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’ »
Snell’s law: 1. A, Woollorn Co., Ine

(Snellius — Descartes-térvény: ’E"EE”Y polarized fight ...

Snellius - Gesetz: )

p-plane

) ) s-plane ! 3. elfiptically polarized fight !
n,sSme, =n,sme, |

L

plane of incidence \

2. reflect off sample ...

From the boundary conditions of making use of

Maxwell’s equations:
the tangential components of E and H are
continous at the interface
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Fresnel’s equations

Ers + Eis = Ets
n,cosp (E —E )=-n,cosgFE,
n(E,—E )=nk,

cos@,(E,,+E,)=cosp,E,
Fresnel coefficients:
7 _Erp r:Ers t _Etp t _Ets
P s P s
Elp EZS Elp EZS
_ i0,, _ i0,
rp—‘rpe r,=|rle
R=rr= ‘r
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Measured quantities

Incident light: linear polarization Reflected light: elliptical polarization
Source
Fényforras Polariza :
/i olarizator “« Analizator Detektor

nem polarizalt

linearisan polarizalt Minta elliptikusan polarizalt
Sample
rp
Ellipsometric angles: tan'¥ == A=6 -6,
¥

Spectroscopic ellipsometry: Y(w),A(w)
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Ellipsometric angles

Forras: Tamaska Istvan, 2009

(s direction)

yt E=t,
o o
¥ %
{p direction)
5
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X
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Measurement: rotating analyzer setup

Fényforras

Polarizator s q_ p
% ‘\ Analizator Detektor
ip E

T Kompenzator E
nem polarizalt

/

| \
linearisan polarizalt Minta elliptikusan polarizalt
2 2 .2 .
p‘ cos” P—sm” P Re(p)sm2P .
N [e(A)=1+‘ cos2A+ sin2 A4
Polarizer: fixed angle (P) ~det ‘p‘z cos® P+ sin? P ‘,0‘2 cos? P +sin? P

Analyzer rotating: A(t)
[, (A)~1+a(p,P)cos2 A4 + B(p,P)sin2 4,

1+atanP COSA = ﬁ
-« |-«

tan¥ =

2

s Budapesti Miszaki és Gazdasdgtudomdnyi Egyetem  Optical spectroscopy in materials science 10.



Evaluation: Isotropic, infinite two-phase model

(1-p)’

n, =& (sample) =n’(sin’ @ + —sin® @, tan’ @,)
(1+p)
) . 9 rp iA
p=p t+ip p =-—=tan¥e
Ifn, =1: 'S
252 1ny\2
g'=sin’ @ + d=p 2) Hp 2) sin® @ tan® @,
1+p% +2(p")
"1 A2
8r"=_ 4p2(1 p )2 Sil’lz wa tanz ¢a
1+p% +2(p")
£">0= p'=tan¥sinA<0=-r<A<0
H,, & - > H,, convention! (measured quantity: cos A)
VI, : 7 /@/.//
¢y B
€
s—pol. H,
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Accuracy of measurement

Generated for n=3.5, k=0 Generated for n=3.5, k=0

m_ R 50 : 200,
- 08 e R o 40 ’ 1150 2
= R = ol
=06 @30 —
2 = 1100 @
= 0.4 EED - e
r =y Iy

0.2 ot A0

"o w0 80 100 Og T a0 80 s0 o0

Angle of Incidence (7) Angle of Incidence (%)

A48 Woolarm Co., Inc,

Brewster angle: r,=0 Y =0,A= z
tan @,(B) = ny/n, 2

cos A4is the measured quantity — optimal range is where it is the most sensitive to A
however, sensitivity to angle of incidence is also large there
sensitivity of ¥ to angle is small around minimum
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Dependence on angle of incidence

= S¢
200 T
- ]
" YBa,Cu,0 e
2 150 - 20 K. 300 cm™' Lk
20 40 @0 73 % g, . e 4 l
g | }
3 100 + [x
q L 4
S
sqbl X - ]
]
036 60 80
6(deg)
R.M.A. Azzam, N.M. Bashara: Ellipsometry and Polarized Light. YBaZCUBO7 20K

North-Holland, Amsterdam, 1977

K.Kamaras, D.van der Marel, C.C.Homes, T.Timusk:
Physica C 235, 1085 (1994)
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Advantages - disadvantages

Advantages:

direct determination of complex dielectric function (with appropriate model)
no reference needed

scattered light, small surface discontinuities cause small errors
non-destructive

remote sensing possible (visible range)

Disadvantages:

large angle of incidence — large light spot, large sample area required
evaluation complicated
many parameters of the sample have to be known beforehand.
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Experimental setup

, UV-VIS ellipsometer

i

E ',\)yph (MPI Stuttgart)

i ’,/ d

,-q}.-sm sp A

Esm Lo [ [(4,0) = ¥, A(0) =< &> ()

T

Pl

s Pseudodielectric function <g>:

approximation calculated with isotropic two-phase model
independent of angle of incidence!!!!
can be used for routine tasks with appropriate calibration

3
E
s
3
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Modern ellipsometer

Woollam M2000DI - (MFA)
Rotating compensator
spectroscopic ellipsometer
range: 190-1700 nm
minimum focus spot 0.15 mm
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Evaluation: multilayer systems

r-llH tG-1r12t1'} tl}1r12r1l}r12t1l}
p(?aﬂgbﬂdb7gcﬁdc"')

knowing (n-2) parameters,
any two unknown quantities
can be determined

(e.g. thickness)

www.jawoollam.com
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www.jawoollam.com

Measuremen

Results >

Fitting procedures

r

Gen. Data
&.

If n(w) is known, more than two
parameters can be fitted

Flt Parameicrs -

T I1|-Lkn|.,:-.:-.
Beouzhness
Umh;-rmnl:.

model L,

n.k (film 2)

n,k (substrate)

2 amorphous si 500 &
1 sio2 1000 &
0 si 1 mm
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more angles of incidence — more information

Generated and Experimental
=]

o
[}

¥ in degrees
=]

20

200 GO0 ano 1200 1500 1200
Wawvelength (nm) | A \Waoollam Co., Inc.
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Y, A=0.01-0.02°

Sensitivity of ellipsometry

-> 0.01nm sensitivity on layer thickness

d(nm) |A S

0 179.257 10.448
0.1 178.957 10.448
0.2 178.657 10.449
0.3 178.356 10.450
0.4 178.056 10.451
0.5 177.756 10.453
1 176.257 10.462

e e
i1

i Budapesti Miszoki és Gazdasdgtudomdnyi Egyetem

Precise calibration (e.g. angle
of incidence) is crucial!

Technology: process monitoring
process control

Source: Tamaska Istvan, 2009

Optical spectroscopy in materials science 10.
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Application

» quick determination of dielectric function
» thickness measurement, technology control
» investigation of distribution in layered systems
(comparison with model calculations)
* ideal for semiconductors, multilayers
» small sensitivity in case of transparent and strongly absorbing samples

“Kramers-Kronig transformation is arbitrary —
ellipsometry gives directly the dielectric function”

What’s wrong with this sentence?

wims Budapesti Miszaki és Gazdasdgtudomdnyi Egyetem  Optical spectroscopy in materials science 10.
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Combination of ellipsometry and Kramers-Kronig analysis

K. Kamaras, K.-L.Barth, F.Keilmann, R.Henn, M.Reedyk, C.Thomsen, .
M.Cardona, J Kircher, P.L.Richards, J.-L.Stehlé: SrTiO,
J. Appl. Phys. 78, 1235 (1995)

150

Frequency (cm™)

T T T LN L B L |
100 1000

Frequency (cm” . . .
quency (em ) scaling of normal-incidence reflectance to ellipsometry

low-frequency extrapolations depend on slope of curve

Fig. 1. Kamaras et al.

i -gr!-rf-_.grur'rmr'ufj_
I —m—m——————
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Take-home message

Basics of ellipsometry: illumination of sample with linearly polarized light under
finite angle; analyzing polarization state of reflected (elliptically polarized) light

r .
2 — tan Y™

Measured quantity: ratio of Fresnel coefficients P= ”

Ellipsometric angles y, A depend on sample dielectric function and angle of
incidence

Pseudodielectric function (isotropic, infinite, two-phase model)

Multilayer systems: any 2 parameters can be determined when the others are
known (mostly thickness of known materials)

Modeling, process control, remote sensing

s Budapesti Mszaki és Gozdosdgtudomdnyi Egyetem  Optical spectroscopy in materials science 10.
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Osszefoglalas

« Ellipszometria alapjai: minta megvilagitasa linearisan polarizalt fénnyel véges
beesési szoggel ; a visszavert (elliptikusan polarizalt) fény analizalasa
— rp — iA
« Meért mennyiség: Fresnel-egyutthatok aranya P = P tan Ye
« A y, A ellipszometrikus szogek a minta dielektromos ngévényétél es a beesési
sz0gtdl fuggenek
« Pszeudodielektromos fuggveény (izotrop, végtelen, kétfazisu modell)

« ToObbrétegl rendszerek: barmely 2 paraméter meghatarozhato, ha a tobbi ismert
(legtobbszor ismert anyagokbal allé rétegek vastagsaga)

* Modellezés, folyamatiranyitas, tavoli érzékelés

stiiinig: Budapesti Mszoki és Gozdasdgtudomdnyi Egyetem  Optical spectroscopy in materials science 10. 19



Emission spectroscopy
- Atomic emission spectroscopy (AES)

o Flame test
o Flame emission photometry
o Atomic absorption spectrophotometry

o Inductively coupled plasma

» Molecular spectroscopy
o IR emission spectroscopy

o Luminescence

TG inne: Budapesti Miszaki és Gazdasdgtudomdnyi Egyetem  Optical spectroscopy in materials science 10.
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Emission spectroscopy
- ! 700mm

Emission by excited atom
Higher the transition energy, shoner the wavelength

All A

h 4
."{

) [ ,f-'“'lz [

Ultraviclet




Atomic emission spectroscopy - Flame test

l

Walt Wolland, Bellevue Community College
http://www.800mainstreet.com/s/s.html

Ca K Li

Quantitative methods: flame photometry, atomic absorption spectroscopy (AAS)

Na Rb

i Budapesti Mdszaki és Gazdasdgtudomdnyi Egyetem  Optical spectroscopy in materials science 10.
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Atomic emission spectroscopy

Flame Emission Photometry (FEP) : Atomic Absorption Spectroscopy (AAS)

M onochromnator

!

Detector

Fhoto-

Mirror Lens Slit Filter detector . [
serosal Hoallow /
enters flame : cathode
Iamp Flarme
Air L Nebuhzer 5 I-EeSt
trom : olution
' Lr:nram Processor
- Excitation: thermal energy of the flame
- Flame: - most frequent: acetylene and air g e
- vaporization — homogeneous atomic cloud : \
- excitation, but not ionization, of atoms somple \
: —_—
« Vaporizer — sample solution atomic cell fetecter

+  Temperature: 2000 — 3000°C

« Requirement: constant composition,
temperature and structure of the flame

http://www.cee.vt.edu/ewr/environmental/teach/smprimer/aa/aa.html
http://www.resonancepub.com/atomicspec.htm
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Detectable elements

14.0067

|
|
1
|

g

87
W B@ /ﬂ\

226 54

93 94 95 96 97 98 100 | 101 102
Np|Pu|Am|(Cm|Blk| Cff E@ ﬁm M@fJ N@

| 232.0381 | 231.0359 { 237.0482 | 244 243 247 247 251

e % Budapesti Miszaki és Gozdosdgtudomdnyi Egyetem  optical spectroscopy in materials science 10.
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Inductively coupled plasma (ICP)

~$ﬁ JOBIN YVON - SPEX

......... - HORIBA
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tailflame

T

fireball

induction coil

“

radiofrequency
generator

coolant gas »

auxiliary gas »™—"—

. 7
sample coating gas  m=

capilliary

\ nebuliser

peristaltic
pump

injector
gas

sample
solution

ICP Kitchen area

» Ar gas excited at radio frequency

spectrometer

» Temperature up to 8000 C

> Low concentration

torch

)} spray chamber

to drain

» Plasma torch: 3 concentric quartz
tubes, streaming Ar
+ Outside—> cooling
« Central-> plasma

< Inside—> carrier gas for sample

» Plasma state: electric excitation—>

high temperature fireball

Optical spectroscopy in materials science 10.
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ICP plasma

Plasma

Sample Channel

Observation Zone

Torch
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ICP-AES — Detection limits

= 0.01 ppt- 01 ppt = 10-100 ppt
= I:H ppt -1 ppt = 100 ppt-1 ppb

s’ :

lanthanides

; —
_E_EI irn|ars| —e

aclinides |°

3 sigma detection limits in de-ionized water
ST = Slandard PS = PlasmaScreen COCT = Collision Cell

szt Budapesti Miszaki és Gazdusdgtudomdnyi Egyetem optical spectroscopy in materials science 10.
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Emission spectra: effect of temperature

Atoms and energy levels

i,

Effects of temperature

- B & = @ y

2"3' Coml)lexity H ~H?* Be > Be* pmission Absorption

200 300 400 500 &00 700 800

\
$ o ][]
e T
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Infrared emission spectroscopy

Temperature: 100 —200°C

Keresztury Gabor, Mink Janos,

Kristof Janos
MTA Kémiai Kutatokozpont,
Veszpréemi Egyetem

INTERFEROMETER

WHITE

fTttrttttt11

TiO,

IIIIT#II"‘ILI‘-*

W
E .‘v!'.:

TITANIUM plate

///f/ T

/*9,}3,9,;;}"
7

A

Strong emission

] "BLACKBODY"”

The model of layer structure

i Budapesti Miszaki és Gazdasdgtudomdnyi Egyetem
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Self-absorption

The spectral shape depends on:

+ effective thickness of the layers (d4, d,)

« thickness of emitting, absorbing layers (d.,
d)

(A) (B)

(cooler surface) (cooler surface)

layer 2: ¢, (7) — kﬂerih(_ﬂ S whe S

layer 1: ¢, (7) e el

G. Keresztury, J. Mink, J. Kristof:
Anal. Chem. 67, 3782 (1995)

ki Budapesti Miszaki és Gazdasdgtudomanyi Egyetem

10
0s] & IRV

[)]
Q - =
Eo.e Ry — 14(9)
£ 04+ E@) = (1-t)1,
w
0.2
00 +——r—r—r—f——T T T
10900 800 700 600 500 400 300 200
sl ® S/ 1)
. 0.6 . { 1-4,(9)
§ X, = 6um E(®) = (1-4,)t,
£ 04+
s O
(1)
0.2
0.0

A S, T T A S P T
900 800 700 600 500 400 300 200

1.0
©) ]
0.8+
sl xmzem E() = (14,1,

Xg =40 um

0.4 1

Emittance

0.2 -

0.0

—T T T T T T T
900 800 700 600 500 400 300 200
Wavenumber (cm™)

Figure 2. Simulation of the effect of self-absorption using eq 12
for different effective thicknesses of emitting bulk (x,) and absorbing
surface layer (xs). (Lorentzian band shapes with 5 = 600, & = 2000,
and w=30cm™.)

t, — transmittance of the bulk
t, — transmittance of the surface

E - emittance

Optical spectroscopy in materials science 10.
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Molecular spectroscopy — Luminescence

Light emission by excited molecules

Fluorescence of different sized CdSe quantum dots

Joseph R. Lakowicz — Principles of fluorescence spectroscopy, 3 edition

1

ik Budapesti Mdszaki és Gazdosagtudomdnyi Egyetem ~ OPtical spectroscopy in materials science 10.
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Types of luminescence

(a) Excitation Mode Luminescence Type

absorption of radiation (UV/VIS) photoluminescence

chemical reaction chemiluminescence, bioluminescence
thermally activated ion recombination thermoluminescence

injection of charge electroluminescence

high energy particles or radiation radioluminescence

friction triboluminescence

sound waves sonoluminescence

(b) Excited State (Assuming Singlet State) ~ Luminescence Type

first excited singlet state fluorescence, delayed fluorescence

lowest triplet state phosphorescence

Budapesti Miszaki és Gozdosdgtudomdnyi Egyetem  Optical spectroscopy in materials science 10.
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Chemiluminescence/bioluminescence

Chemiluminescence — is the emission of light as the result of a chemical reaction

l Bioluminescence — one type of chemiluminescence;
the light is produced and emitted by a living organism

e.qg. firefly, deep-sea fish, jellyfish, squids,
bacteria, planktons, mushrooms

Phenyl Oxalate

Hydrogen
Peroxide
Solution

Glass Vial
Plastic

y.— Casing

How Light
Sticks Work

Optical spectroscopy in materials science 10. 34
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Bathocyroé

The fungus Panellus Stipticus displaying bioluminescence.
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Luminescence

Fluorescence

» Emission: From excited singlet state
> Transition: Allowed

» Emission rate: Fast: 108 s

> Average lifetime: 1-10ns

> Example:

Son “"“'-'.'l'l'ﬂ'- _______ o

Phosphorescence

From excited triplet state
LForbidden”
Slow: 103 - 100 51

mS —S

Budapesti Miszaki és Gazdasdgtudomanyi Egyetem  Optical spectroscopy in materials science 10.
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Molecular spectroscopy

Fluorescence — Typical fluorophores

CHy=CH
H +
HO o o (CoHgIaN o HiC,Hg)
. o R
o N =
CH40 Am co,m co,m
. » (]

Quinine Fluorescein Rhodamine B

> Typically aromatic

molecules O~ B - > - B ook o
o >y g

CHoy CHq

> Usually no fluorescence - 7-hydroxy

POPOP Acridine Orange coumarin
or Umbelliferone

Quinine Acridine Rhodamine B
Sulphate Orange

| — Tl e, S

in condensed state

8 !.

| —
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Molecular spectroscopy

Fluorescence — the beginning

On a case of superficial colour presented by a homo-
gencous liguid internally colourless. By Sir John
Frederick William Herschel, Philosophical Translation
af the Roval Society of London (1845) 135:143_J45

Received Januwary 28, 1845 — Read February 13| 1545,

"The sulphate of quinine is well known to be of
extremely sparing solubility in water. It is however
easily and copiocusly soluble in tamaric acid. Equal
welghts of the sulphate and of crystallised tartaric
acid, rubbed up together with addition of a very little
water, dissolve entirely and immediately. It is this
solution, largely diluted, which exhibits the optical
phenomenon in question. Though perfectly transparent
and colourless when held between the eve and the
light, or a white object. it yet exhibits in certain
aspects, and under certain incidences of the light. an
extremely vivid and beautiful celestial blue colour,
which, from the circumstances of its occurrence,

would seem to originate in those strata which the light

first penetrates in entering the liquid. and which, if not
. . - strictly superficial. at least exert their peculiar power
Sir John Fredrich William Herschel i s
of analysing the incident rays and dispersing those
1792 — 1871 which compose the tint in question. only through a
very small depth within the medium.

Fluorescence of quinine is the most widely used example up to now

i Budapesti Miszoki és Gazdasdgtudomdnyi Egyetem
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Luminescence — Jablonski diagram

Sz AT
, Internal
1 Conversion
I
s A Intersystem
S 3 :
e o - \c@ng
Abacrption TM ——
Fluorescence hv, &
hve | hva I
Phosphorescence,
So 1’_ t ;i / Delayed Fluorescenge
Q

One form of a Jablonski diagram.
Professor Alexander Jablonski
1898 — 1980

iiici: Budapesti Miszaki és Gazdasdgtudomdnyi Egyefem Optical spectroscopy in materials science 10.
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Luminescence in molecules

@LA http://www.shsu.edu/~chemistry/chemiluminescence/JABLONSKI.html
pi —]
B ===

- - - excited vibrational states
/ 8 (excited rotational states not shown)
Absorption Fluorescence n
I A= photon absorption

£ F = fluorescence (emission)

P = phosphorescence
5 = singlet state

: T = triplet stat
62 he, e IC= gmeernsaﬁcgnversion
! _ I5C = intersystem crossing
E, NS 4; %
il T
7 ISC ” 2
F T
Franck-Condon principle o 1
R: configuration coordinate v
: : S
absorption (vertical) 0 electronic ground state
relaxation

Jablonski diagram

emission (vertical) _ _ _
Intersystem crossing: singlet— triplet
relaxation Internal conversion: into vibrationally excited
http://en.wikipedia.org/wiki/Franck-Condon_principle state of higher singlet
Fluorescence: singlet - singlet

Phosphorescence: singlet — triplet (delayed)

o bl
e A e e T o
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Fluorescence basics

Mirror image
5 LI
Franck-Condon principle 2 o210

S 13

WAVELENGTH (nm)

350 370 390 410 480 490 830 57O 1.0
T

=3 T { " e | L. L
3z r\

[-]
»

1} Absorption Emission |

A

28800 26800 24800 22800 20800 18800

WAVENUMBER (cm™1)

Energy

WAVELENGTH (nm)

280 320 360 400 440 480 %30 600

r
o

0.5

FLUORESCENCE INTENSITY (NORMALIZED)

EXTINCTION COEFFICIENT (M~ em™)

1 1
31500 27800 23500 19500 18500

WAVENUMBER (cm™*)

1
35500

Nuclear Coordinates

During an electronic transition a change from one Electronic excitation does not greatly
vibrational energy level to another will be more alter the nuclear geometry

likely to happen if the two vibrational

wavefunctions overlap more significantly

i Budapesti Miszaki és Gozdasdgtudomdnyi Egyetem Optical spectroscopy in materials science 10.



Molecular spectroscopy

Fluorescence — Stokes shift

SOLUTION

- OF QUININE ?

YELLOW =-GLASS

OF WINE
EMISSION FILTER
TRANSMITS > 400am

G.G. STOXKES

BLUE -GLASS
N CHURCHM WINDOW
EXCITATION FILTER <400nm

Experimental schematic for detection of the Stokes shift.

Visual observation of Stokes shift
Sir George Gabriel Stokes

1819 - 1903
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Molecular spectroscopy

Fluorescence — Lifetime (t) and quantum yield (Q)

- These are the two most important characteristics

quantum yie|d =Q-= number of emitted photons — T

number of absorbed photons '+ knr

where I —emission rate of fluorophores

k.. — humber of non-radiative transitions to ground state S,

if there is Stokes shift, Q< 1

1
Lifetime: average time between excitation and emission T= Tk
if k., = 0, intrinsic lifetime
sins Budapesti Miszaki és Gazdasdgtudomdnyi Egyetem  Optical spectroscopy in materials science 10.
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Molecular spectroscopy

Fluorescence — Quenching
Quenching — intensity of fluorescence decreases

Reasons:

» collision with other molecules

e

5, —F —— . i (quenchers)
s, A Relaxation (107%) _ y -1 [Rq)
| — A" > formation of non-fluorescent complexes
Q

hv, o] hver |Ek; Q*q (@) \s hv, _ > resonance energy transfer (RET)

10™*%s G
So v ) 4 y A°

Jablonski diagram with collisional quenching and fluo-
rescence resonance energy transfer (FRET). The term Zk; is used to
represent non-radiative paths to the ground state aside from quenching
and FRET.

T B Budupesli Miszaki és Guzdusﬁgtudumﬁnyi Egyetem Optical spectroscopy in materials science 10.



Molecular spectroscopy

Fluorescence — Resonance energy transfer

» emission spectrum of donor overlaps with absorption spectrum of acceptor

> no intermediate photon

> dipole-dipole interaction between donor and acceptor S " Relaxation (ps)

By Alex M Mooney - Own work, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=23197114

Donor
Emission

Acceptor
Absorption

Donor Acceptor

or ABSORFTION

FLUORESCENCE INT.

WAVELENGTH

Figure 1.16. Spectral overlap for fluorescence resonance energy
transfer (RET).

A Budapesti Mdszaki és Gazdasdgiudomanyi Egyetem  Optical spectroscopy in materials science 10. 45
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Molecular spectroscopy

Fluorescence — Eu-based fluorophores

UV light (365 nm)

White llight illumination

wiiies Budapesti Miszaki és Gazdasdgtudomdnyi Egyetem



Spectrofluorimeter — Fluorolog 3
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Take-home message

Atomic emission spectroscopy: flame test, flame emission photometry, atomic
absorption spectroscopy, inductive coupled plasma

Infrared emission spectroscopy: vibrational levels, self-absorption
Molecular spectroscopy: types of luminescence

Jablonski diagram: absorption, fluorescence, phosphorescence, internal conversion,
intersystem crossing

Quantum yield and lifetime
Resonance energy transfer
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Osszefoglalas

Atomi emisszids spektroszkopia: langfestés, langfotometria, atomabszorpcios
spektroszkopia

Infravoros emisszios spektroszkopia: rezgesi szintek, dnabszorpcio
Molekulaspektroszkopia: lumineszcencia tipusok

Jablonski-diagram: abszorpcid, fluoreszcencia, foszforeszcencia, belsé
konverzio, intersystem crossing

Kvantumhatasfok és élettartam
Rezonans energiatranszfer
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