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Materials Science and Engineering

What makes a Material Scientist
a Genuine Materials Scientist

Ol 2 Al 2| et A vs. Medical Doctor

Thinking & Simulation
based on Scientific Knowledge
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Materials Science and Engineering - What & How-to-Do

AN

Process p . Materials
Condition Property

Structure
Evolution

Research Type I : experiments first, then thinking
Research Type II: think first, then do experiments

Byeong-Joo Lee
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Theory of Monosize Distribution
of Nanoparticles
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General Fabrication of Monodisperse Nanoparticles
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T. Hyeon, Chem. Comm. (Feature Article), 2003, 927-934. L
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Synthesis of Monodisperse Semiconductor Nanospheres
through Burst Nucleation & Size Selection

51 nm CdSe| MIT 8.5 nm CdSe
UC-Berkeley
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20 nm Alivisatos, J. Am. Chem. Soc. 1998, 120, 5343
Bawendi, J. Am. Chem. Soc. 1993, 115, 8706
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Direct Synthesis of Monodisperse Iron Nanoparticles
without a Size Selection Process!!!

7 nm Fe Nanoparticles 18 nm Fe Nanoparticles
s2i%enezi
'o"o . .4

2!. T. Hyeon, Chem. Comm. (Feature Article)

2003, 927-934.
'0!.

11 nm Fe Nanopartlcles
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CHEMISTRY

Monodisperse Metal Oxide Nanoparticles

EDITORS' CHOICE

edited by Gilbert Chin

The practicality of using nancparticles in technological applications will depend in part on avoiding
cestly and time-consuming separation steps and on expanding the range of materizls that can b2 made

Transmission electron micro-
graphs of (left) 11-nm v-Fe 0,
and (right) 8-nm BaTiO,
nanoparticles.

into nancparticles to include complex oxides. Hyeon et al. synthe-

sized highly crystalline,

monodisperse nanaparticdes of

maghemite (y-Fe.O,) through

the high-temperature aging

(300°C) of an iron—oleic acid

cornplex. The particles, whuse

size could be varied from 4 to

16 nanometers (nm), may find

a use in magnetic recording or

in ferrofluids O'Brien et af.

synthesized monodisperse
nanoparticles of ferroelectric
barium titznate (BaTiOs). Par-
ticle sizes ranged frem 4 to 12
nm, depending cn conditions

in their sol-gel route. Such particles not only could be used in de-

vices but also could help resolve fundamental mechanistic questions concerning the suppression cf fer-

roelectricity (spontaneats polarizability) in nanoparticles. — POS
JLAm. Chem. Soc, 101021 /@Ules | 25, | Am. Chem. oc. 143, 12085 (2A001),

reveals a shellow surface that
could accommeodatz just such a
tilted comain, which would
bring the NADPH close Lo the
glutamate-binding pocket. The
reactive semizldehyde interme-
diate serves as a metabolic link
batween the enzymes GLUTR
and G5AM. The |atter also forms
a dimer, and that dimer can be
modeled snugly into the cleft of
Lhe "V, Strikingly, this cormplex
revezls a conduit between the
peripheral glutamate binding
pocket in GIUTR and the central
active site in GSAM, enabling
transfer of the semialdehyde
without exposzure to the aque-
ols envirnnment, —VV

EMBO. 23,8583 (£0U1)

MICROBIOLOGY

Promoting Prion
Propagation

www.sciencemag.org SCIENCE VOL 294

14 DECEMBER 2001

2251




Monodisperse 3.5 nm Pd nanoparticles

o 3

Why Monosize Distribution of Nanoparticles?

A% (o] Jorn ] Of Byeong-Joo Lee
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Principle of Monosize Distribution

When small and large particles grow at the same rate,

+1 +98 |
1 nm — 2 nm — 100 nm
+1 + 08 ‘
5nMm — 6 nNm — 104 nm
R R
=5 =3 R 1.04
I I’ I
e ®
foD Eggm[ﬂglrm Byeong-Joo Lee
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Growth simply leads to monodisperse particles.

1000nm

fmax _ 1,05
-

(a)Imx _ 2 83 (b) Imx _1 97 (c)
r r

This approach cannot explain the monodisperse
nanoparticles of 4 ~ 10 nm. %zconst

Byeong-Joo Lee
www.postech.ac.kr/~calphad




(a) initial state n (b) 100 sec o (c) 1500 sec 10 nm
r=0.5nm r =14 nm r =4.8 nm
d r

e 3 13 rmax — 1 53 nfx _ 1 .05

r a 7

A (o] Jorn] OF Byeong-Joo Lee
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Necessary Conditions for Monosize Distribution

1. No Coagulation (Surfactant)
2. No Ostwald Ripening

3. No Nucleation during Growth

S (o] Juru | OF Byeong-Joo Lee
) ggﬂqy[ﬂdnﬂ www.postech.ac.kr/~calphad




Synthesis of Monodisperse Nanoparticles
without Size Section Requires

that Growth Source should be different
from Nucleation source.

Identification of Nucleation and Growth Sources

Nucleation Source
— Fe(CO);

Growth Source
— Fe-oleic complex

Byeong-Joo Lee
www.postech.ac.kr/~calphad




11nm
Ultra-large-scale syntheses of monodisperse nanocrystals

vView at publisher | (Bl | [ show abstract

One-nanometer-scale size-controlled synthesis of
monodisperse magnetic iron oxide nanoparticles

Fark, J., An, K., Hwang, Y., 2004 Aature Materials 3 (12), pp. 823

Fark, JE-G., Moh, H-1, 891-885
Kim, J.-Y., Park, J-H., (...},
Hyeon, T.
Q, Related documents
FPark, J, Lee, E., Hwang, 2005 Angewandte Chemie - 160

International Edition 44
(19), pp. 2872-2877

M.-M., Kang, M., Sung, C.K.,
Hwang, Y., Park, J-G., (...},
Hyeon, T.



Reactions during the VLS Process

‘ Figure 4 | SEM images of Si nanowires. a, 5i nanowires grown for 1Th at
600°Cina 20% disilane and 80% He solution at a pressure of 5 % 1077 torr.

b, Same image withvertical scaling reduced by a factor of five to highlight the
sidewall tapering. ¢, Nanowires grown for 2h at 600°C at a pressure of
5 % 10™* torr. Scale bars: 1 pm.

NATURE|Vol 440|2 March 2006

J.B. Hannon', 5. Kodambaka', F. M. Ross' & R. M. Tromp'

) (o] o] Of Byeong-Joo Lee
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VLS Growth of Nanowires

2 Co
° i
o . 200 tog
O @ 400 °C
' (D Vapor-Liquid

@ Liquid-Solid

NATURE|Vol 440|2 March 2006

J.B. Hannon', 5. Kodambaka', F. M. Ross' & R. M. Tromp'

Byeong-Joo Lee
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Nanowire Growth

Weighl Percenl Bilicon
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Motivation - in Collaboration with M.-H. Jo, POSTECH

Xi Zhang, Kok-Keong Lew,! Pramod Nimmatoori, Joan M. Redwing,

Elizabeth C. Dickey*

Band-Gap Modulation in
Single-Crystalline Sij—,Gey Nanowires

Jee-Eun Yang, Chang-Beom Jin, Cheol-Joo Kim, and Moon-Ho Jo*

Department of Materials Science and Engineering, Pohang University of Science and
Technology (POSTECH), San 31, Hvoja-Deng, Nam-Gu, Pohang, Gyungbul,
Kovea 790-784

tional alloy nanowires. We note tha
distribution in a batch of the nano
size variation of the Au catalysts, a1
the systematic variation by small an
of S11—,Gey nanowires for different
there 1s slightly higher Ge conten
nanowires within a sample batch. a
to different kinetics of the therma
precursors on catalysts of differen
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Melting point depression of Nano particles - Capillarity : Thermodynamics

1.0
0.9
0.8
0.7 1
I—E :
- ¢ MD Simulation
0.5{4 o Buffat and Borel(1976)
; < Sambles(1971)
044 | Constant Ay
;I —— Size dependent Ay
0-3 : ! T T T T T T T T
0 3 6 9 12 15

Diameter(nm)
Byeong-Joo Lee
www.postech.ac.kr/~calphad
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Thermodynamic Calculation — Application to Nano Materials

Diameter-Dependent Composition of
Vapor-Liquid—Solid Grown Siy_,Gey

Nanowires

Xi Zhang, Kok-Keong Lew,t
Elizabeth C. Dickey*

Pramed Nimmatoori, Joan M. Redwing, and
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+ 0.4wt% Ni

Vaccum Annealing

Byeong-Joo Lee
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Surface Transition and Alloying Effect

Pure W W-14at%Ni

Iu_ [" UI'.I_.II Byeong-Joo Lee
— www.postech.ac.kr/~calphad
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Abnormal Grain Growth — A 60 years old unsolved problem

III [H Ul'.l_ll Byeong-Joo Lee
— www.postech.ac.kr/~calphad




CVD Diamond - N.M. Hwang et al., J. Crystal Growth 162, 55 (1996)

B KU

Diamond deposited on silicon substrate Soot deposited on the iron substrate

o] Rer=] OF Byeong-Joo Lee
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CVD Si - N.M. Hwang et al., J. Crystal Growth 218, 27 (2000)

W.S Cheong ot al. [ Journal of Crystal Growih 218 (2000) 27-32 29

Fig. 1. SEM photographs ofsilicon deposits on () Fe and (b Si substrates with the SiH, : HC1: Hy gas ratio of 1:1:98 under a reactc Fig. 4. 8EM photographs of silicon deposits after (a) 3 and (b) 30min on the Ni substrate with other conditions being the same as those
pressure of 1333 Pa at a substrate temperature of 1123K. for Fig. 1.

Fig. 3. 8EM photographs of sputtered AlO 4 lilms on(a) Fe and (b) Sisubstrates with a RF power of 100'W at a substrate temperature
of 873K under a reactor pressure of 2.7 Pa.

Byeong-Joo Lee
www.postech.ac.kr/~calphad




ra ] O Byeong-Joo Lee
EU II.I' [“ I-,El www.postech.ac.kr/~calphad

*N‘ %/ Pohang Unlversltv of Sci and Tech




ra ] O Byeong-Joo Lee
EU II.I' [“ I--l,_-l-l www.postech.ac.kr/~calphad

*N‘ %/ Pohang Unlversltv of Sci and Tech




Phase Diagram for HzO
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Course Outline

€ Basic concepts of classical and statistical thermodynamics

€ Thermodynamics of Defects, Surfaces and Interfaces

€ Thermodynamics of CVD

@ Introduction to atomistic and micro simulation: Monte Carlo Simulation

» Examination + Term Report 70%
» Home Assignment 20%
» Attendance 10%

1. Lecture Note (ppt)

2. Thermodynamics of Materials, Volume II (MIT Series in Materials
Science & Engineering) David V. Ragone, 1995, John Wiley & Sons.

3. Thermodynamics of Materials: A Classical and Statistical Synthesis
John B. Hudson, 1996, John Wiley & Sons.
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Time Schedule

1st week :

Introduction (Basic Concept)

2nd week : First & Second Law of Thermodynamics

3rd week :
4th week :
5th week :
6th week :

7th week

9th week

Thermodynamic Functions and Relations
Solution Thermodynamics and Phase Diagram
Basic Concept of Statistical Thermodynamics
Basic Concept of Statistical Thermodynamics

: Applications of Statistical Thermodynamics
8th week :
: Applications of Statistical Thermodynamics

Mid-term exam.

10th week: Thermodynamics of Defects

11th week: Thermodynamics of Surfaces and Interfaces
12th week: Thermodynamics of CVD

13th week: Fundamentals in Monte Carlo Simulation
14th week: Micro Monte Carlo Simulation

15th week: Atomistic Monte Carlo Simulation

16th week: Final Exam

Pohang University of Science and Technology
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Introduction — Historical Background

Maxwell

* Newton — Classical Mechanics — Electromagnetism — Quantum Mechanics
- Lagrangian - Rationalism
- Hamiltonian - Time Reversible

- Experimental fact (Industrial Revolution) — Thermodynamics
- Heat — Concept of Temperature - Empirical Rule
- PV work — Concept of Pressure - Time 1rreversible

- Thompson — Rumford
- Davy

- Mayor

- Carnot

- Joule

- Thomson — Kelvin

- Clausius

- Maxwell
- G1bbs

Etcj)r%l Iu.[H t_jlrm Byeong-Joo Lee
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Introduction - J. W. Gibbs

 Expansion in scope has been made to embrace not only
thermal, mechanical and chemical effects, but also the
kinetic energy and the complete set of potentials energies:
gravitational, electrical, magnetic and body forces,
(with the exception of atomic energy).

* J. Willard Gibbs, 1883
: On the Equilibrium of Heterogeneous Substances
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Introduction - Microscopic vs. Macroscopic Point of View

- macroscopic : no special assumption on the structure of matter,
directly measured

- microscopic : assumption on the structure of matter (molecules),
unmeasurable.

can only be justified by comparing some
deduction with that from macroscopic
point of view.

- quantum mechanics

s Etcj)r%l Iu.[H t_jlrm Byeong-Joo Lee
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Introduction - Role of Thermodynamics

- Foundation of materials science

- Phase Diagrams, Chemical Reactions, Adsorption,
Capillarity effects and Electrochemistry, ..., etc.

S S OFx OF Byeong-Joo Lee
A E o O II'H:" . 'I—'l'l www.postech.ac.kr/~calphad

¥ Pohang University of Science and Technology




Introduction - Basic Terminology

+ System / Surrounding (reservoir)

- State (Properties: description of state),
Change of state (properties) during a process

- Measurable and unmeasurable properties :

Unmeasurable properties can be determined from other measurable
properties through thermodynamic relations between properties

* Thermodynamic systems,
thermodynamic properties,
thermodynamic relationships

www.postech.ac.kr/~calphad
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Introduction - Terminology for System

- Unary / multicomponent

- Homogeneous / Heterogeneous
- Closed / Open

- Non-reacting / reacting

- Exchange of energies / No exchange
(% Isolated)

EUI-_T.I Iu.[H Urm Byeong-Joo Lee
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Introduction - State Function & Process Variable

- Thermodynamics State or State of Thermodynamic Equilibrium
Mechanical, Chemical and Thermal Equilibrium

Uniform and well defined thermodynamic coordinates
No tendency to change with time of thermodynamic coordinates

- path independence
— dV:(an dP+(8Vj dT
OP ), oT' ),
- Extensive and Intensive Properties

- Process variable (only have meaning for changing systems)
- work & heat
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