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Types of Crystal Binding

Figure 1 The principal types of crystalline binding. In (a) neutral atoms with closed electron
shells are bound together weakly by the van der Waals forces associated with fluctuations in the
charge distributions. In (b) electrons are transferred from the alkali atoms to the halogen atoms,
and the resulting ions are held together by attractive electrostatic forces between the positive and
negative ions. In (¢) the valence electrons are taken away from each alkali atom to form a commu-

nal electron sea in which the positive ions are dispersed. In (d) the neutral atoms are bound to- Klttel SOI |d State PhyS|CS (Ch ap 3)

gether by the overlapping parts of their electron distributions.
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Cohesive Energies of Elements

< ce basg n 3

TABLE 1 Cohesive Energies of the Elements

Energy required to form separated neutral atoms in their ground

Li Be clectronic state from the solid at 0 K at 1 atm. The data were supplied | g c N 0 F Ne
158 320 by Prof. Leo Brewer in units keal per mole, revised to February 20, 556. | 711 474 1251 810 |1.92
1.63 | 3.32 | 1975. after LBL report 3720 577 | 7.37. | 492 |260 |o0.84 |0.020
377 | 765 133. | 170 113.4]60.03 | 19.37] 0.46
Na Mg Al Si P S cl Ar
107 145. — w/mol — | 327. | 446. |331. | 275 135 | 7.74
1113151 | = —— eV/atom 3.39 | 463 |343 |285 |1.40 0.080
25671347 | ——mmmm —— kcal/mol — —— | 78.1 | 106.7]79.16]65.75|32.2 | 1.85

K Ca Sc Ti v Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
90.1 178. | 37.6 | 468 512. |395. |282. [413. | 424, |428. 336. 130. 271. | 372. |285.3 217 118. 11.2
0934) 184 |390 |485 |531 |4.10 |292 |4.28 |4.39 |444 |349 1135 281 |3.85 296 |225 1.22 1 0.116
2154 425 |899 |1118)122.4|945 |67.4 |98.7 | 1013 102.4 1 80.4 | 3107]| 648 | 888 |68.2 |51.8 | 28.18] 2.68

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb. Te | Xe

822 | 166. |422. |603. |730. |658. |661 650. |554. |376 284. 112 243. | 303. |265. | 215 107 15.9
0852 172 1437 |625 |757 |682 |685 |6.74 |575 |3.89 ]295 |1.16 | 2.52 3.14 |2.75 |2.23 |1.11 |0.16
19.64 | 39.7 | 100.8| 144.2|174.5 |173.3|158. |155.4]|1325]89.8 |68.0 |26.73 581 | 72.4 |63.4 |51.4 |2562)3.80

Cs Ba La Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

77.6 183. | 431. | 621 782 859. |775 788. |670. |564. 368. |65 182. | 196. |210 144 19.5
0.804 | 190 | 4.47 |6.44 |8.10 |8.90 |8.03 |8.17 |6.94 584 |13.81 }0.67 1.88 | 2.03 |2.18 |1.50 0.202
1854 | 43.7 | 103.1]148.4 |186.9 J205.2 | 185.2 | 188.4 | 160.1 | 134.7 8796155 | 43.4 | 46.78]50.2 | 345 4.66
Fr Ra Ac
160. | 410 Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb |JLu
1.66 | 4.25 417 357 328 206 179 400 391. | 294 302 317. | 233 154. |428
38.2 |98 432 | 370 | 3.40 214 | 186 | 4.14 | 405 | 3.04 | 3.14 | 3.29 | 242 | 1.60 |4.43
99.7 | 853 | 785 493 1428 | 955 | 93.4 | 702 | 723 | 758 | 55.8 | 37.1 |102.2
Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
598. 536 347. | 264 372.
6.20 5.55 360 | 273 | 3.86
1429 128 830 | 63 89.

Kittel, Solid State Physics (Chap. 3)
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Bond Energies for Single Covalent Bonds

TABLE 7 Energy Values for Single Covalent Bonds

Bond Energy Bond Energy
Bond eV k]/mol Bond eV k]/mol
H—H 4.5 435 Fo—p 2.2 213
c—C _____ 56 347 0—0 1.4 138
Si—Si 1.8 176 Te—Te 1.4 138
Ge—Ge l.6 154 Cl—ClI 2.9 243

After L. Pauling

W.Lutt YX.S.Touwe  (1AB)

1 Hjimgﬁn.d'e& Mkm s Stlicom 4”-7
Dep ssttien Pracesg” Si-H 3aey
b Ci~-S), 3¢l

Kittel, Solid State Physics (Chap. 3)
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Bond E L ’s Handbook of Chemist
Bonding Bonding Bonding Bonding Bonding
Energy (eV) Bomd Energy (e¥) Fond Energy (e¥) Sond Energy (e¥) bond Energy (e¥)
1.927 Ce-Ce 2518 Hf-C 5679 Mi=Hi 2715 Na-Ma 0.798
2.642 Cerium Ce-N £.378 Hafrium Hf=hJ 5534 Ni-Cl 3.855 Na—Cl 4.249
5119 Ce—Cr 8,238 Hf-0O 8,197 Ni—F 4,508 Sodium Na—H 2,083
2,238 Ce-5 5.938 H-H 4518 Mickel Mi-H 2,995 Na—K 0,659
2,953 Cesium Cs-Cl 455 H-C 3,492 Wi-O 4,058 Na—0 2,663
1.824 Cs—0r 3.078 H-C=CH 5.42 NI-& 3731 Na-OH 3.948
3.078 CI=CI 2514 H-CH=CH- 4.425 Ni-Si 3.295 S-8 4,446
5,399 Cl-C 3,503 H-CsHs 4,466 N 9,796 S-Cl 2,642
2.207 Chlofing CI-F 2596 H-Ch 5508 N-Cl 4.031 Sulfur S-F 3.554
3,878 Cl-N 4,031 H-CI 4475 N-F 3,119 S-N 4,808
2,601 Cl=Cr 2,819 H-CO 1.308 Nitrogen N=N 4,803 S0 5.409
3.959 Cl-P 2,995 H-CHO 3772 ] £.534 Sn-Sn 2.021
4,642 Cr-H 2,902 H-COOH 3,901 N-P 5,394 Sn—Cl 4,207
2178 Chromium | Cr=N 3.917 H-F 5892 h-3 4.808 Sn-F 4.839
2,819 Cr=0 4,425 Hydrogen H- 3,095 0-0 5,164 Tin Sn-H 2,767
6.031 Co-Co 1.731 H-N 3.254 O-Cl 2,819 Sn-l 2,425
4.984 Cobalt Co—Cu 1.679 H-Ns 3.689 o+ 2.301 Sn-0 5.679
5,534 Ca—0 3813 H-Cr 4,435 Oxyaen O- 1,907 Sn-5 4,808
3.834 Co-% 3.554 H-OH 5168 Q- €534 Tiifstai -0 6,767
4,601 Cu-Cu 2,093 H-0OCH: 4528 HO-0OH 2216 WP 3,161
5.834 Cu-Cl 3.969 H-OHO 3.355 O-0OH 2777 Zn=Zn 0,301
4,943 Cu-F 4,466 H-P 3,554 P-P 5,078 Zn-Br 1.472
3,078 Cu—Ga 2,238 H-5 3,565 P-C 5316 Zn—Cl 2,573
4,642 Cu-Ge 2.166 H-Si 3.093 F-H 3.554 Tinc Zn-F 3813
4,051 Copper Cu-H 2,902 H-SiH: 4,073 Phosphorus | P-N 5,394 Zn-H 0,889
8,352 Cu- 2,041 H-Si(CHsJs 3.907 P-O 6,182 Zn-l 1.45
3,598 Cu-hli 2,135 In=ln 1,038 EB=S; 3,585 Zn—0 2,944
6,021 Cu-Cr 3,554 Ih=Cl 4,55 P=5 3,762 Zn-5 2,124
2.01 Cu-% 2,953 Indium In-F 5244 [S=] 4.953 Zr-C £.813
2,902 Cu-5n 1.834 Ih-C 3,731 Pt—H 3,648 Zr-F 5,456
2,269 Fluorine F-F 1.627 In—F 2,051 Platinum Pt-O 3.596 Zirconium | Zr-N E.855
2,425 F 3,119 In-S 2,995 Pt-P 4,321 -0 7,876
2,86 Ga-Ga 1,43 Fe-Fe 1,036 Pt=5i 5,192 -5 5,959
2.435 Gallium | Ga—O 2,955 Fe-BEr 2,58 K=K 0.594
1.472 Ga—P 2,383 Iran Fe-O 4,238 K-CI 4,425
2,031 Ge-Ge 2,839 Fe-5 3513 Potassium | K-Na 0.659
3212 Ge—Cl 4,478 Fe-3i 3,078 K- 2477
0,155 Ge-F 5.026 Li=Li 1,088 K-0OH 3,554
1.739 Germanium | Ge-H 35.526 Li-Er 4,383 S-S 3.389
4,808 Ge-0 6,86 Li-Cl 4,86 Si-Br 3,554
6,29 Ge-5 571 Li-F 5.879 Si-C 4,508
3,813 Ge-3i 3,119 Lithiurm Li-H 2,58 Si-Cl 4,725
7.067 Au—-Au 2,29 Li-l 3.648 Silicon Si-F 5.596
9.969 Au-B 3813 Li-Ma 0.912 Si-H 3.098
5,249 Au—Cl 3,554 Li-C 3,534 Si- 3513
4114 Au—Cu 2,404 Li-OH 4,425 SiN 4549
5,554 fu-Fe 1,937 Mao-hdg 0,083 Si-0 8,269
3.492 Au—Ga 3.047 ta-Cl 3.285 S-8 6,415
2,166 Gold Au-Ge 2,87 hagnesium hg—H 2.041 Ag—Ag 1.639
7,98 Au—H 3,254 Mo-O 4,083 Ag—Ru 2,104
9.71 Au-Li 0.705 kg-8 3.212 &9-Cu 1.624
1,254 Au-tg 2518 Mn-Cl 374 Silver fo-Ga 1,865
11,155 Au—tdn 1.917 kn-Cu 1.648 Aa-Ge 1.818
3.472 Au—hi 2.839 Manganese | Mn-Q 4,168 Ag-H 2.342
3,212 Au-Si 3,233 kn-5 3,119 [ 8] 2,207
8.031 Au—Sn 0528 Mn-Se 2.083 &9-Sn 1.409
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Fractional lonic Character of Bonds in Binary Crystals

TABLE 8 Fractional lonic Character of Bonds in Binary Crystals

Fractional Fractional
Crystal lonic Character f:]'_\'*-lill lonic Character
Si 0.00
SiC 0.18 CuCl 0.75
Ge .00 CuBr 0.74
ZnO 0.62 AgCl 0.86
inS 0.62 AgBr 0.85
ZnSe (.63 Agl 0.77
ZnTe 0.61
MgO (.84
CdO 0.79 MgS 0.79
CdS 0.69 MgSe 0.79
CdSe 0.70
CdTe 0.67 LilFF 0.92
NaCl 0.94
InP 0.42 RbI (.96
InAs 0.36
InSh 0.32
GaAs 0.31
GaSh 0.26
After |. C. Phillips, B nds and bands in semiconductors, Academie Press, 1973, Chap. 2

Kittel, Solid State Physics (Chap. 3)
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Optical Phonon vs. Acoustical Phonon

Optical mode

R i '
e/ | .- —_— K

Acoustical mode

TR SRR (e L Optical phonon branch
[2C5; + 5]

l{:—,’{"!;‘lf..;'*” Figure 10 Transverse "Jlj_llif-l.“'”l trasverse acoustical waves in a distomic
i “ linear lattice, Mustrated [ the particle displacements for the two modes at

M.>M, | ; Hie same wavelength

' lelolb i i

Acoustical
phonon branch

paraboli

K

a

a
Figure 7 Optical and acoustical branches of the dispersion relation for a
diatomic linear lattice, 5]‘Jf)wing the Hmiting I'i'{f-.'_ll_u;'m-ji_—lz-; at K=0 and K =
Koy = wla. The lattice constant is a.

TIERE X

Kittel, Solid State Physics (Chap. 4)
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Phonon: Density of State

Density of State for Phonon:
- The vibrations of the lattice (heat)
- Given frequency (energy), possible phonon mode

- Heat capacity
D(w) D(w)

U= fdm D(w){n(w))hw

D(w): density of state

<n> : Plank distribution

C, = (8U/aT), o
(b)

(a)
Figure 14 Density of states as a function of frequency for (a) the Debye solid and (b) an actual
crystal structure. The spectrum for the crystal starts as ” for small w, but discontinuities develop

i

at singular points.

Debye Frequency / Debye Temperature

Kittel, Solid State Physics (Chap. 5)
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Heat Capacity
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15 / - = Debye Approximation

Heat capacity, in ] mol”~ 1K1

10—
|
= / Figure 7 Heat capacity Cy of a solid, according to
' 4 the Debye approximation. The vertical scale is in |
mol ' K ', The horizontal scale is the temperature
| 0 normalized to the Debve temperature 0. The re-
0 02 04 06 085 1.0 1.2 1.4 1.6 gion of the T? law is below 0.10. The asvmptotic
T0— value at high values of T/0 is 24.943 ] mol ' deg
|
| 6
; Germanium
[ 5 - =
. / Silicon
|
| L -

Heat Capacity

C, in cal/mol-K
[
\ |

S —

Figure 8 Heat capacity of silicon and germa-
nium. Note the decrease at low temperatures. |
To convert a value in cal/mol-K to |/mol-K,
Temperature, K multiply by 4.186.

0 100 200 300

Kittel, Solid State Physics (Chap. 5)
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Density of Occupied State for Electrons

E = (hk)?/2m

D(E) = dn/dE = V/2n2(2m/h)32E12
Density of occupied state = D(E)f(E)
= 1/[exp{(E-Ep)/KT}+1] V/2r2(2m/h)32EL?2

DOS(E) = D(E) ~ EV2

Die)

Density of orbitals, relative scale

»

D(E).
k = (3n2n/V)13

3-dimension
1-dimension

E‘ f
Exy
,;p’ {:;,ﬁﬂfsﬂ >
“
ND D ND

&F
Energj,f, [ o

Solid State Physics  vejun

Kittel, Solid State Physics (Chap. 6)

http://bp.snu.ac.kr 10



Electrical Conductivity

Fermi sphere

k Fermi sphere
attime¢ = 0

at t

=

e s 8 0 0 0 e
e e s 0 000

® 8 08 90 0 0-@-0 00 0000

K(t)-k(0) =-eEt/h ; B=0

Electrical conductivity: & = nez/m

T: collision time

[
D
=

At 300 K, lattice phonon
At 4K, imperfection

Au 4.55 (ohm-cm)* Pt 0.96 (ohm-cm)?
Ru 1.35 (ohm-cm)? Al 3.65 (ohm-cm)-!

Solid State Physics  vejun

Phonon Impurity or Vacancy

o Blocking
>

Trap

Kittel, Solid State Physics (Chap. 6)
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Electron-Electron Collision: Negligible

Figure 17 A collision between two electrons
of wavevectors k; and ks. After the collision
the particles have wavevectors k; and k,. The
Pauli exclusion principle allows collisions only
to final states ks, k; which were vacant hefore
the collision.

(e}

Figure 18 In (a) the electrons in initial orbitals 1 and 2 collide. If the orbitals

3 and 4 are initially

vacant, the electrons 1 and 2 can occupy orbitals 3 and 4 after the collision. Energy and momentum
are conserved. In (b) the electrons in initial orbitals 1 and 2 have no vacant final orbitals availabl
that allow energy to be conse rved in the collision. Orbitals such as 3 and 4 would conserve energy

and momentum, but they are already filled with other electrons. In (c) we have denoted with X the

wavevector of the center of mass of 1 and 2. Al pairs of orbitals 3 and 4 conserve momentum ant
mall sphere was drawn

energy if they lie at opposite ends of a diameter of the small sphere. The s
from the center of mass to pass through 1 and 2. But not all pairs of points 3
exclusion prineiple, for both 3, 4 must lie outside the Fermi sphere; the fractio

Solid State Physics  Jongmin

i

4 are allowed by the
n allowed is =€ /er.

Conduction electrons, although crowded together by
only 2 A, travel long distances between collisions.

- why?

Conservation of enerqgy
+

Conservation of momentum

The mean free path for

electron-electron collisions is much longer
than the mean free path for

electron-phonon collisions at ~300 K.

Kittel, Solid State Physics (Chap. 14)

http://bp.snu.ac.kr 12



Electronic Structure of AIPO,: Band Structure

12 ff,) “’A'P << (b) 0-AIPO, / (c)\m KO“
=
e s [ U
= | ‘\/éxZ}\;
>4 o
Ez Fermi level
wo ] I — N B
-2 g__ﬁ——% A o
S— ==
» == % a %7‘%%%

r KH Ar ML AT X S r 2ZXr Y D B E A

D R
k& ' 5 the crystals showing the octahe-

dral or tetrahedral units of the
Bandgap: 5.71 eV Bandgap: 6.32eV  Bandgap: 4.01ev O™

FIG. 1. (Color online) Band
structures of (a) a. (b) o, and (¢)
m phases of AIPO,. Also shown
are the ball and stick sketches of

- Structural transformation under pressure

W. Y. Ching and Paul Rulis, University of Missouri-Kansas City
Physical Review B (2008)
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Electronic Structure of AIPO,: Absorption

. () (b L (©
] a-AIPO, 1 a-AlIPO, { «-AIPO,

6 - 4+ 0.8 -

o] 34 b4 0.6-:
. 2 - ‘ ‘ 0.4 -

29 1] 024 .
- ] ] Indirect

0 0 0.0
] 0-AIPO 1 o-AIPO {o-aIPO

6 ) 4 ! 08 ¢

wa_ . W' 2] 0.4

2'_ 1. 02-

0 0 0.0
./v\‘\w\L : m-AIPO, {m-alPo

6+ 44 4+ )
i 3_. 3.-

4 - 4 o
- 2= 2

2'. 1 14

0 frrrrrrer e 0 “FrrrirrrrrrrTTTTT T 0-”"l""l""l'"'l""l""l""
0 5 10 15 20 25 30 0 5 10 15 20 25 30 3 4 5 6 7 8 9 10

Energy (eV) Energy (eV) Energy (eV)
_ _ _ Imaginary dielectric function _

Real dielectric function Absorption

FIG. 4. Calculated (a) real and (b) imaginary parts of the complex dielectric functions for a-AlIPO,, 0-AlIPO,, and m-AlPO,. (c) The
absorption near the onset in three crystals. showing the footlike structure for a-AlIPO,, o-AlIPO,.

W. Y. Ching and Paul Rulis, University of Missouri-Kansas City
Physical Review B (2008)
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Transparent Conducting Oxide (TCO)

1 OE+D

= Conduction band

. 1N 96SN0,0401 545
'lq‘... Semiconducting Behavior J

<+«—— Fermi level

S ——— e ~3.6eV

Imm'_ I IR bt
Metal-Like Behavior valence band
o 1O . ! . I n.0.9GSnO.O4QL5-8 .
0 50 100 180 200 250 G 350 400
Temperature {EK)

Figure 3. Low-temperature resistivity of as-fired (W) and
reduced (4) ITO.

!

Reduction process (7% H, / 93% N,): Removal of excess oxygen

K. R. Poeppelmeier’s Group, Northwestern University
Chem. Mater. (2002)

- 2010-09-13 T
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Energy Levels of Free Electron in a 1-D Box

———Energy levels

Wavefunctions,
o A=2L relative scale

%]

Quantum number, n

Figure 2 First three energy levels and wave-
functions of a free electron of mass m confined
to a line of length L. The energy levels are la-
beled according to the quantum number n
which gives the number of half-wavelengths in
the wavefunction. The wavelengths are indi-
cated on the wavefunctions. The energy €, of
the level of quantum number n is equal to
(h%2m)(n/2L)".

Energy in units ;

Kittel, Solid State Physics (Chap. 6)

Solid State Physics Jongmin http://bp.snu.ac.kr 16



Excitons in Nanoscale Systems

Box 1: Anintroduct L I

1. Bands and molecular orbitals for extended systems
Periodic, strongly coupled molecular or atomic
systems are characterized by a high density of
delocalized orbitals that form the valence (VB)
and conduction (CB) bands. Those bands can be
represented in real space as shown on the left side
of the diagram, or equivalently, the energy of each
band can be plotted against its wave vector k, as in ﬁz 9
the right schematic. Excitation of an electron from
VB to CB creates free carriers. The minimum
energy required is that of the bandgap, E,. 0 T/a

" Si 147 meV
2. Excitons in extended systems: bound electron-hole pairs C d S 2 9 . O m eV

The language that describes the features of the Photoconduction band
quasi-particle approach is nicely intuitive. An ]
exciton in a spatially entended system is described
as a neutral excitation particle: an electron-hole -

pair. In an exciton the electron and hole are bound — i i i

by the electron-hole Coulomb interaction. In the Exciton bands| EXC Iton B In d In g E ne rgy
chemist’s electron-electron language, the ‘attraction’
derives from decreased electron-electron repulsion
integrals in the excited state configuration compared
with the ground state, thus lowering the energy

of that configuration relative to the continuum by
the exciton binding energy, E, = E, - E,. Related Ground state
electron-hole exchange interactions mix the
Hartree—Fock (single particle) configurations, so
that the exciton states are finally obtained through
a configuration interaction (CI-singles) calculation.
Correct spin eigenstates can only be obtained

by antisymmetrizing wavefunctions and mixing G. D. Schol €s, Toronto Universi ty
configurations through exchange interactions. Nat. Mater. (200 6)

Solid State Physics  Jongmin http://bp.snu.ac.kr 17
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Quantum Confinement

d 661 nm AE Dots

d =5.55nm o
d=4.86 nm §
d = 4.49nm = ,
d=353nm S Wires
d=3.49nm =
g Wells
=2
=
=

1d2

Absarption (arbitrary units)

of the Kinetic confinement energies of electrons and holes in corresponding

quantum wells, wires and dots. The size parameter d'refers fo the thickness of a well,

RIRR R R R R RIRR IR AR AR RN A or the diameter of a wire or dot. The slopes of the lines are (#2/8)[1/m, + 1/my] for the

600 700 200 900 700 aon wells™®, (1.17h%8)[1/m, + 1/my] for the wires" 12, and (2h%8)[1/m, + 1/m] for the dots™3,
Wavelength {nm) Waveleng’m nm) where his Planck’s constant, and m, and m, are the effective masses ofan electron and

haole, respectively.

/\: Figure 1 Predictions of simple pariicle-in-a-box models for the size dependences

Figure 3 Spectral data. a, Absorption spectra from solutions of the InP quantum wires;

arrowheads mark the lowest-energy excitonic absorptions. b, Excitonic peaks extracted : . :
by fitting and background subtraction (various colours), and the gaussian fits to thase W. E. Buhro , Universi ty of Washin gto n
peaks (grey). Nat. Mater. (2003)

Solid State Physics  Jongmin http://bp.snu.ac.kr 18



Frequency Dependence of Polarizability

Total polarizability (real part)

Ultra-

violet

UHF to

microwaves

Infrared ‘

T

a electronic

Frequency

Figure 8 Frequency dependence of the several contributions to the polarizability.

Kittel, Solid State Physics (Chap. 16)
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Dielectric Function of Free-Electron Gas (Plasmon)

&(w)

Figure 1 Dielectric function e(w) or e(w, 0) of a free-electron gas versus frequency in units of the
plasma frequency ®,. Electromagnetic waves propagate without damping only when € is positive
and real. Electromagnetic waves are totally reflected from the medium when ¢ is negative.

Region of propagation

..... 1; & - i i : i
0.5 1.5 - 2
w—p —

hwp =16eV for Au

Solid State Physics  Jongmin

- Plasma: a medium with equal concentration
of positive and negative charge, of which at
least one charge type is mobile.

Motion of a free electron in an electric field

(assumption: Itong wavelength dielectric

response, ¢ )

d*x
m—= = ek
dt*
wz
e(w)=1—;§ | ( w2=4me’m )

Kittel, Solid State Physics (Chap. 14)

http://bp.snu.ac.kr 20



Dispersion Relation for Transverse Electromagnetic Wave

carbae Palmoag

g = Ca Tm
L8 S R

K
.,
]

Figure 2 Dispersion relation for transverse electromagnetic waves in a plasma. The group veloc-
ity v, = da/dK is the slope of the dispersion enrve. Although the dielectric function is between

zero and one, the group velocity is less than the velocity of light in vacuum.

Kittel, Solid State Physics (Chap. 14)
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Surface Plasmon of Nanoparticles

400

| aspect ralio
20
— 22
| 24
Zh
— 28
3.0

Morm. Absorbance

024

0o
400

=00
Wavelength (nm)

500

Wavelength (nm) Wavelength (nm)

Figure 2. Top: Calculated UV—visible spectra for (a) Au spheres with varying diameters. (b) Au ellipsoids of varying aspect ratio. and
(c) thin glass films loaded with increasing Au nanoparticle volume fractions. Bottom: Experimental spectra for (d) Au spheres ¥ (&) Au

nanorods, and () multilayver films of glass-coated Au spheres with varving interparticle distance.

Solid State Physics Jongmin

Luis M. Liz-Marzan, UniVersidade de Vigo, Langmuir (2006)

http://bp.snu.ac.kr
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Surface Plasmon of Nanoparticles - Alloying

a) E +++’__ﬁ'+++

Ll

+ + m ol A — -
s .75 :l;':- i
(h) E TR E‘E‘g SNSW B
e S £ LA 4 é:;: -
--------- o
H E 0.8 _—
-E 0.5
bl :
Figure 1. (a) Schematic drawing of the interaction of an <
electromagnetic radiation with a metal nanosphere. A dipole is
induced. which oscillates in phase with the electric field of the 0.0 - < L ———]
incoming light. (b) Transversal and longitudinal oscillation of 300 400 500 600 TO0 200
electrons mn a metal nanorod. Wavelength (nm)
Figure 3. Variation in optical properties (IJV —vis spectra and color)
_ H T H H for AuAg alloy nanoparticle colloids with varying compositions. In
The eIeCt“C fIEId Of the |nC0m|ng the graph inset, the position of the experimental absorption band
iati P i P {dots) 1s plotted as a function of composition, and the solid line is
radlatlon Induces the formatlon Of a deOIe a linear fit to values obtained using Mie theory. The HRTEM image
i i i i shows the homogeneous distribution of Au and Ag atoms within the
in the nanopartlcle, and there Is a restoring s
force that tries to compensate it. Luis M. Liz-Marzan
- Unique resonance frequency matches this UniVersidade de Vigo, Langmuir (2006)

electron oscillation within the nanoparticle.
- Tuning the surface-plasmon energy by alloying.
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Surface-Plasmon Enhanced Photoluminescence

Si nanocrystals

Apump= 488 N A 4g= 780 nm

Figure 1. (a) False color plan view (100 E magnification) SEM
of the nanoporous gold surface showing features on the order of
10 nm. {b) Schematic cross section of the sample. PL measurements

are made from the bottom side of all samples.

Solid State Physics Bp

PL Intensity Enhancement
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Figure 2. PL infensity enhancement, ypr, measured at 780 nm as
a function of etch depth, D (tnangles). The solid line is 2 fit to the
data using a model that accounts for the spatial distribution of Si
nanocrystals and the enhanced local-field. Insets: (a) Tvpical PL
spectra for the reference (black) and coupled np-Auwnec-5i (red)
samples, at D= 5 nm. (b) PL intensities at 780 nm vs etch depth
for the reference (squares) and coupled np-Awne-51 (circles)
samples. The reference intensities are well fit by the green line,
which s the integral of two Gaussian distributions that peak at 142
and 24.2 nm, respectively.

Prof. Harry Atwater, Caltech

Nano Lett. (2005)

http://bp.snu.ac.kr
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Color of Metal

Metal 2| color(il S&f= == K9

1. Free electron (bulk plasmon): Metal 2| free electron oscillationl 2| dl bulk
plasmon HI LA XI2CH &2 U XIE JtKl= L2 reflect &.
CHE = 2] metalO] JHAIZ Ol L XI £ CF 2 bulk plasmon 0l L XIS JHAl 1D U]

T 0 —

[ = 0l reflect=l JIAZE L= Qo V=Xl 2 sHEZE= [ .

2. Interband absorption: MetalO| & 1} interactionS ot ™
2r2 81 E L 0l Al = momentum conservatlon% OFZ= Al DX £2012] =20,
CtZ band 2 2| electron transition0| & O LIOF &

Ol LAHY &= U= transition2 S IHA| casedt U S:

(1) Fermi level 2 X 2| conduction electronO| G =2 /X0l U=

HUHRXl BHEZ 0l=
(2) Ot Z A& A U= BHEN XU = electronOl conduction band Z22 2 0l S

—

Ashcroft, Solid State Physics
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Color of Metal — Cu Band Structure

Figure 15.11

Burdick’s calculated bands for
copper, illustrating that the ab-
sorption threshold for transi-
tions up from the conduction
band is about 4 eV, while the
threshold for transitions from
the d-band to the conduction
band is only about 2 eV. (The
energy scale is in tenths of a
rydberg (0.1 Ry = 1.36 eV))
Note the resemblance of the
bands other than the d-bands to
the free electron bands plotted
below.

F /f/ 2) 2eVER

Cu metal@| d band=Z 2!oH OFcHZ
20 QIE BHES0| S HS
stolgh = Q1 =.

O

Absorption0| 0HE = U= 8=

C
[ J

(1)2] &2 Fermi level 2 2

Free electron
model

conduction electron0] 4 =& { Xl
o UY_= UK BHEZ 0|=6t= A,

(2)2 AL Ol & o Ues
UH = 0f| X} = electronO]
conductionband £ 2 ;s H2= L.

()2 2Lt UKL H &Hosz
2eVEEFH &I 0L 3.
Ashcroft, Solid State Physics
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Color of Metal — Imaginary Dielectric Constant

Ot Z1& & Cult Ag2l imaginary dielectric constant

HE A0 2ol 2eV RE St UL IHZ2 0l

—
Aol Aol Fm2 2= WA =,
c

Ag

1 I et
10 15 20 25

fico(eV) Mo (eV)

Figure 15.12

The imaginary part of the dielectric constant, €,(w) = Im €(w) vs. he, as deduced from reflectivity
measurements. (H. Ehrenreich and H. R. Phillip, Phys. Rev. 128, 1622 (1962).) Note the charac-
teristic free electron behavior (1/w?) below about 2 eV in copper and below about 4 eV in silver.
The onset of interband absorption is quite apparent.

Ashcroft, Solid State Physics
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Work Function

Table 2 Electron work functions”

MhEd.

(Values obtained by photoemission, except tungsten obtained by field emission

Element Surface plane Work function, in eV
Ag (100) 4.64
(110) 4.52
(111) 4,74
Cs polycrystal 2.14
Cu (100) 4.59
(110) 4.48
(111) 4.98
Ge (111) 4.80
Ni (100) - 5.22
(110) 5.04
(111) 5.35
W (100) 4.63
(110) 5.25
(111) 4.47

"“ftel; H D. Hagstrum
Kittel, Solid State Physics (Chap. 17)
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Work Function (not real)

ypP Figure 18.1

(a) ric charge density near
the surface of a finite crystal if there
were no distortion in cells near’the
surface. The density is plotted along

k a line of ions. Vertical dashed lines
& Edy indicate cell boundaries. (b) The
form of the crystal potential U (or

 U=-¢¢ the electrostatic potential ¢ =

| | | —Ule) determined by the charge
1 density in (a), along the same line.
Far from the crystal U and ¢ drop
| to zero. The (negative) Fermi energy
is indicated on the vertical axis. The
shading below the Fermi energy is
" meant to suggest the filled electronic
levels in the metal. Since the lowest
electronic levels outside the metal
have zero energy, anjenergy W =
—=& must be supplied to remove an

b:\\- e{-’- . P&% electron.

Ashcroft, Solid State Physics
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Double Layer — Work Function

:

\U=-ed

-

Solid State Physics Bp

\ AN
TAAY

Figure 18.2

(a) The actual form of the electric
charge density near the surface
of a crystal (neglecting possible
slight displacements of the ions
near the surface from their sites
in the infinite crystal). Note the
electron_deficiency in the two
cells nearest the surface and the
presence of electronic charge in
the first “cell” on the vacuum
side of the surface. It is this kind
of distortion that produces the
“double layer” described below.
(b) The form of the crystal poten-
tial U determined by the charge
density in (a). If the additive
constant is chosen so that U
resembles the potential of Fig
18.1b far inside the crystal, then
outside of the crystal U will not
approach zero, but the value
W, equal to the work that must
be done to carry an electron
through the electric field in the
double layer. The lowest levels
outside the crystal now have an
energy W,, and therefore an
energy W = —&; + W, mustbe
supplied to remove an electron.

Ashcroft, Solid State Physics
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Potential Profile Across the Double Layer

~— Metal é{-\;— Sol utlon —

e %:) \_ @ Solvated cation
i s
@ . ®

p""\

! Z/"Ghost" of anion repelled

IHP OHF' from electrode surface

Solid State Physics Bp

Figure 1.2.4 Potential profile across the
double-layer region in the absence of specific
adsorption of ions. The variable ¢, called the
inner potential, is discussed in detail in
Section 2.2. A more quantitative
representation of this profile is shown in

X — Figure 12.3.6.

x1 .TCE

Bard, Electrochemical Methods
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Helmholtz Layer and Diffuse Layer

P~ - -

(@)

5

1
1
1
I
i
140 |— j
I
/ILf Linear profile to x,
120 }
=
I
I
) =100 mV
100 ¢2
80
>
=
<
60 — ;%
g
£
4018 Figure 13.3.6 (a) A view of the

differential capacitance in the
Gouy—Chapman-Stern (GCS) model
20 - Diffesg |Ryer as a series network of Helmholtz-
layer and diffuse-layer capacitances.
(b) Potential profile through the
solution side of the double layer,

o

0 10 20 30 40 50  according to GCS theory. Calculated
x A from (13.3.23) for 10 2 M 1:1
(k) electrolyte in water at 25°C.

Bard, Electrochemical Methods
I
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Standard Electrode Potentials

TABLE C.1 Selected Standard Electrode Potentials
in Aqueous Solutions at 25°C in V vs. NHE®

Reaction Potential, V
Agt +e2 Ag 0.7991
AgBr + e= Ag + Br 0.0711
AgCl +e= Ag + CI” 0.2223
Agl+ez=Ag+ 1 —0.1522
Ag,0 + Hy)0 + 2e = 2Ag + 20H~ 0.342
APY + 3e = Al —-1.676
Aut + e= Au 1.83
At + 2e = Au” 1.36
p-benzoquinone + 2H' + 2e = hydroquinone 0.6992
Bry(aq) + 2e = 2Br— 1.0874
Ca** +2¢=Ca —2.84
Cd®* + 2¢e=Cd —0.4025
Cd>" + 2¢ = Cd(Hg) —0.3515
Ce*t + et 172
Cly(g) + 2e =2 2C1~ 1.3583
HCIO + H' + e=21Cl, + H,0 1.630
Co*t + 2¢=Co —0.277
Co’t + e=2Co?t 1.92
Cr2" + 2e=Cr —-0.90
et + ez Ot —0.424
Cr03~ + 14H" + 6e = 2CP + 7TH,0 1.36
Cut +e=Cu 0.520
Cu®* + 2CN™ + e = Cu(CN); 1.12
Cu’t + e=Cu’ 0.159
Cu?t +2¢=Cu 0.340
Cu’t + 2e¢ 2 Cu(Hg) 0.345
Ev'" + e= Eu®" —0.35
1/2F, + H" + e 2 HF 3.053
Fe’* + 2e=2Fe —044
Fe’© + e=2Fe’t 0.771
Fe(CN);~ + e = Fe(CN)¢~ 0.3610
(continued) Bard, Electrochemical Methods (Appendix)

- 2010-09-15
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