in the device operation.

MOSFET (Metal Oxide Semiconductor
Field Effect Transistor)

BJT (Bipolar Junction Transistor)

General Materials Science   BP 56http://bp.snu.ac.kr



Physics Today (July 2001)
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Energy vs. coordinate

- Transition between A and B
- Different transition rates

Height z as function of time 
(Scanning tunneling microscope tip)

Individual Si Atom and Dimer on Si (001)
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~0.5 eV



Atomic image of α–Fe/Si interface
along Si direction.

A schematic diagram
showing the twinned epitaxy.

Appl. Phys. Lett.
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Plan-View TEM:  Si1-xGex Epitaxy on Si (001)

Distance of Moire’ fringes

The average dislocation distance 
- measured directly.
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Spiral Growth from Screw Dislocations in SiC
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60 nm 60 nm

25 nm 25 nm

Single dimer

STM: Nanostructural Growth of Si on Si (001)

Islands – anisotropic
Measured by STM

General Materials Science   BP 62http://bp.snu.ac.kr

×

×



Growth Characteristics – Silicon (001) Surface
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Bandgap Engineering  – Si/Ge Superlattice
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Gold Nanopyramids on Silicon Pedestals

Joel Henzie and Teri W. Odom,  Northwestern University,  J. Phys. Chem. B (2006)

The orientation-dependent optical properties of the nanoparticle arrays have 
revealed new insight into the interaction between light and materials at the 
nanoscale.  These structures are also being explored in applications such as 
chemical /biological sensing and nanophotonics.
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Advantages of ALD • Accurate and simple thickness control.
• Good reproducibility.
• Sharp interfaces.
• Low processing temperature.
• Uniform, conformal, and dense films.

Chemisorption of A Source 
& Saturation Mechanism 

Substrate

“A” Source Feeding

Purge

Purge

“B” Source Feeding

Chemical Reaction between B and A Sources 
& Saturation Mechanism

A Source :

B Source :

AX(g) + BY(g) → AB(s) + XY(g)

Atomic Layer Deposition (ALD)
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Molecular Dynamic (MD) Simulations이용:
CVD Plasma  -- Si Nanostructures의Growth Mechanisms

Amorphous, H-Rich Crystalline, Poor Crystalline,  or   Tubelike Si19H12

(Large dipole moment
 “off center” of internal Si)

H

Si

Si19H12

Strong permanent dipole moment (1.9 D)
 2 building blocks align themselves
 Beginning of nanowire formation

Geometrical isomer
(30° rotation of center hexagon ring)

Hydrogenated Si nanoparticles
in SiH4 plasma reactor @ 300 K 

Electron density of Si19H12 isomer
with cylindrical configuration

Phys. Rev. Lett. 95, 165502 (2005)            

Controlled Growth of  Silicon Nanocrystals in a Plasma Reactor
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lattice mismatch
between substrate
and thin films

distortion of lattice
due to the point defect
or dislocations etc.

defect-free
single crystal

UNIFORM STRAIN

NON-UNIFORM STRAIN

Non-Uniform Local Strain

Point Defects, Off-Stoichiometry,
Stacking Faults, Dislocations, etc.

NO STRAIN

Non-Uniform Distribution of Local Strain
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Physics Today (Aug. 1998)
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Schematic views of etching - starting with a silicon (100) surface

(b) Deeply indented surface

(c) Desorption at different surface 
sites.

(a) Being exposed primarily  to 
bromine molecules, but also to 
electrons, protons and ions
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Before and after the removal of adatoms from a 
reconstructed 7 × 7 (111) surface as imaged by STM

The adatom layer of the clean 
Si(111) 7 × 7 surface.

The rest layer following removal of the adatom layer
by bromine etching at 675 K.
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Silicon (100): STM Image  ( 55 × 55 nm2)

The bright lines are silicon
dimer chain.

The dark areas represent pits, 
one atom layer deep.
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Ferromagnetic Domains in a Single Crystal
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Single Crystal Ni



Magnetic Domain Width
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Domain Size (L) vs. Correlation Length of Fluctuations (ξ)
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Analysis of Nanomaterials  – What Is Going On?
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Scanning Tunneling Microscopy

The tungsten probe of 
a scanning tunneling microscope.

Silicon atoms on Si (111) surface of a 
silicon single crystal form a repeated 
pattern (produced by STM).
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Reconstructing the brain activity from magnetic-resonance imaging. 
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Atomic Hypothesis
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Atomic Arrangement
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Schematic Structure of  CH4 : sp3 Orbital 
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Schematic Structure of C2H4: sp2 Orbital 
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Schematic Structure of C2H2 :  sp Orbital 
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Icosahedral Crystal (Ga-Mg-Zn) 
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Adsorption vs. Absorption

Adsorption Absorption

H H H H H H H H H

H adsorption on Si

Surface Process Bulk Process

Dr. K. L. Yeung (Hong Kong Univ.)
http://teaching.ust.hk/~ceng511/notes/
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Adsorption vs. Absorption

General Materials Science   Chunjoong 86http://bp.snu.ac.kr

- The model of the UHV low-T p(2×2) structure of H adsorbed on Ni(111) 
proposed.  The fitting parameters of the atomic model are shown. 
- The values of these parameters found from our SXRD data compare 
well with the ones found from the LEED study. 
- K. Müller’s group (Universität Erlangen-Nürnberg, Germany)
Phys. Rev. B 47, 15969 (1993) 



Metal Hydride – Hydrogen Storage

General Materials Science   Chunjoong 87http://bp.snu.ac.kr

Schematic of Metal Hydride
from MRS Bulletin 27 (2002) 

SEM and Crystal Structure of AlH3
DOW Chem. Co.
http://www.dow.com

Structure and Vibration of Hydrogen Atoms bound in Li4Si2H
University of Maryland
http://www.mse.umd.edu/research/spotlight/h-storage.html



Metal Hydride – Hydrogen Storage
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J. Graetz et al.
Phys. Rev. B 71, 184115 (2005) 



Types of Adsorption Modes

Physical Adsorption or
Physisorption

Chemical Adsorption or
Chemisorption

Bonding between molecules and
surface is by weak van der Waals
forces.

Chemical bond is formed between
molecules and surface. 

Dr. K. L. Yeung (Hong Kong Univ.)
http://teaching.ust.hk/~ceng511/notes/
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Types of Adsorption Modes
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MRS Spring Meeting
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Mountaineering
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House Party
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Covalent Bonding
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