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Figure 6.1. (a) Hlustration of a hypothetical two-dimensional square lattice of Aly; particles, and
(b} illustration of a two-dimensional bulk solid of Aliz where the nanoparticles have no ordered
arrangement with respect to each other.



Fabrication or synthesis

For industry, for research

A0 T T T
« Compaction and consolidation asf
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 Mechanical properties

Tension on materials causes . . .

: Brittle-to ductile transition
elongation and fractures, stess

builds up on the cracks and breaks

. . 1||1r11r-r| L L
bonds. Edge and screw dislocation: E ”‘”15

LUE1

cause weak bonds. Grain boundary \
. FRACTURE

stops crack propagation.
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Figure 6.6. A crack in a two-dimensional rectangular latiice. STRAIN
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Figure 6.3. Stress—siran curve for bulk compacied nanostrucheed Fe—Cu material, showing
Iractere al a stress of 2.8GPa. JAdapted from L. He and £. Ma, J Marer, Res. 15, 904 (2000, ]
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Figure 6.8. Plat of the ratio of Young's modulus E in nanograin iron to ils value E in
conventional granular iron as a function of grain size,



Stress S=W /A weight per unit cross-section
Strain e=AL/L
S=Ee Hook’s law

E=LW/AAL Young's modulus
materials which have smaller
E are more elastic

Hall-Petch equation
G, =Gy + kd 12
oy frictional stress opposing dislocation

Fig. 6.9 This works from bulk materials down to d ~ 1um



13 The thermodynamics of granular
materials

4 Sir Sam Edwards and Raphael
Granular th's ICS Blumenfeld
. 13.1 Introduction

. 13.2 Statistical mechanics

. 13.3 Volume functions and forces in
granular systems

. 13.4 The stress field
. 13.5 Force distribution

14 Static properties of granular materials
Philippe Claudin

14.1 Statics at the grain scale
14.2 Large-scale properties
14.3 Conclusion

Anila Meala




« Multilayers

Mismatch between different “ SAAREEEAMLAAAL AL
layers at the interfaces o
.
enhances hardness. = i3
Hardness can be measured % B
by a Nano-identer. w 33p .
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Figure 6.11. Plot of the hardness of TiN/NBbN multilayer materials as a function of the thickness
of the layers. (Adapied from B. M. Ciemens, MRS Bulletin, Feb. 1999, p. 20.)



» Electrical properties

Au nano-particles electrically connected by
long thiol molecules.

G=G,exp(-E/kgT)
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Abeles, B., Sheng, Ping, Coutts, M. D. and Arie, Y. (1975)
'Structural and electrical properties of granular metal films', Advances in
Physics, 24:3, 407 - 461

Structural and electrical properties of
granular metal films

By B. AperLes, Pivo Saexa, M. D. Covrrs and Y. Amix
RCA Laboratories, Princeton, New Jersey 08540, T8 A,

[(Received 20 January 1975]

ABSTRACT

Cranular matal filma [50-200,000 & thick) wore prepared hy eo-sputiening
metals (N, Pi, Au} snd insulators (310, AL, where the volume frastion of
metal, =, was varisd from resl to =008, Ths materials were charnctorized
by olectron misregmaphy, electron and X-ray dilfrastion, and measaraments of
mm'qu.iti.nn, ilenwity and alectrical resistivicy at electrio helds & up fo 18% Viom
end ternperatures T in the ranpe of 1-3 to 200 K. Tn the metallic regime (isolated
inaulator particle: in a msetal continuoem) and in the transition regime (metal and
insulstor labyrinth strocture] ths conduction is dos to pereointion with . pereclation
throghold at z=0-5. Tunnelling messarsments on  suporoonductor—insulator—
g_'rmuln.r motal junctions reveals that the fronsition from the metallio r-:gim-u ta
the dielectric regime [I0-50 4 sles isclated metal pariicles in an Ineulator
pontinuum) is asaccinted with the breaking op of o metel sontinoum into iselated
matal particlss. Ino the diclestrio megime the temperatuss dependencs of the
low-field resistivity is given by ppe=poexp [24/000& T end the fioki dependance
of tho high-fisld, low-temporatues resistividy s given by pp= po axp (Foldf),
where po, px, O, nod & aee material constanta, A smpls theary based on the
sasumption that the ratlo &'d [d-metal peritole skeo and sesparmtion belween
particlos) is s function only of composibion yields expressions for g{&f, T) in
apeallant  agrosment with ocxperimont.  Forthormors, the theory prodicta tho
exporimental fmnding thet the resistivity can be sxprossed in terms of o universal
functign of the redaccd variables 270 and £/fo.  The intor-relationghip between
all the important physieal properties of granuler metols and their strootars is
alsn disrmasad,



 Tunneling process
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horizontaly, as indicated at the botiom of the figure, Levels above the F vl iha
conductance V. 48 Ficated a w bol ™ ermi level that are not



o Other properties

* Enhanced resistance to oxidtion of Fe73B13Si9
inherent reactivity depends on numbers of atoms
30 nm Fe(Si) + Fe2B  large interface boundaries

FeSi segregates to interface boundaries, diffuses to surface,
forms SiO2

e 4 nmlInmelting T dropsto 110 K
* |c of superconductor increases in Nb3Sn as grain size decreases



e Optical absorption

* In metallic nanoparticles, the peak wavelength of optical absorption
depends on size and material. It is possible to fabricate high-
strength transparent metal.

At high frequency, electrons behave

H 10 e
like plasma.
For small spherical metal particle = :
. . . -] [ -
embedded in nonabsorbing medium, [
. T [} i =
cluster < A, well dispersed (non- ] LI
- . . - = &0 1 'l
interacting), absorption coefficient g E a0
5ﬂ: ﬂr,l II -
3 T wFe o .
. ISHN.;F”;]EI;FA 2 E sk oo " 3 i
* = nZ 2 wg * e 1
[e) -+ 2n]] : A
. . . . ilﬂ N 5] 1|_
el, €2 real and imaginary dielectric 0 s, 3
const of sphere " B
Ns number of sphere in V O ELENET

N0 refractive index of iNSIuting glassS  mgurs b.17. cpics abssrption specinum of 20. and 80-nm goid rancpartciss smbacasd in

plass. [(Adapled fom F. Gonola et al., in Mandhook of Nanostrucirsd Mafonals and Nang-
fecdmpingy, H. 5 Nabes, sd | Academic Pregs, San Disge, 2000, Vol 4 Chepher 35, 85)



Non-linear optical effect
Index of refraction n depends on intensity --- used as optical switchs
For n having enhanced 3rd order susceptibility,
n=n,+n,l
d < 10 nm, confinement effect alter absorption properties.

1. Melt
2. lon implantation
10keV ~ 10 MeV

3. lon exchange

Figure 6.18. Electric fiedd assisted ion exchange apparatus for doping glasses {substrate) with
melals such as Ag® lons. [Adapted from G. De Marchi et al, J. Non-Cryst. Solids 186, 78
11996).]



e Porous Si

It is interesting because of its fluorescent property at room temp.
Luminescence : matters absorb energy and re-emit energy as visible

or near-visible light

fluorescent : absorption and re-emission < 108 s
phosphorescence : more delayed emission

Fhioncn Ersargy [8V)
14 15 18 Z0
T T

| e LY

= hr
1]

Inéensity

x:]’”

Bandgap ~1.125eV at 300K
0.96 — 1.20 eV weak fluorescence

Strong photon-induced luminescence
above 1.4 eV

the reason could be
oxides on the surface of pores

5 . \x‘“”— surface defect states
1.0 g 0s 0.7 [aX-! .
imeniangt ) quantum wires, dots, and
Figurs 6.20. Photoluminescence spacira of poeous silcon Jor teo diflerent alching timas &l Conﬂnement

oG MnpecEiung, Mol the changs in scala fos the beo curses. [Acapled from L. T. Camham,

Anpi Phys. Latt 57, 1048 (19500

surface state on quantum dots



« Anisotropic etching

« Porous silicon
« Fabrication of AFM tips
e Anodized aluminum oxide (AAO)

Pt Elecinode
\ Etching Sciution, HE

i

.

_Sum-um

Ebagarical ==
Cannection

Flgurs 6.21. A el lor siching 8 slicon waler in a hydrogen Suoride (HF) sshiion in order o
inmaduca pores. [Wilh permistion from D, F. Thomas el al., in Mandbaosk of Narmostruciumad
Mareriss and Mancfecfimology, H. 5 Malea, od., Academic Press, San Diego, 2000, Vol. 4,
Chapter 3, p, 173.)



Fabrication of AFM tips
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Nanostructured crystals

Natural
BlZ’ CGO

Artificial
computational predictions
nanoparticles in Zeolites
Au_, Ag,,, Glass, and plastic nanospheres



Photonic cystal

free electrons in a metal
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Figure 6.29. Curve of energy £ plotted versus wavevector k for a one-dimensional line of atoms.



H magnetic field of EM radiation
¢ Dielectric constant (8.9 for Al,O,)
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Figure 6.31. A part of the dispersion relationship of a photonic crystal mode, TM, of a photonic
crystal made of a square lattice of alumina rods. The ordinate scale is the frequency f multiplied
by the lattice parameter a divided by the speed of fight c. [Adapted from J. D. Joannopoulos,
Nature 386, 143 (1997).]

Figure 6.30. A two-dimensional photonic crystal made by arranging long cylinders of dielectric

materials in a square lattice array.
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Figure 6.32. Effect of rernoving one row of rods from a square lattice of a pholonic crystal, which
infroduces a level (guided mode) in the forbidden gap. The ordinate scale is the frequency | AIR BANDS
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APPLIED PHYSICS LETTERS 88, 101109 2006

Fabricating subwavelength array structures using a near-field photolithographic
method

Wei-Lun Chang, Yu-Jen Chang, and Pei-Kuen Weia

Research Center for Applied Sciences, Academia Sinica, Taipei 11529, Taiwan, Republic of
China

Pei Hsi Tsao
Department of Physics, National Taiwan University, Taipei 10654, Taiwan, Republic of China

This work presents a photolithographic approach for producing high aspect ratio arrays in
photoresist. The photomask is composed of hexagonal/square rod arrays with a thickness of
0.2 m and a period of 600 nm. llluminating the photomask with a blue laser generates
periodically focused beams up to 1 m long and less than 300 nm wide. A hexagonal rod
array provides a better focused beam than a square array due to its higher symmetry. Finite-
difference time-domain calculations elucidate the existence of long focused beams above
the photomask. Optical near-field measurements verified those subwavelength beams
originating from the rod regions. © 2006 American Institute of Physics. DOI:
10.1063/1.2185249
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EIG. 1. The experizental setp for the phoiolithogrophic process. A trans-
parent photomask comiprised of a 2 mm thick glass substrate and & 0.2 gm
thick air—od amay. Hexagonal and squars amays were made by using elec-
on beam lithegaphy. Both have e same rod diameter (300 nm) and pe-
ricd (60 nm).



