Overview

Introduction (Fox-Chl)
 Response function

 Optical processes

« Optical constants

Waves in solids (Fox-Appendix A)
« Maxwell equations and wave equation
Models (Fox-Ch2,3,7)

 Lorentz model
 Drude-Lorentz model
 Transition rates, QM treatment
Magneto-optical effects, XMCD
Inelastic light scattering

Non-linear optics

Time resolved optics

Optical modification of matter
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Semiconductors (Fox 3)
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Energy bands in solids

Single
Molecule 1 N
Dimer Aggregates  Solid State
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Fundamental absorption edge

. Direct semiconductors \
‘vertical’ transitions \
W } energy gap

0 /
LL
k 2>
* Indirect semiconductors I Phonon energy << gap
Phonon assisted W»
(takes up momentum) } energy gap

N
Vertical transitions LL /

for higher E k =2
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GaAs and SIC
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Transition rates

: " hao P [V
Absorption coefficien t: ¢ = Al/T _ Rate of E lossivolum e _ i@ -y

AZ Incoming E/area hol A
Once « Is known, rest of optical functions can be calculated
Task Is to calculate the transitio n rate P, = Fermi Golden Rule
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Optical transitions

Conservation of energy and momentum
E.=E +ho
Ke =ki +

Fermi golden rule: transition rate
Wi = =g Plof 5(E, - € -hoslk, -k, o)

Photon momentum ~0, many combinations of states with E, - E, = fio

2 |
Wi, = 77[“\/' |zg(ha))

0 (ho): joint density of states
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Density of states

How many states are there in a given interval dk ? Or in an interval dE ?

Volume of a sphere in k-space: 4/3 n k3
Volume one state occupies in k-space: (2rn/a)? 47zk3

343
Number of spin degenerate states within the sphere: N(k) =2 32 == l; a2
T T
o)
: _ 1 dN(k) k°
D) ty of states: =— =
ensity of states: D(k) V ok 2

k
In energy space D(E)dE = D(k)g—EdE

For free electrons:

2 312
dk k2m m m V2mE _ 2m JE

_ Mo _
dE  #2h%k 7%t mih® men’

D(E) = D (k)
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Bandgap absorption by direct semiconductors

« Transition rate proportional to available initial and final states

. .. _ 21,2
Initial states: Valence band £ (k) AL
2m,
: _ : 21, 2
Final states: Conduction band £, (k) =, + nok;
2m.
2 2 2], 2
ho=E; + ik, hk = E, hk usingk:kvzkcand1:1+1
2m, 2m 2y Loom, m
- JDOS: Forno<E;:. ¢(hw)=0
\/EIUS/Z

Forho>E, . g(ho)=

v \/ha) -E,
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Direct transitions

* Absorption coefficient proportional to transition rate , = _ld_locwHf

(beer’s law: dl=-azl(z) =2 1(z)=1,6%) | dz

Forhm<E,. a(hw)=0
Forio >E, . a(ho)c u’ Jio-E,

InAs
room temperature

0.5

Energy (eV)
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Germanium

germanium
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GaP phonon structure
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Semiconductors in a magnetic field

* At high enough fields: quantization of orbits and energy

1
E =in+= |
n ( 2) a)C
21,2
1jheB_hkz

 For B=B,: E:(kz) = —(n + >

m. 2m,
1), eB A%k
E¢(k,)=E,+| n+= |h—+—
(k)= ( 2) m;, 2m;
21,2
ho=E, +(n+1jheB+h k,
2) u 2u
« Strong absorption for k,=0 1) eB
= equidistant peaks in absorption spectrum /o =E + (n + Ejh_
J7;

« Absorption edge shift in magnetic field A= hﬁ

2
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Ge In a magnetic field

germanium
300 K

o
=
=
S
LR )
w2
.('/J
:
=
=
-

0.80 0.82 0.84
Energy (eV)

PHYSICAL REVIEW VOLUME 108, NUMBER 6 DECEMBER 15, 1957

Oscillatory Magneto-Absorption in Semiconductors*

SoLoMoN ZWERDLING, BEntamin Lax, anp Lavra M. Rorm
Lincoln Laboratory, Massachusetls Institute of Technology, Lexinglon, Massachuselts

(Received August 30, 1957)
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Cyclotron resonance

 Transitions with An =1
e 24000 Mc/sec ~ 1 meV
« Energy fixed, scan B

ELECTRONS

iy
e
>
i
=i
=
b—
o]
X
=1

eB : :
= determine effective mass

M

ABSORPTION I8

2000 3000 4000
MAGMETIC FIELD N QERSTEDS 1T=10kOe

Fic. 2. Typical cyclotron resonance results in germanium near
24 000 Mc/sec and 4°K: direct copy from a recorder trace of
power absorption s static magnetic field in an orientation in a
(110) plane at 60° from a [100] axis.

Cyclotron Resonance of Electrons and Holes in Silicon and Germanium Crystals

G. DressErLnavs, A. F. Kip, anp C. KITTEL
Department of Physics, University of California, Berkeley, California
{Received December 16, 1954)
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Wannier-Mott Excitons

« Conduction band: electrons with mass m,’
« Valence band: holes with mass m’
* Hydrogen problem with very light ‘proton’ in a screened environment

 Screening: 62 - 62 /Er

1 1 [
* Reduced mass: M, - u = { + }
h

m, m
2 2 2 2 2 2
e e
H:pe _I_pp_ = H:pe*-l-ph*—
2m, - 2m, |, -] 2m’2m’ g r, -
m
a, la, =—t¢ ~20 Hydrogen | Cu,O
H Bohr radius | 0.53 A 10.6 A
E, /E, =21 1
ex © —H m, ng 144 Binding E; |13.6 eV 94 meV
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Excitons in Cu,O (absorption)
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Cu,O Emission
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Magneto-absorption of excitons
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Excitons in KBr
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Fig. 7.7. Optical density for KBr measured at 80 K (a) and band structure for
the corresponding lattice (b); after [7.11].

PHYSICAL REVIEW VOLUME 116, NUMBER 5§ DECEMBER 1, 1959

Ultraviolet Absorption of Alkali Halides*

J. E. Esv,t K. J. TeEcARDEN, anp D. B. Durron
Institute of Optics, University of Rochester, Rochester, New York
(Received May 27, 1959; revised manuscript received August 19, 1959)
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CdSe nanocrystals

Nano Crystals

« Bio labeling

« Displays

« Solar cells

* Photonic crystals

« MRI enhancement

450 500 550 200 250 &00

Wawvelength f nm Wavelength / nm
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Nano Crystals

Bandgap CdTe: 1.56 eV (direct)
Bulk = emission at 795 nm

Small particle: confinement energy (particle in a box)
hem? CdTe: M, =0.1m,
E=E, + - *
2R m’ ~ 0.44 m,
2 nm particles: Confinement 1.15 eV

E=156+1.15=2.71eV Correspondsto 475 nm
For 3 nm: 600 nm

Luminescence, a.u.
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