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Optical Properties of Solids: Lecture 1

* Introductions: Why are we here?
 Lecture series overview

« Spectroscopy: what is that?
 Experimental spectroscopy techniques

* Optical constants:
— Complex refractive index
— Complex dielectric function
— Absorption coefficient, extinction coefficient
— Normal-incidence reflectance

« Solid-State Physics:

What can we learn from optical iroierties?
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Key HW accomplishments for 3G smart phones

Power amplifier:
InGaP Heterojunction bipolar transistor (HBT)

0.25

Si1Ge:C base

Low-noise amplifier:
Silicon-germanium-carbon HBT ...} > / -

= (emitter)
G005 | substra

New CMOS materials: S 4 B b 4 8
Advanced substrate materials (SOI) o
High-k (complex metal oxide) gate dielectrics
Metal gate

Si-Ge-C source-drain stressors
Laser annealing (>100 citations)
Nickel silicide Ohmic contacts
Copper interconnects

Low-k interlayer dielectrics

32nm CMOS on SOl

Power analog, passives

Double-poly

- m capacitor
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Introductions: Why are we here?
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Optical Properties of Solids: Overview

1. Overview: spectroscopy, optical constants, and solid-state physics

2. Crystal structures, Wyckoff positions, point and space groups,
classification of optical vibrations

Maxwell’'s equations in vacuum, plane waves, polarized light

Maxwell’'s equations in continuous media, dielectric function, Lorentz and
Drude model, Selimeier, poles, Cauchy

Analytical properties of the dielectric function, KK relations
Application of Lorentz and Drude models to insulators and metals
Electronic band structure, direct and indirect gap absorption

Free electrons, effective masses in semiconductors, excitons

9. Interband transitions, van Hove singularities, critical points

10. Photoluminescence, Einstein coefficients, qguantum confinement
11. Applications: Anisotropic materials

12. Applications: Thin films, stress/strain, deformation potentials

e ——— |
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Optical Properties of Solids




Optical Properties of Solids: Other Text Books

“'\_; M.L. Cohen &
{\ J. Chelikowsy:

ki ,} N Electronic Structure &
By & JF-. B (f r_; " r-f“ " Optical Properties

lntunmﬁcrme-aﬂaura Flhu

Tanner (U FL): notes

SU' Id State Fundamentals of  EORNIEIIE |
Prﬂpernes Semiconductors Semiconductor Optics

From Bulk to Nano Physics and Materals Ellipsometry:
Properties Fujiwara

Tompkins/Hilfiker
Part 111 R Fujiwara/Collins
Optical Properties Palik I, I, 11l

Azzam/Bashara

&) Springer

{f_} Springer
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Classification Schemes for Surface Spectroscopy |

primary particle surface
e,l, Y normal
. secondary particle

e, |,
an

Particles: Electron (e), ion (i), or photon (y)
The term spectroscopy implies that we prepare, vary, or measure the
energy (wavelength) and/or momentum of the primary and/or
secondary particle.
For photons, we can also measure the polarization of the primary and/or
secondary photon.
The interaction depth for thin films depends on the penetration depth of
the primary particle and the escape depth of the secondary particle.
(This can be nanometers to micrometers, depends on each technique.) -

| \
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Classification Schemes for Surface Spectroscopy li

Reflection: Diffuse reflection/scattering: Diffraction: XRD
Ellipsometry, XRR PL, Raman, SIMS, Auger

1. Specular reflection: The angle ofireflection is equal to the angle of
iIncidence. For some spectroscopies, the angles are measured relative to
the surface (XRR), for others relative to the surface normal (SE).

2. Diffuse reflection or scattering: There is no well-defined direction, in
which the secondary particle exits. The scattering probability may
depend on the angles.

3. Diffraction: Requires a periodic (crystalline) layer. There is a well-
defined angular relationship between the spacing of the diffraction
(Bragg) planes and the momentum of the incident/diffracted beams.

STATE
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Classification Schemes for Surface Spectroscopy lii

Elastic: The intensity of the reflected
E (relative to the refracted beam) depends on
9 the excited states of the system (band

gaps).

‘ Inelastic: The energy difference (gain or loss)

’ provides information about vibrational (Raman)
= Ei or electronic (Auger) energy states. The strength
e of the scattering process depends on the
—.— }Eg interaction with an intermediate state.

« Elastic scattering: The energy of the incident particle equals that of the
scattered particle.

« Inelastic scattering: The two energies are different, depending on the
energy gained or lost by the interaction with the thin film.

« Both can yield information about the energy states in the film.

e — e —
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-
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Classification Schemes for Surface Spectroscopy IV

— Spectroscopic Ellipsometry: Elastic, specular,y —> vy
Thickness, Energy (band gap), refractive index, composition

— X-ray reflectivity: Elastic, specular,y —> vy
Thickness, density, surface/interface roughness

— X-ray diffraction: Elastic, diffracted, y —> v
Lattice constant, stress/strain, composition

— UV Raman Spectroscopy: Inelastic, scattered, y — v

Vibrational (phonon) energy, composition, stress/strain

— Secondary lon Mass Spectrometry: Inelastic, scattered, i — i
Composition, depth profile (sputtering), doping

— Auger Electron Spectrometry: Inelastic, scattered, e —»> e
Composition, depth profile (sputtering)
— Rutherford backscattering: Inelastic, scattered, oo —» o

Composition, some depth information, primary standard

——— N —
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Bohr Model for the Hydrogen Atom

Quantum Numbers:

n 1,2,3,...
I 0,...,n-1
m —I,...

S +/— 1/2

E(n)=—R/n’

_=L1S1/2

Stefan Zollner, February 2019, Optical Properties of Solids Lecture 1 18

~——— The first energy level ——
can hold a maximum

of two electrons.

n=3
< © - &
n=2 /
n=1 ¢ " \V\\—>
Hydrogen H Helium, He
[ ] AE = hV mmmmmmm ber: Atomic number: 2
+Ze Ma number 1 Mass number: 4
1 elect ron (2 protons + 2 neutrons)

2 electrons

o) ~~——— The second and third ———_ e} e
: energy levels can S ;

each contain up to 8
electrons.

, ( N *)
k\a‘ B'\J [ e e )
S + \

<
Lithium, Li Neon Ne
Atomic number: 3 Atomic num ber: 10
Mass number: 6 Mass number: 20

(3 protons + 3 neutrons) (10 proton s 10 eut rons)
3 electrol electrons

Relativistic corrections:

s electrons (I=0) close to the core
J=L+S total angular momentum
Spin-orbit coupling L-S

J=1/2 or 3/2

-



Bonding and Anti-Bonding Orbitals

- >
|

7 * g

O1s

I/Node e
1 .. lr -
WD D <D
Bonding o1 MO Antibonding o; MO
H (AO) H, (MOs) H (AO)

s: Y=y, ty, s*Y=y,~y,
8 4 8 8% p* OO QD Z Px: py, P
5+ 8 L
 C electronic configuration: 1s? 2s* 2p #

L shell forms sp?3 hybrid: 1s2 2s’ 2p3
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A simple band structure for Germanium

== == 1792 K=mv2/2=p2/2m
c-lf-) v 20 J=1/2 E =h2k2/2m
empty |57 ~  m: effective mass
P,
'85 5 CB (empty)
g E — v B|— 2 —
................... EF 8 g E E b
O = F i Eq band gap
WA =1 v e © y hh
! A - © SO
filed || '8 =z g |
o | filled filled
©
<
. / / < W
< >
Ge electronic configuration: ... 4s2 4p?2 lMomentum q
'N shell forms sp3 hybrid: ... 4s? 4p3 NM
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A simple band structure for Germanium

p* =,FA =312
H —= =12
empty |
= =
o) ©
% = . =
S ot S =
.................... EF 8 U>)‘ . Mo As /
Samm— © : s
p 1P1r Lt 'é === J=3/2 .%
. BN A i=1/2 BN -
filed || '8 el B :
o) Lg
©
<C
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Carbon, Silicon, Germanium, Tin

The s* band moves down, as the elements get heavier. o /

In a-tin, the s* band moves into the p-band manifold, /_\\

between the j=1/2 and j=3/2 states.
This makes a-tin a zero-gap semiconductor.
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Classification Schemes for Surface Spectroscopy IV

— Spectroscopic Ellipsometry: Elastic, specular,y —> vy
Thickness, Energy (band gap), refractive index, composition

— X-ray reflectivity: Elastic, specular,y —> vy
Thickness, density, surface/interface roughness

— X-ray diffraction: Elastic, diffracted, y —> v
Lattice constant, stress/strain, composition

— UV Raman Spectroscopy: Inelastic, scattered, y — v

Vibrational (phonon) energy, composition, stress/strain

— Secondary lon Mass Spectrometry: Inelastic, scattered, i — i
Composition, depth profile (sputtering), doping

— Auger Electron Spectrometry: Inelastic, scattered, e —»> e
Composition, depth profile (sputtering)
— Rutherford backscattering: Inelastic, scattered, oo —» o

Composition, some depth information, primary standard

——— N —
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Example: X-ray Photoelectron Spectroscopy:y — e

Exn=ho-Ex-® det Elndmg Photo-Emitted Electrons (< 1.5 kV) - FElectron Energy Analyzer (0.1.5kV)
nergy escape only from the very top surface
(70 - 110A) of the sample \

Efectron Detector

Electron
(counis the elecirons)

Caoliaction

Focused Beam of

L1 . . |_1 S Electron
Take-Off-Angle
\ Si0; /Si°
\ Sample
incident Y scattered _ @

Peak ID Atomic % BE (eV)
LF1s 0.5% 68719 4
(“"1 5 keV) N l01s 38.9% 53372 T
90000 3
_ N1s 1.7% 40274 §
e Fc1s 25.6% 285.43

* 700003 2p 33.3% 99.71

Si2s
=Sizp

50000

w
J 2 1
K K - 3}
=
300002 ® »
o 5 = .
i !.IJ Ncel
10000-& fo
.................
1000 800 600 400 200 0

Binding Energy, eV

Quantification using RBS standards

High depth resolution 7000 Oxidation states i
(small escape depth of photoelectrons) e
3000:
_OE.SI — I't01|35I — I't0|05| — I9?.5'
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Example: Auger Electron Spectroscopy: e — e

Eauger = (Ex - EL1) - EL2 Binding 1

Energy
scattered T ! . g
Vac l 0 5§ g
L2 . ® ' E|_2 § 0.6 - s
L
L, *—o E, Q %ﬁ ]
I 1 g 0.4 3
| < a
I 0.2- -
\ 1
incident ~g- : o g
(5 - 20 keV) I ) 1000 2000 3000 4000
v Depth (A)
> E
K ~ K 5 keV Primary e- Beam
T 5° Off Normal
Xe* lon Beam
Electron

70° Off Norma

Impact lonization

Quantification using RBS standards
High depth resolution
(small escape depth of L electrons

Buried Oxide (SiO,)

STATE
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Fourier-Transform

Grating Monochromator
Spectrometer
Polychromatic_ 0 order
light 1st order
Light source
a a y D
39, /-'_.\ ‘\S 2nd order v
é e el e a0 0 R 8 i Fourier
t ‘ : Datactef transform
Seing . . L[ <> Beam B(o)
d(S|nB_S|na)=N}L Movable mirror  splitter | J
exit slit I: — w”l e
focusing Fixed mirror Spectrum o
> mirror (a)
d'ﬁ;:ﬂzg Constructive interference: AXx=NA\
o Destructive interference: Ax=(2N+1)A/2
collimating
. mirror
entrance slit Common for mid-infrared
spectroscopy (50-500 meV). [
B Diffracted intensity depends on
angle and polarization. STATE
26
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Macroscopic Optical Constants

n: refractive index, n=cl/v Why not n-ik?
K: extinction coefficient Wave goes like exp[i(kx-wt)]
n+ik: complex refractive index

R: reflectance at normal incidence (I, .¢/l;)
T transmittance (l;,..¢/ly)

R+T+A+S=1

o absorption coefficient

o=4rk/A

g complex dielectric function

g=g,+ie,=(n+ik)?
All are connected through

Maxwell’'s equations (Lectures 3/4). :

STATE
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Reflection and Transmission

Also have diffuse scattering. Beer’s Law: I(L)=l,exp(-al)
Reflection Transmission SR e sl e
E | Detector
Laser | I ‘ ‘[‘ I ? _____
Mfedivm | gecham.ca] .
e s
Mediwmn 2
Dot
Absorption coefficient a. (cm™T)

Law of reflection: oy, =0, Consider reflection losses
Snell's Law: n;sina;,=n,sina
n: Refractive Index

if=—

TA

out

exp(—al) = 1R

un
-
3|
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Transmission: LSAT or (LaAlO,), ;(SrAITaOg), 35

Absorption Coefficient and Transmission Data

160 —s 0.0
* e

® 7K . i:_ 08
® 100K ." ’
® 200K s % |
® 300K s "@07
.

100 L {08
™
.
. 10,5

o l{cm'1}

104
a0 10.3
102

101

15 2 25 3 3.5 4 45 5
Photon Energy (eV)

Direct Band Gap

4.9 [ T I T oL 1 I T 1.1 | T 1.1 I T 1.1 | T 1.1 I T 1.1 I T 1.7 i

i o Direct Band Ga i

- 4.8 .'r — B:Jr::-E::tein FFiIt m
l‘-}'u [ i
— 47F -
5 " ]
g [ Z
- 46 3
= B -
m —
44f ]
. 4-3 [ L I i I il I L I | | I i i I i ' i i i

100 200 300 400 500 600 700 800
Temperature (K)

Transmission

ih

=
wn

(1 _ R)Ze—ad
~ 1 _ R2p-2ad

ot (em )10t
M
L]

-
o
T

Absorption Coefficient Squared

=
T

o
n
T

w
T

Fa
T

82 K

100 K
200 K
300 K
392 K
480 K
567 K
B54 K
T42 K

Photan Energy (V)

Bose-Einstein Model

E(T)=a—-b|1-

7

eT — 1
- 6.32+0.29
SR b (ev) 1.50+0.29
8 (K) 1486+ 121
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Reflection from a rough surface

Reflected rays

|
/1

Reflected rays

Incident rays Incident rays

%
KK

Smooth Surface

Rough surface

I. Regular Reflection IL. Irregular Reflection

Specular Specular+Diffuse

Debye-Waller correction:
Assumes sinusoidal roughness

R ough=RoeXp[-(4mwoncos6/1)?] Also: | Ohiidal, . Lukes,
o rms surface roughness parameter a5 91'(13;?)_';,8 Stations

D.K.G. de Boer, Phys. Rev. B 49, 5817 (1994).

un

TA

-
3|
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Reflectance Spectroscopy Instrumentation

\ Spectroscopic Ellipsometer
(VUV/UVIVIS-VASE)

e PR — . 2 £

IR-VA

E =
i I1]

5 N a

Spectroscopic Ellipsometer
(IR-VASE)

¥

-ray diffraction & reflectance

Spectroscopic Ellipsometry:
« Thickness (100 to 10000 A)

« Absorption, band gap

* Refractive index

detector {
Monochromator )

olarizer

analyzer

sample

FTIR ellipsometry:
« Very thick films (> 5000 A)

* Phonon absorption

» Optical Constants

e :
((\Q\ . polarizer
6® b & 7 Mirmor
7 l \ oo
P e Lo
Rotating (( ‘ Source

C tor e
ormpensator Spectral Range 1.25 to 40 um

Polarizer (250 cm-" to 8000 cm")

detector

XRD/XRR:
* Crystal structure

- Lattice spacings (strain)
» Thickness (5 Ato 1000 A)

» Surface, roughness layer
thickness

* Density

I
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Crystalline CeO, on sapphire (liquid deposmon)

»—transparent-

20 A O O I e

15

‘W
o
10
Psi (65.00°)

S Psi (70.00°)

0 ; Model

0.0 1.0 2.0 3.0 4.0 50 6.0

Energy (eV)
9.0 5.0
o dielectric-
functlon
2 60 &
2.0

5.0
40 10
3.0 0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

eV

Delta

Intensity (a.u.)

300

200

100
0 & Delta (65.00°) |+
) Delta (70.00°)
: Model
-100
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
gl =
gl &
Sl d
i <4 1
m_ N | omsm
#3 20% Sm
#2 ) 10% Sm L -
e ———— . Fluorite (O,°)
20 30 40 50 70
26 (degree)

* Insulating CeO, film on sapphire, with band gap near 3.7 eV.
« Determine film thickness from interference fringes in transparent region.

Stefan Zollner, February 2019, Optical Properties of Solids Lecture 1

Fit optical constants with basis spline polynomials.
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Thickness Measurements: InGaP HBT

* How thick is my film? E
Emaitter

InGaAs A \
' ‘ o ———— B B Base

Collector | C
Sub-Collector

ey EiEE

[ : I
i s SI GaAs Substrate
Table 2 Doping and layer content profile of a typical InGaP double heterojunction bipolar transis-
53 10 tor (DHBT). Compare Ref. [28]. See also Ref. [42].
\4 Layer Material Doping  Concentration (cm™) Thickness Function
B 11 InGaAs n+ >10" 100 nm emitter contact
10 GaAs n+ 5x10'8 120 nm contact buffer layer
0L 9 InGaP n 3x 107 40 nm emitter
8 GaAs P+ 5x10" 70 nm base
. 7 GaAs n 3x10' 30 nm collector
- Ellipsometry Spectrum 6 GaAs e+ 21018 Som  dopant spike for DHBT
5 InGaP n 3% 101 10 nm DHBT collector
10 ; | ] | i [ i | i | , 4 GaAs n 3x 106 155 nm collector layer
0.0 10 % 0 % 4.0 50 3 GaAs n 7.5x 101 400 nm collector layer
I . : . - : - 2 GaAs n+ 5x10' 1000nm  subcollector
1 AlAs () 7 ? 30 nm substrate isolation
P hOton E ne rgy (eV) 0 GaAs ? ? NA semi-insulating substrate
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X-ray Reflectance: SrTiO, on Si

[ — F ® 4 5 F + 1 T A
Experimental Data | 14— ittt
10" _____ Model with Si0, 5 ——
- . | —— I 1)
—— Model without Si0O, Sk : _ Without Si0,
a2k = me E
o ol
z L sio, | s il |
O — — 1
5 10 L si i g |
g os SrTiO,
o 8
10 04l .
b i, S -
10-8— - 02— !
I I A R A S M S A SRS (" I |
0.1 02 03 04 04 06 0.7 0.0 - TR R N S
A’ 0 50 100
Depth from the surface (A)
s Electron Density| Bulk Electron |Thickness|Roughness
ayer - . g
(eA?) density (eA®) | (nm) (nm) S
mall x-ray contrast
SrTiO; 1.08 141 1.79 0.6152 y .
Q=tmsing between Si and SiO,.
- 1 SrTiO; 1.40 141 15.6 0.7396
Sio, 0.75 0.81 2.87 0.4202
0.66 0.71 Substrate| 0.4574
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Sheet1

		Layer		Electron Density  (eÅ-3)		Bulk Electron density (eÅ-3)		Thickness(nm)		Roughness(nm)

		SrTiO3		1.08		1.41		1.79		0.6152

		SrTiO3		1.40		1.41		15.6		0.7396

		SiO2		0.75		0.81		2.87		0.4202

		Si		0.66		0.71		Substrate		0.4574






X-ray Diffraction: SrTiO, on Si, Ge, and SrTiO,

10 ' - — 140 . : 7000 —
SrTiO. on Si Si (400) STO (200) . . STO (200) . .
3 3 120+ SFTIO3 onSi | 6000 | SI’TIO3 on Si |
10° |
STO (200) 100 Grain Size = 168A E 5000
g0’} z ; - FWHM=0.80°
g 8 80} FwWHM=027° Vertical & 4000}
Z STO(300) =y ©=23.27° Strain=-0.15% z
£ 10"} l é 601 2 3000p
a0t 2000}
10° |
20 1000 |
, Ge (400) ' towm N
SrT|O3 on Ge (200) _ 5000f
ol 50} SrTiO, on Ge | 4500} 1
C el 4000} SrTiO, on Ge -
- - 40F FWHM=0.29° Grain Size = 161A i — 3500} 3 |
810°}  sTO(200) 8 ©=23.28° Vertical € 2000l FWHM=0.94° |
z 230 Strain=-0.18% { 2
s c c 2500f
2 g g
£ 0"t STO (300) £ £ 2000}
1500}
o 1000} STO (200)
500}
SrTiO|, on SrTiO ] STO (200 _ _ STO (200) . . _
10k y 3 — Experimental Data ]| (200) SFTIO3 on SI’TIO3 SrTIOR on SI’TIO3
STO|(200) — Model sl | sl ]
] FWHM=0.02° = o
_10°} STO (300) N ©=23.24° 3 FWHM=0.02
g % 15 x 15[
2 10°} B ra . &5 e
2 . = . =
', 2dsi gg \ Scherrer:
SINOR= = — Fpk <
B A=FWHM*t*cos6g

]

225 23 235 24 245 25 22 23 24 25
20 (%) ©-26 (°) o)

w-20 scan w-20 scan (zoomed) w scan




Raleigh scattering (elastic)

Rays from the sun

4
. 35~ Spherical
scattering of rays
“*in the blue part
‘=, of the spectrum

.
s

Incoming wave | S
g Atmosphere © -
Rayleigh
Scuﬁan ng
J_ll_'h.l_.tt___—-d"-ﬁn—_-
i farth
[ =1 BTE N{I (1 + cos> E!j Scattering at right angles
0 14R2 is half the forward intensity
Rayleigh scattering for Rayleigh scattering
from air molecules N = # of scatterers . )
. -poarzanity Why is the sky blue”
et ) - — R = distance from scatterer 25 ) ) )
;ﬁ Rayleigh scattering gives the
. 1 The strong wavelength dependence of Rayleigh 20 atmaosphere its blue color

scattering enhances the short wavelengths,
giving us the blue sky.

Observer 1

15

1d

Percent Scallering of Dired Sunligh

L=

450 500 550 B0 650
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Elastic and Inelastic (Raman) Scattering

virtual level virtual level
. Y S UM | T T
Raleigh W= -]
el tg \ . M S o8 Raman
elaslicC @, Bp=0 :
M\ - M . 'f> (Stokes)
@ >0
W = 0
X |i>,)f> [ |i=
a) c)
virtual level
S S virtual level
L i ——————-
V> T ©as = L1960 Giual level
b T Wepps=20 -0,
s AN\ 0 A
(3,
0 <0 AVAV. = I Raman-active level
L0 I
¥ i L jisf>

Raman CARS

(Anti-Stokes)
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Raman Spectroscopy

CCD detector 1
Laser and Spectrograph 09 4
line filter rating 05 | ”

0.7 A
. 06 A

=
| Z 05 - ‘
Macro beam rnirrt}r/' N 04 ‘ i
rd 0.3
”
~ Beam 0.2
” splitter

O
iy
1

| Mirrors .
| / 04 :

1000 1200 1400 1800 1800 2000 200 2400 2E00 2800 3000

Microse Notch
Sample |, ;tm%npe filter Adjustable entrance slit Raman shift / cm™
1 - as-grown (100)GaP L]
GaP Z - porous, | = 6 mAJom’ 25 — LI LA LA B B M92A|O4 (Splnel)
3 - porous, = 15 mAjom? | LSAT A“ |
% ng w T T T T T I'. E' T T T T T T T
= ! T0 | 1 a
& | = I |
i L ]
S i = 5
o %‘15 - 1 <
> =
c = )
w - E 1
= -E ;Cj N T e’
e Surface =0l E e A .
R Phenon ] i 0 5 A . 1
E 1 F o it g . ]
i H L 2 TQQ(?) [ o
E 5 E
o u . 1 . 1 . 1 . 1 . 1 s 1 ' 1 s
[ 4 L 100 200 300 400 500 600 700 800 900
e A 5 Raman Shift (cm™)
T = T b I [ P P PRI P R B B RPN
| ] 1 100 200 300 400 500 ©00 7FOO BOO 200 1000
. 340 360 330 400 420!

- Wavenumber (cm”)
Raman shift (cm™)
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MOCVD-GaAs samples

Photoluminescence

Laser and Spectrograph
line filter grating

CCD detector

Relative intensity

Notch
p filter | / Mirrors

Microscope , :
Sample . pe Adjustable entrance slit

L 1 1 1
8100 8200 8300 8400 8500
Wavelenght (A)

1 I ciE | 1].2

electron
110

E, band gap ------------ > 0.20

hole i 0.10 |
0.00 ©

135 140 145 150 155 160 1.65
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0.15 |

0.05

PL intensity (normalized)




Crystal Structure (Point & Space Group) [ i
- ~_Lb .’-,.. ; P

Electrons Phonons m

0.3-10 eV 10-80 meV

Near-IR, VIS, UVFar-IR to mid-IR

Magnetism | | Superconductivity | | Excitons | | Phase Transitions

Surfaces | | Topological Insulators | | Transport | | Polaritons

kMOg Eﬂ kowej knalod .agnetic Storag. batalysii
lhotovoltaic‘ l1ergy Conversic. laserd Eensorﬂ

——— N —

STATE
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Materials properties accessible by
optical spectroscopy

* Mid-infrared spectral range

— Insulator/semiconductor:
Lattice vibrations (phonons)

— Metal: Free carrier properties (density, scattering rate)

« Visible to UV range:
— Electronic excitations
— Band gap, interband transitions

* Ellipsometry allows us to study semiconductors, insulators,
and metals.

* Thin films and surfaces can be investigated with proper data
analysis (curve fitting).

e ——— |

STATE
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