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Faculty of Electrical Engmeerlng

 foundedin 1953 as one of the basic
faculties of the Railway College in
Prague,

* re-established in 1992

At present:

- 8 departments including the Institute of
Aurel Stodola in Liptovsky Mikulas

- 1600 students

traditional educational activities -
completed by new branches, which are
typical for research and technological
development:

 information technologies

* power electronic systems

» telecommunications

* modern methods for control of electric networks

« study of interdisciplinary branches, like mechatronics and
biomedicine

www.fel.uniza.sk




Institute of Aurel Stodola

www.Im.uniza.sk

Institute of Aurel Stodola of the Faculty of Electrical
Engineering, University of Zilina
Founded in 2002, since 2012 named after a great

researcher and inventor Aurel Stodola (* 1859 Liptovsky
Mikulas, T 1942 Zurich)
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Motivation

“There is:

* no science without measurements,
* no quality without testing,

* no global markets without standards”.

Commission of the European Union




Photonics materials = materials for
A photonics

* Photonics — manipulation of light by
material particles (electrons) leading
to: generation, propagation,
modulation, amplification, detection of
light — interaction of light and
matter

#. - Materials — new and often exotic ©
a5 properties and their engineering
"% % - Photonics — wide area of
gy applications
« Diagnostics — determination of
physical (optical) properties, esp.
microstructure using feasible and

- non-destructive measurements
10 Art of F?stics Competition 1994: http://www.cap.ca/CAP/art.html
L™




Photonics or photonic materials?

* Photonics (optical) materials — materials for manipulating
light (photons) by material leading to a certain function:
generation, propagation etc. of light — interaction of light
and matter

 Photonic materials - new attractive type of materials
displaying unusual properties when interacting with light —
e.g. by dielectric periodicity (periodic refractive index) we can
achieve tailored dispersion relations and tailored stop
bands for light propagating through material, e.g.

localizing light in specific areas and
preventing light propagating in certain
directions — photonic band gaps

J.D. Joannopoulos:
Photonics Crystals: Molding
the Flow of Loght, Princeton
Univ. Press 2008

Idea first advanced by Eli Yablonovich in 1987, Univ. of
alifornia, Berkeley, in 1990 he built the first photonic crystal

\ Eli Yablonovitch



al research
ing infinity

Photonics materials applications

Telecommunications — optical fiber
comunications, free space optics,
remote control ...

Information processing — data
recording and reading, holography ...

Power engineering — photovoltaics ...

Medicine & biology — laser surgery,
endoscopy, physiological and/or
pathological diagnostics ...

Industry — machinery manufacturing
(welding, cutting, drilling ... )
Aviation, military — sensors, remote
control, navigation ...

Entertainement — l[aser shows,
holography ...

Art of Physics Competition 2012: http://www.cap.ca/CAP/art.html



Motivation

Research on photonics materials, components and
systems:

« Advanced material science — materials of novel
physical properties including properties engineering

 Photonics materials: a wide range of
semiconductors (Si, Ge, lll-V, organics ... ), glasses,

new dielectrics (high-k materials), liquid crystals,
organics, photonic crystals

Photonics materials:
- Composition - novel or standard
- Structure & microstructure — novel or standard
- Preparation technology — novel or standard



Diversity in dimensionality

Research on photonics materials, components and
systems:

 bulk

 thin films, very thin films, ultra-thin films and thin films
structures (1887 Lord Rayleigh experimented with
multilayer dielectric stacks and showed that they had a
1D photonic band-gap)

e periodic structures
« subwavelength dimensions

A. Mock, L. Lu, In: Recent optical and photonic technologies, Ed. Ki Young Kim, INTECH, 2010
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Thin film concepts

A thin film:

Optical definition- the thickness is in order
of the wavelength of light

General definition — an object the physical
properties of which differ from
properties of the same material in bulk

The origin of the difference is
microstructure connected with the
deposition process!

Kasturi Lal Chopra:

... A thin film is a material created ab initio by the random nucleation and growth
processes of individually condensing/reacting atomic/ionic /molecular species on
a substrate.

... structural, chemical and physical properties are strongly dependent on a large
number of deposition parameters and may also be thickness dependent.

...The nucleation and growth processes bestow new and exotic properties to
thin-film materials that can be controlled and reproduced, provided a range of
deposition parameters are monitored and controlled precisely.

Chopra K.L.: Thin-Film Phenomena. McGraw-Hill: New York, 1969
Chopra K.L.: Thin Film Solar Cells, Plenum Press 1983




A thin film

Art of Physics Competition 2003
-_ _--:.'..




Microstructure

Microstructure ... microscopic description and spatial
distribution of material constituents, e.g. volume fractions of
individual phases of multiphase material, crystalline grains,
grain boundaries etc.

Microstructure investigation — common imaging and
analytical methods of high spatial resolution=micro-beam
instruments such as a TEM, SEM (potentially equipped with
EDS), e-beam scatter diffraction (EBSD, FIB EBSD),
electron-probe micro-analyser, X-Ray diffraction ...

NP Kl TV 9 1
gy (L ot i
R ",’ﬂ] ;s/ﬂ

FIB EBSD, Cu grain orientation in screw, Carl Zeiss
2D

2D 2D
Slice 1 (0.0 pm) Slice 6 (0.5 pm) Slice 11 (1.0pum) 3D data stacking

SEM Popcorn microstructure, MAGN 180x



Playing with microstructure
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= Controllability of refractive index of a film by varying deposition angle
* 146 < ngn, <1.05; 2.19 <Ny <1.17
» Design freedom in optical components afforded by oblique angle deposition

= Select materials based on materials properties other than refractive index,
and tune the refractive index to desired value

E.F. Schubert, J.K.Kim, 7t Intern. Conf. NUSOD, 2007



propagation
 a vast variety of unexpected physical phenomena ...

the refractive index into a high positive regime

 provide more design flexibility for “transformation optics”
(Bumki Min, the Korean Advanced Institute for Science and Technology)

design flexibility - metamaterials

« artificial media created by subwavelength structuring — controlling light
» going beyond the limit attainable with naturally existing substances ...

» experimental realization of a negative refractive index ... expanding

b v c 4
B @ 4
v 4
1P ‘
I
e .
(e)
— Microscopic Model b
o Fully-vectorial calculation 60 1
= 80 nm (Al)
a0 ® 1.2 um (Au)
c 4 1.5 pum (Au)
20 fhs # v 2.6 um (Au)
14 16 18 2 14 16 18 2 ok
Wavelength (um) Wavelength (um) 0.0 0.2 0.4 0.6 0.8 10 1.2 1.4

J.Yang,|Ch. Sauvan and P. Lalanne: 26 May 2011, SPIE Newsroom Frequency (THz)

+ 5 pm (Au)
9.5 pm (Au)

» 20 um (Au)

® 30 um (Au)

1.6 1.8

20



Even sophisticated issue

Graded index thin-films with low refractive index for broadband

elimination of Fresnel reflection: a)
AR coatings for LEDs, DBRs, ...

\"\“-’é/ n=1.0 X .9 7 s 6
Ti0,/Si0, graded-index AR coating B _ "_, e cmﬂ
AIN substrate n=2.05 _ . § ' |
S i«
o — TiO, and SiO graded-index films
g ":' deposited by oblique-angle
£ o deposition: B20 16 16 14 12 10
. S Galctiation Refractive index, 1
oo { TN =] | This is achieved by controlling the
1 ' -~ refractive index of the TiO, and
g " SiO, nanorod layers, down to a
I R R minimum value of n = 1.05 in the
200 B Galuiaton case of the latter, the lowest value
R ko so far reported.

o 20 40 60 80
Incident angle, & (%)

Minfeng Chen, Shawn-Yu Lin, W.Liuand J. Smart, Nature
Photonics 1, 176 —79 (2007)

Wavelength, A (um)
]

[wr) z “wybiray

J.-Q. Xi, Martin F. Schubert, Jong Kyu Kim, E. Fred Schubert,
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Photonics and measurement

1. Analysis — optical properties determination and
their correlation to microstructure

2. Synthesis — design a microstructure to get
desired optical properties

Forward problem Inverse problem

gy  ortical light light in [RSSLSEL light
properties Qut??? properties 7?7 el

Two models:

« System of homogeneous/inhomogeneous layers

« Effective medium approximations (EMA) - useful
for porous or rough layers



Method
Photoluminiscence

Electro-optical non-
“ destructive characterization

Application
Band gap energy, defect identification

Minority carrier lifetime
spectroscopy

Lifetimes of minority carriers, surface
recombination, recombination mechanisms

FTIR and Raman
spectroscopies/-photometries

Chemical composition, concentration of
impurities and additives, inhomogeneities

Capacitance measurements

Carrier concentration profiles, interface states,
deep levels

Spectral ellipsometry

Layer thickness, crystallinity, roughness, optical
and electronic properties

Scanning mapping techniques

Dislocations and grain boundaries distribution

Reflectance/transmittance
spectroscopies/-photometries

Absorption spectrum, band gap energy,
refractive index, surface roughness, layer
thickness

F

I




Optical properties of materials

The interaction of light

Inelastic scattering

) Elastic
with matter: .
scattering
Elastic scattering - energy
) ) Reflectance
of light is unchanged upon _
) ) i ) Transmittance
interaction with material
[Absorbance

Inelastic scattering — a
change in energy of light
due to its interaction with

Fluorescence

Non-linear optics, e.g. Multi-
photon absorption
Frequency doubling
Raman & Brillouin scattering

Parametric downconversion

the material occurs

Optical properties of thin
films arise from
interference and
reflection:




Optical constants — parameters

Optical properties of thin films arise
from reflection and interference

- refractive index n and extinction coefficient k  Spectrophofometer

« complex refractiveindex N=n-ik

* nand k and Kramers-Kronig relations e

Dispersion relations n(E), k(E), E = hc/A O

» Cauchy,Sellmeier, Gladstone-Dale

« semiconductors —Tauc-Lorentz, Forouhi- |
Bloomer, Wemple-DiDomenico, Jelisson- Grating
Modine

Manifestation of n, k
 Reflectance, transmittance, absorbance...

Qualitative physics: A denser material tends to
have a larger refractive index because more electric
dipoles will be activated when exposed to an
electric field

Quantitative physics: the Lorentz-Lorenz relation
Consequences: mixing rules

readout

0.21

slit

Specord 210 BU http://sem.ntc.zcu.cz



Dispersion relations

Dispersion relations n(E), k(E), E = hc/A
» Transparent dielectrics — Cauchy, Sellmeier, Gladstone-Dale, e.g.
glasses (1) =1+ 22, BA | Bt
A-C, A-C, A-C,

» Semiconductors — Tauc-Lorentz, Forouhi-Bloomer, Wemple-
DIDomenICO, JG“SSO”'MOd'”G www.refractiveindex.info

1560

1550 Refractivelndex. NFO
BK7
1.540 N-BK7 (SCHOTT)

1530

c 1520
1510
1500

1.430

1.480

0.5 1 1.5 2 2.5

Wavelength, um
25 T18

L]

=
th

a
Extinction Cosfficernt (k)

Index of Refraction [n]

www.commons.wikimedia.org

o
h

o : . r .
150 170 130 210 230 250
Wavelength [Am]

Dispersion generated by Lorentz model, http://willson.cm.utexas.edu



Optical properties

* non-magnetic materials y,, = 1
« complex refractiveindex N=n—-ik @, =.§
 n...refractive index, k ... extinction coefficient

2 w2

(Vo2 (o) e2(0) + 2.)) (et )+ 23 (0)-e10))
n= > k = 5
Electric field E-E, exp{i[m _2a(n—ik) Z}}
strength(V-m-) A

Intensity of light (W-m-2)7 ~ <\E\2> = E; exp(—%zj = EZ exp(-az)
Absorption coefficient = Ak
(cm™) A

Reflection & refraction of light at a boundary-
Fresnel relations




Macroscopic view

ightin 1, light out
> > [
<
lightout [, dl = —aldz
«—>dz, dl [ =1,exp(—az)
= » 7, |

O = absorption coefficient (cm-)
Reflectance R, transmittance T, absorbance A:

the ratio of reflected, transmitted or absorbed radiant power
(light intensity) to incident power

Conservationlaw: R+T+ 4=1

(blackbody A =1, R=T = 0, opaque surface A +R =1)




Spectrophotometry

Ligat Source UV

lefrar:tlnn | .
Gratlngé i Mirrar 1
Slit 1 f,f
St 2 m—— Light Source Vis
Filkar FER00
Reference

Cuvette Detector 2

"I‘“""‘I 0

Mirror 4
Zefterance
Bezm

™

Half Hirrurh

/\# Mirror 2 Sample
Cuverte

Detector 1
Sample ] ,|'= ’II
Mirror 3 Beam / 1 Lens 2

http://bricker.tcnj.edu/tech

i =

Lers 1L




A

Light absorption: Beer's law

... (Beer-Lambert, Beer-Lambert-Bouguer) relates the light
absorption to the material properties

1 /

Transmittance T = — =107%" or =—=¢
1, 1,

-z

a = molar (decadic) absorption coefficient

Absorption ... transformation of radiant power P to another type of
energy — e.g. heat, light - by interaction with matter.

Gases or liquids (reflectance negligible):

1
A'=-log,—=0a'z=¢cz
]O

¢ is the molar absorptivity (I'-mol-'-cm-') or extinction coeff.
c is the concentration of the compound in the solution (I -* - mol)

I . . -

——|ln— = — o is the absorption cross section (m?)

=—In ] =az=0Nz N is the density of absorbing particles (m -3)
0

Dispersion generated by Lorentz model, http://willson.cm.utexas.edu



Absorption vs. scattering
]O

>

>
a=a, +a

scatt

Diffuse reflectance Scatter transmittance

<+“—>

Spectrophotometer with Transmission Reflection
integrating sphere

R = Diffuse Haflectanca

T = Scatlar Transmisshon

-
| ————

www.azonano.com



Absorption: microscopic view
Spectroscopy:

» the analysis of absorption or emission of electromagnetic radiation by molecules of
the sample (radiative transitions between energy states)

energy states — electronic, vibrational, rotational

enables to determine structure, symmetry, energy levels etc.

: . Born-Oppenheimer approximation:
Energl%s are quantized ! « the assumption that the electronic motion
and nuclear motion in a molecule can be

Electronic energy levels separated, then the wave function

Yimolecule = W electrons (’3 R Jj )l//nuclei (R j)
H=H electr0n+H n
|  due to the mass: the nuclear motion -
CEE e , much slower than the electron motion —
100 00 o 0 separation of vibrational, translational
E, Wavelength [nm] p i ) z
and rotational motions

« the eigenvalue of the Hamiltonian -
internal energy of a molecule:

E:Eel +En E [ +Evib +Erot

ucl — e

uclei

Energy
m
)i

!
Absorption

wyww.ocenopticsbook.info
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k= Eel +Evib +Er0t

Ro-vibrational fine
structure:

Eel >> Evib >> Erot

Electronic energy levels

Absorption

-;
Ca

400 500 600 700
Wavelength [nm]

‘ www.ocenopticsbook.info

Energy

Energy

Born-Oppenheimer approximation

Electronic + vibrational
energy levels

Absorption

| I
Cal

700

400 500 600
Wavelength [nm]

Electronic + vibrational +
rotational energy levels

Absorption

400 500 600

Wavelength [nm] 700



Absorption and emission

Spectroscopy:

» the analysis of absorption or emission of electromagnetic radiation by
the sample (radiative transitions between energy states)

* energy states — electronic, vibrational, rotational

* enables to determine structure, symmetry, energy levels etc.

Internal energy of a molecule: &\V\VWW\@
b= Eel +Evib
www.tau.ac.il
2 ,';; ___é mﬁﬂMvmhmsi Cenwersion fgfm'i: o
B 1112 T e P16 s Jablonski diagram:
B e
BT, h——— ] ———
Q1302 a1 SN S {—
i 1 : 13
80 h *“"% So— l'.-—%
r » — el TR
‘? YR\t '
§ JINA .-

i L - \
Apbseorption Fluorescence Phosphorescence

— Alexander Jablonski,
biology.info luminiscence 1898-1980




Franck-Condon principle

. describes the intensities of vibronic (= electronic+vibrotional)
transitions connected with the absorption or emission of a photon

. when a molecule is undergoing an electronic transition, the
nuclear configuration of the molecule does not change
significantly (due to the fact that nuclei are much more massive
than electrons the electronic transition takes place faster than the
nuclei can respond)

. the nucleus must undergo a vibration when it realigns itself with
the new electronic configuration

. on a potential energy diagram the most likely transitions are vertical
transitions

_.--"""'—'T_'_-.. "
transition =, Excited electronic
n oplice V=l state.
or v - v'=0

dissociation

Rotational
transition
(in microwave)

882 - 1964, transition
eate 1925 {in in!ra!ed)l’];’

ward Condon, 1902 — 1974 - 5.“: """""""" Internuclear separation
Mngckear Mpardinates www.ocenopticsbook.info www.tau.ac.il




HOMO
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R —

R Energy Band Gaps in Materials

Figure 1 Corhduc'llon
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B e an
""" Ef““‘l *Conduction Eland_t —

Filled Band  (a) Filled Band (b) Filled Band (€}

Insulator Semiconductor Conductor {Metal)

(a)

warnwick.ac.uk

https://acswebcontent.

Density of States

Electronic band structure

« Solids - interaction of very large number of atoms — energy levels closely

spaced forming bands
« Valence band — analogous to highest occupied molecular orbital in a molecule
« Conduction band — analogous to the lowest unoccupied molecular orbital

« Band gap (energy gap) — the energy separation between them

Amorphous semiconductors- simplified
density of states and absorption coefficient vs.

photon energy

Tail states... the question on band gap and

optical band gap ?

.l
-
Mobility Edge
Mid-Gap .
Valence Conduction
By /ﬂefectﬁtate\ B
Extended Extended
States States
E, | | E

Localized States  ENergy Localized States
(Urbach Tail) (Urbach Tail)
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ar10
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Optics on a media boundary

7"1, ll"1
El: lu'lrn‘l '92! #2: n2
Ey Ef = t,E}
P>
<
Ey =nE]
Ey = t;E; >
Ef =rE; z
............b
1, tl T2, tZ

Boundary conditions - tangential components
continuity for electric and magnetic field:

Ef + Ef = Ef +E5 f(E" El)—f(E+—Ez

Ef —ET ——E+——E
or LT, Ty,
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Oblique incidence
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One single layer: two interfaces
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kd

One single layer
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A thin film on a thick substrate

_ To1s,p + Nos.p eXp(— 215)
| 1+r01s,pr12s,p eXp(— 215)

R ... reflectance

r...Fre_sneI R:MZ R =
amplitude




One layer reflectance

P A+ Bx + Cx?

D + Ex + Fx? ”1 kli d
A:[(l—n1>2+kf]'(nl+nz> (k1+k2>2]_ e 1 S
C=[(1+n1)2+k12__[n1 n, ) 2)2 ____________ -
D=1 m P + k2 |, +n, ) (k1+k2)2 )

F:[(l )k (”1 ny )+ (ky - )2 —
B=2[A'cosp+ B'sing] X = exp(-ad)
E =2[C'cosp+ D'sing] iv's

A= (1+n1 k2 )n2 3 + k2 =k )+ aky ik, —mky) KT T

C' =(1 nl - ) —”lz +k1 - )— 4k1(”1k2 _”Zkl) 4/mqd

2
B’ 2(1+n1— )n1k2 nzkl 2k1(ni2—n§+k12—ké2)¢: A
D=2(1 n{ — ki )nlkz—nzkl +2k1( —n§+k12—k§)



One layer transmittance

7 A R() i 0 ~0

00 _}3;"/};"_I d
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0400 500 600 700 800 900 1000 1100 X - eXp (- ad)
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A:16n2(n12+k12) o :4_7[](
B = [(1+ ”1)2 +k12][(n1+n22Xn1+1)+ kf] A
C =2c0s p|(n? + k2 —1)n? + k2 —n2)— 2k (n? +1)] drnyd
2sin g|(n? + k2 —1fn2 +1)+ 2(n? + &2 — 12| ¢ = 1

D = [ <1 + &, ~ 0o~ 47
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Analysis — optical properties

| [— s0°C
—125°C
80 | ——160°C
——200°C

transmittance (%)

400 500 600 700 800 900 1000 1100
wavelength (nm)

Measurements of R, T: R(nl,kl, d, A )— Rey (4,)
Non-linear equations, too many
independent parameters: T(ny, ky,d, A;)- Texp (4,)

l

0
0

Experimental data processing:

Additional independent measurements

Non-absorbing films & specific cases — the analytical solution
The envelope method 2

p
The inversion methods: 7 — Z [R(nl, ky,d, A, )— Rexp (/1,- )]
=1

s~

 Numerical solutions l
« Optimization procedures



Numerical data analysis

| [— s0°C
—125°C
80 |[——160°C
——200°C

60 -

40-

transmittance (%)

204

T rnpare

. Flt Parameters /
Thlcl:ness
Roughness
Uni ity
p

rit function (e.g. for reflectance): M = Z [R(nl, ky,d, A;) = Rexo (4; )]
i=1

0 '''''''''''''
400 500 600 700 800 900 1000 1100
wavelength (nm)

Results =

EA whoollam co., N,

2

Global optimization procedures: stochastic algorithms —
randomness to accelerate the calculation, e.g. evolutionary
algorithms (e.g. GA), simulated annealing, hill climbing, swarm
algorithms (e.g. PSO, SOMA, Ant Colony) etc.




Vibrational spectroscopies

Provide information on type of bonds and partially on structure

Virtual
cnergy A
states = A
Vibrational
energy states
4
3
¥ :
) !
0
Infrared Rayleigh Stokes Anti-Stokes
absorption scattering Raman Raman

scattering scattering
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Vibrational fundamentals

Potential energy V=—

. rinm]
F

l«.!emwiki.uLdavis.edu

0.4

Diatomic molecule: an harmonic oscilator approximation:
Vibrations obey the Hooke’s law: F = —kx
k — the force constant, x — the displacement from equilibrium

kx?

2

h?  d%y
2Meff dx?

The Schrédinger equation: +

Meff = e the reduced mass

The solution => energies of vibrational states
Enarm = (v +))hw, v =0,12,..

Anharmonic oscillator:
2
1 1
Eanharm —_— (1? + E) hw — (1? + E) hwxe + -

v=2012,..

Absorption of radiation by a molecular vibration —
selection rules => Av = +1 (+ absorption, -
emission)



Vibrational fundamentals

Vibrational spectroscopy — useful for identification and structure
determination of compounds connected with vibrational states
Molecular vibration modes:

Normal modes — some or all atoms vibrate together with the
same frequency in a defined manner, their number = 3N-5 for a

linear molecule, = 3N-6 for a nonlinear molecule (N = number of
bonded atoms)

Non normal modes — expressable in terms of normal modes

5% 8% 4

Symmetrical Stretching Asymmetrical Stretching Bending (Rocking)

“p ap ap

Bendlng (TW|st|ng) Bending (Wagglng) Bending (Smssormg )

from chemwiki.ucdavis.edu




IR spectroscopy

f
{intensity of
beams before cell)

Excited Lightabsorption (10 s)
e ———
5 —————————— . —
=S
. o - States Emission from singlet (10%- 107s)
E)_(Clted : s ortriplet (10%-107?s)
S|ng|et E :__ T ﬁ
H —

States 5 ;— . i i .

;:# Vibrational relaxation &internal

S, i S ve— conversion (1071%-1011s)
:_u_’_. --------------------- )
- ‘Q
[ f= Non-radiative deactivation
www.kdijpn.co.jp e — 0TI,
: Inter-system crossing
(variable)

d v v

Ground S : :. The Photochemistry Portal
State ° : photochemistry.wordpress.com

« [R radiation passes through a sample,
some of it is absorbed, some of it is
transmitted

« Spectrum represents the molecular
absorption (transmission) creating a
molecular fingerprint of the sample

« Useful for several types of analysis

www.schodor.org



Dispersion vs. FTIR spectrometer
./ T

Servo Chart
System Recorde

Fixed Mirror

i Moving
Reference Mirror

Cell
-
Slit D]‘
I IR

Mirror

—1
—1 Sample

Cell

Grating H alf &
I Sensor Silvered
Mirror
— IR |
Mirror | | I Detector
Sample i
Cell
Mirror slit

IR Source

cott
ectroscopy.net

. An interferogram :

FT-IR = Fourier ‘

4060' o I356DI o ‘SDIDDI ‘ I256D‘ o IQD‘DDI o I15IDDI o IWD&D‘ o ‘SDID
Transform

au—i
Infrared A spectrum .

E - Mon May 12 061206 1667

Spectroscopy

http://chemistry.oregonstate.edu
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Attenuated total reflection

Enhanced sensitivity by

multipassing and/or multiple reflections glss substate
EV= evanescent wave EV _i )
. _ s robin wave /\ penetration depth ~ 3 pm

4 — 10 PV probing Ik PV}/ * thin film Si:H

] —#1 b -
& 7 —#3
-e 2 #4 / thick glass substrate n ~ 1.5
® T ——#5
o]
©

~ 3.5 thickness ~ 400

TAYAYAYA

P
45° Vé

\\J\ ZnSe crystal n ~ 2.4
-
! from IR source to detector

1000 1500 2000 2500 1 3000 3500
wavenumber [cm ]

Internal mode - ATR (attenuated total reflection)
HATR (horizontal ATR) in multi-bounce sampling
geometry,

ZnSe crystal with a bevelled edge of 45°
Spectral absorbance A = log(1/T)




Raman spectroscopy

Principle of Raman Spectroscopy

Incident Light
Scattered Light

\/p

\ Raleigh Scatter (same wavelength as incident light)

\ Raman Scatter (new wavelength)

Alexander Couzis: www-che.engr.ccny.cuny.edu

Sir Chandrasekhara Venkata Raman

(1888 - 1970) » Spatial charge separation under
Nobel Prize 1930 for his work on "the influence of electric field E induced
Scattering of light and for the discovery dipole moment y= aE

of the effect named after him" a polarizability

(C. V. Raman and K. S. Krishnan: A « Raman effect small but accessible by
New Type of Secondary Radiation, use of lasers

Nature, 121(3048), 501, 31 March « Complementary information to IR

1928) spectrosc.

F



Raman spectroscopy

eo 00 @0 @ @ @ @ @ @ @ longitudinalacoustic phonon

0 @909, ¢ o transverse acoustic phonon

There are two possible modes of vibrations of atoms in the crystal:
longitudinal and transverse

In case of longitudinal mode the displacement of atoms from their
equilibrium position coincides with the propagation direction of the
wave, whereas for transverse mode, atoms move perpendicular to
the propagation of the wave.

http://www.chembio.uoguelph.ca/educmat/chm729

* homonuclear diatomic molecules, low frequency range
 In situ analysis of organic and inorganic compounds
» Analysis of aqueous solutions and solids (powders)



Raman spectroscopy

For one atom per unit cell the phonon dispersion curves are represented
only by acoustical branches. However, if we have more than one atom
in the unit cell optical branches will appear additionally.

The difference between acoustical and optical branches arises because
of the more options of vibrations for atoms in the unit cell.

For example, atoms A and B of diatomic cell can move together in phase
(acoustical branch) or out of phase (optical branch)

Generally, for N atoms per unit cell there will be 3 acoustical branches (1
longitudinal and 2 transverse) and 3N-3 optical branches (N-1
longitudinal and 2N-2 transverse)

Diatomic chain:
s ? o
e ®
3 -.. ..-... il-..

transverse optical mode transverse acoustic mode

http://www.chembio.uoguelph.ca/educmat/chm729



Raman vs. IR spectroscopy

Infrared

Raman

Physical effe

Absorption
Changing of the dipol moment
(strong: ionic bondings like O-H,N-H)

Scattering
Changing of the polarisability
(strong: covalent bondings like C=C,C-S,S-S)

Sample preparation

Optimal thickness (transmission mode) or sample
contact (ATR) mode necessary

No contact, no destruction, simple
preparation (if only); water as solvent or glass as
container do not disturb the measurement

Problems

Materials

Resolution:
- lateral
- confocal

Chemical imaging

Strong absorption of glass, water, CO, Fluorescence

Mainly organic compounds Nearly unlimited

10 - 20 um 1-2pum

not possible ca. 2.5 um

Mapping Mapping and global imaging

Frequency range

4000 - 700 cm-"

4000 - 50 cm™" (Stokes and Antistokes)

Comparatively less expensive

Comparatively higher

g1l Y A :
g \f aa i |‘ “ 0—C—0
£
E l| l Symm etrical stretch
e
= Mo change in dipale mament
- Polystyrene Film therefore IR inactive
E There iz change in polarizability
& therefore Raman active
: v
=
1N BN WS

3500 000 2500 2000 1500 1000 500

Wevanumrhers (amel)

I |

www.inphotonics.com

————m E— e
O—C—0
Azvnmettical gretch

There izchange in
dipole maoment
therefore IR active
but Raman inactive

y}o—é—o

In plane hending

+ - +
0—uc—0
Out afplane bending

The deform stion vibrations of CO; are degenerste

and appear at the zame region (666 cm '1:1 in the IR
spectrum of C Q4. There is na change in polarizabiliy

therefore these vibrations are Raman inactive.

www.chemvista.org




1. Known input
polarization
p=plani

Ellipsometry

* measures changes in polarization of light reflected off or
transmitted through a material structure, mostly thin films or
thin film structures

« is applied to characterize the film thickness (esp. in
nanometer scale) and optical parameters of material
(connected with microstructure) ... depend on the model

* The polarization change is represented by ellipsometric
parameters w (amplitude ratio) and A (the phase difference
between s- and p-polarized wave before and after reflection)

« W A depend on optical properties and the thickness of
individual layers

T esem Ee e Fundamental ellipsometric equations:
r.
3. Measure output Complex reflectanceratio p = r—p
S
. . T
p =tanye/f  tanye/? = +
S
— s 2 2
2 Relfoct off sample.., 2 reflectance R, = ‘rp‘ Rs = |r5]

‘ www.jawollam.com



Data from ellipsometry

« Measuring spectra of ¢ and A

« Ellipsometry at fixed angle, ellipsometry at fixed wavelength,
spectral ellipsometry,

« More complex: variable angle spectral ellipsometry (VASE)

« Fitting experimental spectra; a model representing the
structure must be created

« Extracting information on: film thickness, complex refractive
index, surface roughness, interfacial regions, composition,

crystallinity, homogeneity etc. a) o 1'5} .ﬁu? | . \ ?/

W il s | 05
o 11 NN AWWN,
Is n; | alll L\ Il”! Ilrﬂ[ﬁ ;/ / %“ -
_O_E: 3 Mf{/\fv" 1 ',q 0.38

S | \l}{ ]l:fm
Raw data, e.g.: p! L T {7

15 2 25 a5

45 6 55 6 605
" Photon Energy (eV)
\ e 1g = SIN2PCOSA | ‘
Light b.) = A ) A,
2‘2’1 \ 0.8
. . o Y ] 7 :
—_ B P 3 ' AW LB E s
Ig = sin2ysinA AN
5. AL RN [ T\ fosx
e RYERN V| foa
s " ™ :
= 4 I 7 ;
o Vi Y I 0 [ 7 y[oe
A N o1

/www.americanlaboratory.com

4 42 44 46 a8 £ 52 54 55 5B 62 64
Photon Energy (#V)



Surface morphology by AFM

»

detector and
feedback
electronics

H ()]

w
[wu] ssauybno. abesane

photodiode

s

N

—

sample surface cantilever and tip

It i,

0 T T T T T T T T T
10 20 30 40 50

dilution

o

PZT scanner

www.nano-ou.net




Rougness height

*

Roughness width

Surface roughness

lay)

.. one of characteristics of surface finish (roughness, waviness,

.. is defined as the deviation of the actual surface topography
from the mean line
.. a range of vertical amplitude parameters reported to describe

the surface roughness, many related to surface statistics:

Average roughness (arithmetic): Ry = Yi-

Lay direction

Waiviness
height

A

P

\UE.I\I'II‘IESS

il

Width

il B |l

I
Roughness-width cutoff

Surface characteristics{Courtesy, ANSI B4&.1-1962)

-1 Peak-to-valley roughness (maximum height profile):

va = Zmax — Zmin

|Z;-Z|
1 N

RMS roughness: Rrys = JZN (z‘_z)z

.. other parameters - slope, spacing and
counting (characterizing surface texture)



Surface and interface roughness

Pros & Cons of a rough surface: ““'u ‘

Iu ,

- Solar cells — more effective photon harvesting (+ B
also other technologies) ‘ | i)
* Band-pass filters on a-Si/SiO, e.g. for optical ‘ ottty
access technologies— degradation of transfer ‘ Hu 1 - ol
functions L3l
Zf Wi U el / ‘!" -
| H il \ HH\an !'!J

T A T

[ ] Q

\. <

15 @

. &
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[ —_— é

IS 3@

0
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42 @

()

(7]
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3

nnnnnnnnn 0
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dilution

230 i | i 1 coreon P (mESSNm) + ==5nm)
1440 1450 1460 1470 11180 1490 1500 1510 1520 1530 1540 1550

el Tom] Mdllerova, J. et al.: Acta Phys. Slov. vol. 55, No.3, 351 — 359, 2005



Effective medium
approximation (EMA)

EMA - treatment of macroscopically a composite
inhomogeneous medium — system consisting of particles
quantities such as the conductivity, embedded in a host material
dielectric function, elastic modulus o o &
etc. vary in space: e.g. m N e i1

| | | * o PN
- Metal-dielectric composites 9 Py
- Porous material, e.g. rocks ®

. ® O

- Polycrystalline samples of an

inhomogeneous medium effective medium

anisotropic material
- Polycrystalline elastic material www.pi1.physik.uni-stuttgart.de
- Photonic metamaterials

Hanhong Gao, Baile Zhang, Steven G. Johnson, and George Barbastathis, “Design of thin—film photonic
metamaterial Lineburg lens using analytical approach,” Opt. Express 20, 1617-1628 (2012)



Effective medium
approximation (EMA)

A>>r A<<r

O

©

v,

®

Er

If the particle size is much smaller than the wavelength of interest,

scattering effect are negligible and a quasi-static model is
sufficient, otherwise scattering has to be taken into account

R=40

Volume inhomogeneities (e.g.
voids) or mixed-phase

materials:

J. Miillerova et al., Appl. Surf. Sci 254,2008, pp.
3690-3695

M. Scheller, , Ch. Jansen, M. Koch In: Recent optical and photonic technologies, Ed. Ki Young Kim,
INTECH, 2010



Effective medium
approximation (EMA)

complex refractive indices of effective medium (eff), and
materials (1,2) in the host medium (h) of volume fractions p (1,2)

VY VY ,32 _,32
n —ny ”2_”h _ Teff h
pl 2 +p2 A2 A ~AD
ni +2nf S+ 207 Ny + 21,

Lorentz-Lorenz (1870) - host medium is vacuum
Maxwell Garnett (1904)- host medium is one of 1,2
Brugemann (1935, BEMA) — host medium is effective medium

BEMA — complex dielectric . = . JE
function of a composite film of i ' L
constituents with their own e —&

i eff
dielectric functions and volume >p =0, > ;=

fractions p, i 51. + 25@7 i
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Material properties

Usually - a material property

is:

1. some quantifiable behaviour
of a material, e.g. acoustic,
electrical, optical, thermal,
chemical ...

2. characteristic of the material,
not of the configuration in
which it exists or is used

However:

The second issue is vitally
important for applications —
therefore it can be seen as
material property in a specific
configuration

Foams

T")‘IE -
i
(=]
=
-4
=2 109 : ——
o N
i " . \
—_— - 1 Polymers
E —
=103
'—
2 porsusc " \
] el ood Products \
ad Ceramics 4+ Compaosites \
£ — —
3103
=
5 Low alloy sleelzim Stainless steel
& Metals Cast fron | | | Nickel Titanjum
é and Alloys %
2
i Mild Steel — g
I (- e e =
i _etee | Mumipiom  rass” | Copper . Gold | G
100 1,000 3 10,000 100,000
<— (heap COST (£/m~) Expensive —»

Photonics materials:
Optical properties matter =
reflectivity, absorbance,
luminosity, color, refractive
iIndex ...

www-materials.eng.cam.ac.uk



Overview of photonics materials

According to conductivity: / a-Si‘H
1.  Metals
2.  Semiconductors —

3. Dielectrics
According to migros
1. Composites
2. Multiphase mat
3. Metamaterials
According to structure
1. Crystalline
2. Amorphous
3. Glasses
Density:

1. Metals
2. Ceramics, porous c
3. Foams

Response to Radiation:
1. Linear

2. Nonlinear

\

! CORNING

EACLE XG* Shim

/

Corning Eagle XG ®

glass substrate
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Dielectrics and photonics

* insulators, a low electrical conductivity, a high polarizability
(related to the relative permittivity), can be solids, liquids, gases

« refractive index of non-magnetic material: n = /€,
« In photonic: mainly solids (amorphous and crystalline)
« mostly used - oxides, e.g. SiO, (silica), sulphides, polymers

Oxides as low-k dielectrics and high-k dielectrics: ,related to SiO, (¢ = 3.9)
» Low-k: fluorine-doped SiO, carbon-doped SiO,, porous SiO,

 High-k: (used as gate oxides in semiconductor devices to avoid leakage
currents instead of using SiO, gates <2 nm) — Hf (Ta, Sr, Ti)-based
compounds, e.g. HfO, (¢ = 25), HfSiO, (¢ = 11), Sr |O3 (s 2000), TiO, (¢ = 80)

Applications in photonics: optical fibers,
coatings, substrates, sensors, filters etc.

Special representatives: Metallo-dielectrics
for metamaterials and photonic crystals —
metal islands of various symmetry
embedded in dielectric media

Gold Silver Dielectri |
- , ‘ Nature Photonics, 5,523,2011




Optical glasses

Crown glasses = a soda-lime-silica composite,
containing silicon dioxide (silica), Na,O (soda), and
CaO (lime) (95% of glasses), typical refractive index
1.5-1.6

Flint glasses contain 45-65% lead oxide - they are
high-density, high-dispersion, high-refractive-index
(~1.7) glasses. Lanthanum and other rare earths are
used to make flint glasses

Barium glasses containing barium oxide rather than
lead oxide; refractive indices comparable to the flints,
but have lower dispersions

other additives, so-called "glass formers" such as
boron oxide (B,0O;), phosphorus pentoxide (P,05),
germanium oxide (GeO,) can be used.



Photonics oxides

Applications: optical coatings, CMOS technologies (as for
photonics, e.g. MOS solar cells ), substrates, nanocomposites,
multilayer structures, e.g. spectral filters, gratings, modulators,
integrated photonic devices, optical sensors, fuel cells

Excellent transparency from the UV to the IR

1.660 : . :

Leao b . mefractiveindexinFo |
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Metal oxides for photonics

« provide a means of tailoring the band gap

« cheap and abundant, versatile, environmental stable

« battery storage, fuel cells, touchscreen technology and all
types of computer switches, LC displays

« mostly oxides of transition metals, often complex e.g. doped
or co-doped: ZnO, ZnO:Al (AZO), ZnO:Ga (GZO), SnO,,
Y,03, ITO (In,O5 + SnO,)

« some of them are ferroelectrics (e.g. perovskites such as
BaTiO,, Pb(Zr, Ti)O,)

... and a piece of
photonics/non-photonics |
apps: ITO ice- and fog- |
free windshields
(window defrosters)

www.autoevolution.com



Metal oxides special: transparent
and conducting

« remarkable coexistence of electrical conductivity and
optical transparency

* |low emissivity- electrochromic windows, heat barrier coatings

« transparent electrodes for solar cells or flat screen HDTVs,
smart displayes, window defroster, transparent TFF, LED ...

« awide band gap >3 eV

 resistivity < 104 Q.cm, extinction coefficient in Vis ~ 10-4

« transparency — depends on the atomic arrangements of metal
lons in oxide structures, intrinsic or intentionally introduced
defects etc.

* polycrystalline or amorphous; quite exotic physics, but
engineering the band gap possible

* Dbinary or ternary compounds, often complex, most n-type,
rarely p-type semiconductors (ZnO:Mg, ZnO:N, ZnO:In, NiO)

« Zn0, Zn0O:Al (AZO), Zn0O:Ga (GZO0),, SnO,, Y,0,, ITO (In,04
+ Sn0O,= In,Sn,_,0O,)




TCO in photovoltaics

| %Ligh‘q J

| | =
Transparent at:r
electrode 5
O
p E .E
N E
| . | T
.. g ]

N ot

Metal '
electrode ®Electron

& Positive hole

www.digikey.com

PV conversion = photoelectric effect
based on the separation of hole and
electron pairs when exposed to light
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- Transparent conducting oxides

General knowledge - optical
properties depend on
structure

Structure evolution by the
deposition and post-
deposition processes

Fresh results on AZO, GZO
deposited by sequential or
continual sputtering

100 100
80 80
— X
X <
@ 860_
5" S
E ] c . .
2404 continual sputtering %40 E continual sputtering
g ZnO:Al = ZnO:Al
Zn0:Ga Zn0:Ga
20 A - -
20 sequential sputtering sequential sputtering
—ZnO:Al 1 ——2ZnO:Al
——27Zn0:Ga 0 ——2Zn0:Ga
200 300 400 500 600 700 800 900 1000 1100 200 300 400 500 600 700 800 900 1000 1100
wavelength (nm) wavelength (nm)
te of Ele¢tronics and Photonics, Slovak Univ. Technol Bratislava & P. Sutta, NTC Univ. West Bohemia Plzei, the Czech Rep. Nov. 2013



Patterned surfaces: light trapping

- -Flet
------ Asahi ANS14
— Patterned Al, p=500 nm light

36°
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Wavelength (nm)

Patterned Al, p=500 nm A textured silicon solar cell: www.pveducation.org
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Nonlinear photonics materials

Nonlinear optics - under certain circumstances the linear
syﬁe{pgsition principle with the interaction of light and matter is
violate

Material polarization:
TJ. = F(E) = P.L + P.NL = onE. + on(Z)E"Z + on(B)E"B + e

Second order phenomena (Pockels effect, SHG) PNL = g,y (2 E2
Third order phenomena (THG ,Kerr effects) PV: = gyx ) E3

Typical materials — dielectrics crystals and optical glasses
Second order materials: BBO, LiNbO,, LilO5, KDP ...
Third order materials: Al;O3, CdS, GaAs, LiF, ... organic dyes

Applications— many photonic devices, e.g. switches, modulators

In optical fibers — stimulated scattering, SPM, XPM, FWM,
supercontinuum generation



Effective refractive index

Linear Fiber Bragg gratings (FBG) — periodic alternation of
segments of high and low refractive index along the optical
fiber, various index profiles possible

Applications: fiber grating lasers, fiber grating sensors, WDM
multi/demultiplexers, dispersion Compensators

2z

R(0) 9 R(L) n(z)zne +V, gV COS—

T f /
S(L)

™

S(0) ' L il = /. .
ﬂ’Bragg =2 neﬂ d
Two FGBs in a cascade — Gaussian
apodization of the refractive index
Fibre 90 — Gaussian apodized variation of the induced index change

b
Incident spectrum
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E. bemazicky, J. viulierova, Proc. SPIE, vol 7356, 2009, 73561




FBG reflectance spectrum
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Chalkogenide glass
As,S;
As,Se,
Ge,oAsSeg
Ge,oAsySe;Teq,
Ge,oAspSegTe,
GesAs;Segs
Ge5As;4Ses,

Ge;;As, 5Se;,

a |

halcogenide glasses and FBGs

Group VI elements: Se, Sor Te

Group IV and V elements: As, Ge, Sb
High transparency in IR
Quick non-linear response, high non-linear refractive index n,

(2)

100F

Transmitancia T [%]
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a0t
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o
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mrmems Gegehs,Seg
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200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Vstupna intenzita - [W;’cmg]

Agragg=1590 nm, FBG parameters L=1 cm, V,=0,0001

A
ng  n,x104 [cm?/W]
2,45 2,6
2,81 14
2,58 6,8
2,74 8,4
2,90 13,4
2,72 6,2
2,64 3,9
2,63 3,6

E. Jurisova, J. Mullerova, Communications 2, 2012, 5-10



Chalcogenide nonlinear FBGs

As,Se, Mgragg= 1550 nm, L=1¢cm a
_ V,,=0,0001

Transmitancia T [%)

n 1 il 1 1 1 1 ] L L |
180 170 ISDI1EIJ 20 20 20 230 2400 250 IZEZI 270

5cm-t * "

Vstupna intenzita [ [W,I'cmzl
|

100

Transmitancia T [%o]

150 20 2% 300
Vstupna intenzita L [chmz]

Transmitancia T [%]
2]

w= 72 MW/cm? (& =0)
B e s e ] w =127 MW/cm? (6 *0)

Vstupna intenzita / [W)’cmzl
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Thin films

Measurement techniques

Photonics materials:

* overview

* dielectrics

« group IV element based photonic
materials: Si

 organic materials
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Silicon photonics

« Silicon photonics — engineering the optical properties of
Si-based devices

» Silicon — overwhelmingly the dominant material for a whole
range of electronic functions and circuitry

« Comprehensive characterization necessary for various
technologies

- Thin films of Si:H deposited by various technologies in in
various conditions

;‘:gff Feasible and non-destructive characterization
; :D ’ Or%"nesmm methods — optical spectroscopies
£ ooell| (g (Reflectance/Transmittance - AT an— k
£ 1od UV Vis & FTIR, ATR/HATR 1
® 1o oo, FTIR, Raman)
- Beryllium : 1
T A E Tt 1

www.nanoHUB.org



Optical properties of Si
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a-Si (c-Si) — direct (indirect) semiconductor
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Technologically relevant S

Applications: low-cost & large—area
opto- and microelectronics

Thin-film photovoltaics —from
amorphous to polycrystalline,
nanocrystalline, protocrystalline
Si:H ... stability against prolonged
solar irradiation (light soaking)

Thin-film transistors (TFT) — active
display switching technologies of
LCD - for laptops, displays, wall TV
systems ... stability against
prolonged gate-voltage stress

More - optical sensitive coatings,

photosensors, photodiodes for
image sensors, medical imaging,
waveguides for microphotonics

‘H

Gate(Cr) Gate Insulator(SiNg)

@ LG.PHILIPS LCD E]

Contact Leads Amorphous

Slllcon Array

Contact Fingers

GE Revolution™ Digital Flat Panel Detector



Materials for photovoltaics

8T8 TE MAKE

g ot s, THE
Y wiost o

Solar cells:
1. Generation: c-Si

2. Generation: thin-film solar cells: a-Si, yc:Si,
CdTe, CI(G)S

Generation: inovative technologies and Multijunction cells use multiple
concepts — nano-, superstructures, tandem NREL GalnP 1.9 eV
olar cells, organic photovoltaics etc. GalnAs 1.4 eV

news:

7 T : e

Efficiency record = 39%

Ferroelectric oxides - persovskite (CaTiOy) oo $010pErW 5020 perw s
e.g. KNO (KNbO; ), KBNNO ﬂ """" e
(KNDO, (BN sNoucs ) | .
panier et al. Drexel Unlv:, .Unlv. of Pennsylvania) g;f’ /m/ [sto0pew
rst reported 2009, efficiency 3,5 %)
abile, non-toxic, cheap zo'g’ﬁfzé*‘jj:r—"" """"" ‘:ste
Better usage of the solar spectrum W il
Nature, published online 10 Nov 2013 w20 e w9

/ ’ Martin Green; Nature online, Nov 2013



AM 1.5 solar spectrum

Air Mass Coefficient = AM = L/Lg = 1/cos(z)
L = path length through atmosphere

Lg = zenith path length normal to Earth’s surface at sea level
z = zenith angle

2
g
E
“g'- 1.5
=3 — Air Mass 1.5G
= — Air Mass 0
— AM
] ——— 6000 K Blackbody el
a1
=
S
= www3.nd.edu
@ 0.5
Energy Spectrum of Sunlight
L‘H 25
\ — U | Misible | Infrared
0 £
v} 0.5 1 1.5 2 25 £ 20
wavelength (um) = PAPp—
% 15 i1 sea level
http://pvcdrom.pveducation.org E [~ inong st which phon ey
= equals siboon bandgap
5 10
o
@ Thacmtical Singhe JUNCHon SoIar il ERSpOnss
{.I;}L imacinum 31% affcksnt)
0.5
0

250 500 750 1000 1250 1500 1750 2000 2250 2500

Wavelength (nm)

www.viridiansolar.co.uk




Photovoltaics

Transparent
electrode

Ty

Load
4== Electric current

Metal

electrode ®Electron

& Positive hole

www.digikey.com

PV conversion = photoelectric effect
based on the separation of hole and
electron pairs when exposed to light




Microstructure: a-Si, nc-Si

Amorphous Si (a-Si) is in condensed phase, no long range
translational order (periodicity) of atomic sites

Nanocrystalline silicon (nc-Si) - an allotropic form of Si*=
similar to a-Si. nm-size grains '
of c-Si within the amorphous
Short range order - the order_ W
of 0-1 nm (local order)
Medium range order - the ord |
within the range of 1-10 nm =

Microcrystalline silicon E e
(Mc-Si) is similar
containing um size grains

Polycrystalline silicon (or polysilicon) solely
polycrystalline silicon grains, separated by 3rain boundaries

Art of Physics Cofnpetition 1994: http://www.cap.ca/ CAP/art.htm]
a L



PECVD structure evolution

AFM: 105 g

surface roughness
Sg=40nm  Sg=18nm Sq=17nm Sg=16nm Sg=4nm 10t 1

TEM: 5 ]
size and shape of the crystallites -~ 107} 1
28nm %— 10° |' -1

-
9 ]
.n_m. lﬁm 10 f _!
750nm B.g- s i
300nm - é.o E ::.:- :: 10° ]
I [alﬂnm -.@-:.E-'B'St}nm 'i:,’,'i;‘;: r i . —, e 1
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Energy (eV)

decreasing crystalline volume [raction

1.25 95 5 L - X T g
Dilution « (SiHg) / (SiHg+H2) [%]
SLAROnAryY
columnar growih
" “incubation
. S
substrale
@ crystallites . amorphons regions ﬂ viids
allat-Sauvain, U. Kroll, J. Meier, N. Wyrsch, A. Shah, O. Vetterl et al., Solar Energy Mat.&Solar Cells, 62
. Non-Crystall. Sol. 266 — 269 (2000), 125 - 130 (2000), 97 - 108




Phase transition

. Collins et al. | Solar Energy Materials & Solar Cells 78 (2003 ) 143180

‘ "‘\ (a+uc)-Si:H
N T T T 1 ] Z %ﬂ?
E amorphous, -1 L~ 3’1 mixed- : ‘“‘ ,
- unstable i g single- d =~ ""‘-.., ?
| surface _,;/% Phaf‘e ° protocrystallineh
103 L ’ s / 13 4 | e
a fﬁf 4 1 L
g C . / // , (a+uc)— ) 10 20
0 - © /”;5; VK
€1ty T v ]
% ;; - \\ ] Most important features: volume
x| amorphous, S\ ' fractions, spatial distribution within the
L a+uc - c
sta/blﬁ/ surface Ly E fl|mS
X ] " ”
N SN : Depends on: deposition conditions —
0 10 20 30 40

dilution, thickness, substrate ...
Results in: individual structure,
microstructure and subsequently
optical& electrical properties

H,-dilution ratio, R




Current

Solar cell parameters

IV curve of the solar cell VOCISCFF FF VOCISC
P i ! maxP VmaxP

The open circuit voltage, Vo, . 1.2
is the maximum voltage froma %= I ]
I solar cell and occurswhenthe = 1 oF ' i
maxP Power fro net current through the device - r ]
the solar cgll Is zero. = 0.8F { -1:
;o :
= 0.6f ;

L S L
Voltage V, - o J
g oc . 0.4r o v, (initial = 0.827 V) ]
vV = [ o Jsc (initial = 16.5 mA cm™) 1
maxP 5 0.2- a FF (initial = 0.703) .

z

WWW. PV tion.or:
pveducation.org T o Eff. (initial = 9.6 %)

0.0L

0.1 1.0 10.0 100.0
Light Soak Time (hours)

Staebler-Wronski effect = the so-called light-soaking,
degradation of cell efficiency under prolonged solar irradiation
due to the thermally not stable defects

(Staebler, Wronski, Appl. Phys. Lett. 31, 1972, 292),

Lowering degradation — material improvement by

« defect passivation (passivation of dangling bonds by
hydrogen) — thermal annealing

« ordering from a-Si:H to uc-Si:H

http://modtland.public.iastate.edu/seniord.html



Role of hydrogen in Si:H

« alloying

 defect compensating - passivating dangling bonds

* suppressing the metastability (Staebler-Wronski effect)
* relaxing the strained a-Si network

» ordering (improving medium-range order) — assisting
crystallisation

From amorphous to polycrystalline
Si:H: inhomogeneous deposition
from PECVD under strong
hydrogen dilution

Crystalline Polycrystalline ~ Amorphous \

N H—Si —
—Si —H TN
H—Si —
—Si —H \
H H—Sl _—
_Si—H N/
H H—Si
\ / \



Inspiration

“The scientist is not a person who gives the right answers, he's one who
asks the right questions.” Claude Levi-Strauss

AN

| LNAMSNERED-l

QUESTIONS

-‘-\-.I.-"“"h'l-. _\\
ESTIONED| —
\ uﬁﬂ%ﬂf‘éﬁs
L e—
e

Cartoon by Sidney Harris



Study of Si thin films for solar cells

Thin films of intrinsic Si:H:
rf PECVD deposition
Various series: thickness,
substrate temperature,
dilution, substrate

Dilution of SiH, plasma by
hydrogen = H, / (H, + SiH,)

UV Vis — Specord 210, 380 — 1100 nm
FTIR — Nicolet 380, 400 — 4000 cm-' equipped by ATR
Raman — Jobin Yvon HR800 (He-Ne laser)

Miillerova, J., Vavrurikova V., Sutta, P. Central European Journal of Physics, 7(2), 2009
Mullerova, J., et al. Applied Surface Science 254 (2008) 3690-3695




Optical spectra

&1 (@)=n*(0)- k(o)

(o]
o

g,(0) = 2n(w)k(o)
Tauc - Lorentz dispersion:

%o’ 60
8 E>E
§ _____ g
E 40 2
: () L A,E,C(E-E,)
~ 201 £2\5)= E (2 2 )2 2 12
| E?>—E?| +C,°E
0 - — T T T T T T T T T T
400 500 600 700 800 900 1000 1100 E<E
wavelength (nm) g

52(E): 0

E, —the Lorentz’s resonance energy, C, — the broadening parameter, A, — a
constant. The real part of the permittivity — determined by the Kramers — Kronig
integration

Jellison, G.E. Jr., Modine, F.A., Appl. Phys. Lett. vol. 69, 1996, 371 — 373




Optical properties
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-Tauc optical band gap & B-factor

E, ... the Tauc band gap energy \ e /
absorptlon Is dominated by band- Band tails \
to-band transitions (between o |5 o~ 2
extended states of valence and z N8 s
conduction bands) > |2 2
& Deep states
1/2 ’
(eE)"'“ =B(E-E,) N\
Jan Tauc g
(1922-2010) E, Energy E,
W _
500 B ... the scaling factor
PECVDd [ -Si: i i

R it Seposited a-SiH the slope of the straight-line part of

3. the plot

e « the convolution of the VB and CB states

;  correlated to the structural and compositional disorder

=200 and the band-edge modifications

» depends on the product of the optical transition
O oscillator strength, the deformation potential and mean
| " photon energy [eV] | bond angle distribution

Bibhu B. Swain et al.: Thin Solid Films 430 (2003) 186 — 188; J.P. Conde et al.: J. Appl. Phys. 85, 6 (1999) 3327 — 3338;
A.R. Zanatta, I. Chambouleyron, Phys. Rev. B 53, 7 (1996) 3833 - 3836




Confined systems

Shift of E : grain size effect
Kayanuma'’s equation (eV, nm) - quantum dots

EP =156+2.2/a*

physci.llnl.gov/.../siliconDots_stokes.html, P. Sutta, osobné oznamenie okt. 2013, Chaudhuri, P. et al: J.
Non-Cryst. Solids 338 — 340 (2004), 236, Mullerova, J., Vavrunkova, V., Sutta, P.: Advances in Electrical and
Electronic Engineering. No. 1 — 2, vol.7, 2008, 369 — 372




FTIR absorbance

_ /
] — R=0
0.3 —— R=5 >0
_ —— R=10 25/ R=30
0.2- —— R=15 © 20/
&: —— R=20 5]
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0.05- V A

0.0+

experiment

absorbance
o
—

absorbance [107]

1800 1900 2000 21'091 2200
wavenumber [cm ]

0 1000 1500 2000 2500 3000 3500
wavenumber (cm'1 )
Bonding Mode assignment wavenumber [cm™]
SiH, (x =1, 2, 3) Hydride Rocking, wagging 630 — 670
Si-O-Si Interstitial oxygen Stretching (weak) 780 — 800
SiH, (x =1, 2, 3) Hydride Bending (weak) 845 -910
Si-O-Si Interstitial oxygen Assymetric stretching 940 - 1030
SiH Hydride Stretching 2000
SiH, Hydride Stretching 2100
Si-OH silanol Stretching 3000 - 3700




Role of hydrogen

H content: analysis of stretching vibrations of Si—H bonds

at ~ 2000 cm-’
A ralV) ,_

Cuy = xj ~—dv dilution c., [%
T N 7 0 16u28 1H[40]
A, =9x10%cm™ : 049
N 5 11.05 14.20
N,y =5x10%cm 10 914 | 13.24
15 13.23 14.61
Microstructure factor: 20 14 .42 6.82
the figure of merit of the o5 11.36 15.39

homogeneity of the film
30 10.78 16.76

33 12.66 16.78

[ Asus, (77

40 13.96 6.72

H = S N
IASiHZ (V)dv + IASiH (V)7
‘ = porousity !




A closer look: Raman scattering

1800 -
1 — 50°C —— 75°C
-—1T0O
1600 - ——100°C ——125°C
:5: 1400_ _15000 _16000
S ——170°C ——180°C
> 1200- 1LA ——190°C ——200°C
o
-
1 i
% 000 2LA & rocking
c 800 vibrations of SiH stretching vibrations
& of SiH_(x=1,2)
Cctu 600 - bending SiH vibrations
400 -
200

| | | | | -~—“ — I |
250 500 750 1000 1250 1500 1750 2000
wavenumber (cm'1 )

=p.(p, +p,) =
Crystalline to amorphous Yo = Pe lpa+pe)

Ieoo (7)dV
volume fraction: degree of I 520 (V)Y
crystallinity f I4g0(v)dv + j Isoo(V)dV



Normalized intensity

Normalized intensity [-]

Multiphase material

10- R= 0 c-Si
T |R=10 520 cm’!
IR=20
R =30
081 R=40
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0.2

Normalized Raman intensity [-]
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By courtesy of Pavel Sutta, Univ. of West Bohemia, Plzefi, the Czech Republic



Deconvolution model

Conventional approach: More realistic model:

¢ a-Si « a-Si~480cm’
« mean single crystalline <« large crystalline grains ~ 520 cm-’
grains « small crystalline grains ~ 505 cm-?
100 A 2930 R=33 489 cm” 1
Grain size from Raman < 80-
: S,
shift: % 60 - 520 cm”!
I
=
88.43 5
LR - — o
Av @ 20-

T — |37 -1 0- T y T T T T I T T )
A V=V - 5207 cm 300 350 400 450 500 550 600

Raman shift [cm'1]

D. Gracin et al., Vacuum 82 (2008), 205 — 208, A. Gajovic et al., Appl. Surf. Science 254 (2008),
2748 — 2754 (using HRTEM, XRD, Raman spectroscopy and GISAXS)



Degree of crystallinity & grain size

B _’-1520(17)61'17+J-1505(17)61’17

pc /pa - _ _
J1480 (v)dv
dilution | X, p/P,
[%] [%]
Xc p/P, | Lr(small) Lr
0 - - R [%] [%] [nm] (large)
5 i i [nm]
0 20 | 81 3.6 2.4 -
_ _ 95 || A 1.7 2.6 -
15 - - o 6 [TEs 2.7 2
20 3.4 3.6 38 [ (23 | A 2.9 0
25 17 17 ) | GrA | deay 2.3 9
30 6.3 6.8
33 12.3 14.0
40 57.4 134.7




Intensity (counts)

Verification
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Under increasing dilution the transition from amorphous Si:H to the tri-
phasic pc-Si:H occurs that is reported to consist of crystalline and
amorphous phase and voids

Mullerova, J. et al.: Microstructure of hydrogenated silicon thin films prepared from silane diluted with
hydrogen. Appl. Surf. Sci. 254, 2008, 3690 - 3695
Mullerova, J., Vavrurnikova, V., Sutta, P.: Optical absorption in PECVD deposited thin hydrogenated silicon in
light of ordering effects. Centr. Eur. J. Phys., 7, 2009, Issue 2, 315-320
Muillerova, J. et al.: Influence of deposition temperature on amorphous structure of PECVD deposited a-Si:H
thin films. Centr. Eur. J. Phys., 9, No.5, 2011, 1301 — 1308



BEMA & volume fractions

2 2 2 2 2 5'4_- -
Na_Si:H — Moo Ng — N l-ny, . U
Pa 2 TPc 5 TPy 2 =Y —man
Na_sj:H + 2n% ne +2n, 1+ 2ng, — =20
‘ 5441 T 2030 A= 99
4.2 1 —A2922 R =40
4.0
38
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n —_ 400 500 600 700 800 900 1000 1100
p./p, from Raman data eff 0 reveena
100+ —
904 ° R S o
L 80 N
Refractive index < 70]
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(non-absorbing region) s I !
2 30-:
N, gy = 3.805 *, n,= 3.420 ** Q fg
n,= 1.0 (air) N :/f>A<:7‘l/ B
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* Miillerova, J., Sutta, P., van Elzakker, G., Zeman, M., Mikula, M.:. Appl. Surf. Science 254, 2008, 3690—-3695
** Z.Remes, M. Vanécek, P. Torres, U. Kroll, AH. Mahan, R.S. Crandall: J. Non-Cryst. Solids 227-230 (1998) 876




Inter- & intragrain microstructure

1. low hydrogen content, poly-Si:H, void-dominated

network
2. higher hydrogen content, a-Si:H, vacancy-dominated
network
7 .
3.8
5 2.36- 4
5 3
> 2.32 2
@ 36 §
GJ —
© 228 \e =1
@ e
S
2.24 1 3.4
D727 777777777
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hydrogen content [at. %]
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Organic photonics

Advantages:

cheap deposition techniques (spin-coating, drop-casting,
roll-to-roll processing, screen printing ... )

flexible, lightweight, portable (fashionable ©) devices
Applications:

« organic photovoltaics
organic light sources -

lasers and OLEDs

organics electronics - sensors, transistors (OFETSs)..
bioelectronics, medical dlagnostlcs

Polymer OLED

Organic Transistors
JATQ AT
INSUEAlor

—

i !

.mmmuminr;
e

....!L..

ridge Display Technology, 2008




Organic photonics

= a branch of material science dealing with two
types of conductive or semiconducting carbon-
based molecules:

« small molecules
* polymers

/Small molecules

Pentacene

\ Rubrene ‘_ / \

/ Polymers
CHz(CHz)sCH3

3% mm

\poly(3 hexylthlophene) poly(p-phenylene vinylene) polyfluorene /

http://web.donga.ac.kr/seojh/Research_OrganicMaterials.html

Ching W. Tang (1947) — Univ. of Rochester, American physical
chemist - father of organic electronics: built the first organics
light-emitting diode (OLED) and organic photovoltaic cell

rFo



Bonds of two carbon atoms

The so-called sp,-hybridisation in carbon atoms:
* sp,-orbitals form a triangle within a plane
» the p,-orbitals are in the plane perpendicular to it

o -bond between two carbons is formed by an orbital overlap of two
sp,-orbitals. The energy difference between the highest occupied orbitals
(HOMO) and the lowest unoccupied orbitals (LOMO) is quite large and
well beyond the visible spectral range.

T —bonds of much smaller energetic difference between the HOMO and
LUMO - strong absorption in or near the visible spectral range and leads
to semiconducting properties:

— - P
pz - orbital pz - orbital P, _T_ ‘ _ ..... + B

- - -
.ll -.
/ |

il 5P + J‘» <T» + + + SPo

plane of the ey

sps - orbitals

http://www.iapp.de/orgworld



Delocalization of electrons

Small molecules: m-bonds delocalized of the Polymers: t1-bonds delocalized
axtensions of the molecule. The gap between along the chain, 1D electronic
occupied and empty states in these 11 -systems ~  semiconducting system with C- and
smaller with increasing delocalization V-band, bandwidth ~eV

[ A |

delocalized n-electrons

@ . — LuMo () Ec | N
| - + valence band ()

H http://www.iapp.de/orgworld



Nature 2'005, 43t|l, 194

Conjugated polymers

high charge carrier mobilities, prepared from solutions

outstanding optical features in the UV Vis region
poly(acetylene)s, poly(pyrrole)s, poly(thiophene)s,
poly(aniline)s, poly(fluorene)s, poly(p-phenylene sulfide),

poly(p-phenylene-vinylene)s ...

mechanical flexibility, low molecular weight,low-cost

manufacturing

Flexibility of properties: modifications by chemical

HOMO / LUMO (eV)

synthesis and deposition
and post-deposition
techniques

Relatively strong
absorption
(a~10%~10°cm)

Hole / Electron mobility (cm?V-'S")
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Chim

Conjugated polymers devices

Major issues:

1. nano-morphology optimization

2. improving charge carrier mobility
3. improving spectral sensitivity

g

Variable band gap: by the design
and synthesis (1.5 - 2.3 eV)
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p-type organics: P3HT

poly(3-hexylthiophene) = donor type semiconductor
high ordering-induced mobility

an improved solar-spectrum absorption up to 650 nm,
absorption onsets at ~ 2 eV

one of the most widely studied class of soluble
semiconducting polymers

the rings contain four carbon and one sulphur atom

the stacking of polythiophene molecules into an ordered
lamella

A physicist’s view: After being around chemists:

.com/.../n3/fig_tab/nmat1601_f1.html
. Koster,|University of Groeningen




Regioregular P3HT stacking

Variations in RR ... distinctly different orientations relative to
the substrate

i
o] Xy
= 'i: jﬂ:" %{ }\ii{ *’Hhr

(regiorandom — statistical coupling)

RR = enabling closer packing of the
lamellae to the substrate

2-dimensional lamellar structure

Optical (and electrical) excitations adopt
some interchain character responsible for
a distinct shoulder on the long wavelength
side of the absorption maximum

= b-bstacking

et al., Nature Materials, vol. 5 2006, 197

i%o Kim



MEH-PPV

« poly(2-methoxy, 5-(2-ethyl-hexyloxy)-1,2-phenylene-
vinylene)

« important member of PPV family, dialkoxy derivative of PPV,
phenyl ring, C-O bonds

« excelent processibility, favourable optical and electronic
properties

« one of the highest conversion efficiency, absorption onsets
at~2.1eV

CH,O n
MEH-PPV LED MEH-PPV

lics.ucsc.edu/~sacarter/polymers.shtml




Organic solar cells

frv

T. Kietzke, Adv. OptoElectron., 2007, 40285, 1

Fundamental steps of the PV process in systems
having deloxalized 1r-electrons:

1. Absorption of sunlight and generation of excitons

2. Diffusion of excitons and their dissociation with
generation of free charge carriers

3. Transport and collection of charge carriers




BHJ solar cells

Current state of art: Bulk heterojunction architecture of solar cells:
power efficiencies of blends of electron donating and electron
P3HT:PCBM BHJ solar  accepting materials

cells between 5% and P3HT:PCBM ... the most efficient organic blend
6% (5% certified by (efficiency as high as ~5 % )

NREL)

PV conversion originates directly
from P3HT absorption

Limiting factor: only 23% of the
photons of the AM 1.5 spectrum can
be absorbed by P3HT !

RA-PIHT

Solar Spectral Irradiance
Absorbance

400 600 800 1000

A (nm)

aioni, Workshop on Nanoscience for Solar Energy G. Li, V. Shrotriya, Y. Yao, J. Huang, Y. Yang, J. Mater. Chem.,
sion, 2008 Vol. 17, 3126 (2007)



n-type organics: fullerenes

PCBM ... effective organic n-type semiconductor
Metallofullerene (Phenyl - C4,— Butyric — Acid — Methyl -Ester)
Rich library of PCBMs (60PCBM analogues)

Excellent electron accepting and transporting

properties, limited ability to absorb

visible light

[60] 2,3,4-OMe-PCEM

nholm, Jan C. Hummelen Material Matters 2007, 2.3, 16 Nicholas S. Colella, Lei Zhang, Alejandro L.
Briseno, Material Matters - Volume 7, Number 1



BHJ solar cells)

| Y T T

V. PCBM =80 wt.%
104! | PCBM=75wt%
# PCBM =67 wt.%
PCBM = 50 wt.%
ESHT Solution

Absorbance [AU]

"
L

P3HT Film

300 400 500 600
Wavelength [nm]

700

Mormalized Absorbance

Absorption in P3HT:PCBM

Optical and electrical properties of P3HT: sensitive to molecular
packing in pristine P3HT as well as in P3HT/PCBM blends (for

0.8 )
0.4

0.2 |

—1

1 1.5 2 25 3 3.5 4 4.5

Energy [eV]
P.J. Brown et al., Phys. Rev. B 67, 064203 (2003)

lya et al.: Chemical Physics Letters, Vol. 411, 138 (2005)
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Research on P3HT:PCBM

* Institute of Physics, Slovak Academy of
Sciences, Bratislava, Dr. V. Nadazdy

» Electronic grade RR P3HT (Sigma-Aldrich),
rr> 98 %
« PCBM (Sigma-Aldrich), purity > 99.5%

« P3HT:PCBM blends prepared in dichlorobenzene
with concentration of 2 wt %

« Spin-coated on cleaned (ultrasonically in acetone
and isopropanol and UV irradiated) ITO substrates

 solvent annealed in Petri dish with =9 cm for 20

min
« thermal annealing at 110 °©C for 4 min in Ar Class substrate
atmosphere ~a
» the thickness of the samples ~ Dektak profilometer
HN I
Sample [P3HT:PCB Thermal Spin coating  Thickness
notification =~ M] blends annealing (nm)  Spinner
ratios

1.5:1nta 1.5:1 no 20rps, 70 s 263

1.5:1ta 1.5:1 4 min 110° C 16 rps, 100 s 168

2:1nta 2:1 no 20rps, 70 s 307

2:1ta 2:1 4 min 110° C 16 rps, 100 s 171 )ptoweb.fis.uniroma2.it/opto/ormosil/spin.html

- |



» Shimadzu UV-Vis-NIR spectrophotometer in the
double beam operation with ITO substrate as a
reference

» To avoid the thickness dependence of absorbance,
absorption coefficients calculated and background
subtracted

1.0 4

0.8 <

0.6

Absorptance

0.4 5

0.2

Absorption spectra

P3HT film

P3HTPCBEM
__film

0.0 -

blend 1,5 -1 nsa nta

blend 1,5 -1 nsa ta 4min 110C
blend 1,5 -1 sa 20 min nta

blend 1,5 -1 sa 20 min ta 4min 110C
blend 1,5 -1 sa 20 min ta 15min 110C
blend 1-1 nsa nta

blend 1-1 nsa ta 4min 110C

blend 1-1 sa 20 min_nta

blend 1-1 sa 20 min ta 4min 110C
blend 1-1 sa 20 min ta 15min 110C
blend 2 -1 sa 20 min nta

blend 2 -1 sa 20 min ta 4min 110C

, R. Kato

wavelength (nm)

h, A. Furrube, J. Chem. Phys.C 113, 2009, 2547

400 500 600 700 800 900

Wavelength / nm

Absorption broadening in
conjugated polymers arises from
coupling between conjugated
segments and from characteristic
distribution of conjugation lengths

Correlation to BHJ solar cell

operation=> nsa nta blends = much

lower efficie

ncies

1000



Solvent annealing & blend ratio

Solvent annealed samples — more pronounced
shoulder at ~ 600 nm

1.4 —1.5:1 263 nm
12' —1:1 225 nm
] ——2:1 307 nm
/ 3 1.0

C

5 ]

§ 0.8—_

B 0.6-

0.4 1

blend 1,5 -1 nsa nta _
blend 1,5 -1 nsa ta 4min 110C 0.2
blend 1,5 -1 sa 20 min nta |
blend 1,5 -1 sa 20 min ta 4min 110C 0.0

sata 4 min 110 °C

Vi

100

560 | 6(|)0 | 7(')0 300 400 500 600 700 800

wavelength (nm) wavelength (nm)

Correlation to BHJ solar cell operation=> sa blends = higher
efficiencies
Optimal blend ratio ... 1.5:1 + 2:1



Resolved features of structured
absorption

Exciton ...bound pair of electron and hole
Effective exciton generation mostly occurs in donor-rich
material

« upon light an exciton is
created, not free charge

Wavelength [nm] ~ 480 ~515 ~ 560 ~ 605 carriers !
» excitonic features
DO - 060 | ~240 | ~220 | ~205
[nm] broadened by electron-
- band-to- | exciton+2 | exciton+1 | singlet phonon (vibronic)
ssignment ; ]
band phonons phonon exciton Coupllng,
1.5
T ]
; E, 52
TEg free electron-hole pair r + Eg
+E, exciton + 2 phonons - "o

absorbance

+E, exciton + 1 phonon  10° -
singlet exciton C l
ESP
G

photon energy
m
[=]
o
ik

ground state L l | | ;
1.5 2.0 25 3.0 3.5 00—
300 400 500 600 700 800
Photon energy (eV) wavelength (nm)




Spectra decomposition

oo
1

Integrated total blend
absorption:

after thermal annealing increases
by ~1.8 times in comparison with
non-thermally annealed blends
under the same other conditions

Pronounced excitonic peaks =

indicating a certain degree of
ordering. 300 400 500 600 700

absorption coefficient (104 cm'1)

‘ wavelength (nm)
band-to- exciton+2 exciton+1 singlet
band phonons phonon exciton
Assignment E, 0-2 0-1 0-0
Absorption peak [eV] 1.5:1 nta 2.93 2.43 2.22 2.03
Absorption peak [eV] 1.5:1 ta 2.95 2.43 2.22 2.03
Absorption peak [eV] 2:1 nta 2.97 242 2.22 2.04
Absorption peak [eV] 2:1 ta 2.93 2.43 2.22 2.03

F |



Optical band gaps

The absorption peak positions
and optical band gaps depend on
the conjugation length of polymer
chains and intra-chain
interactions.

N w
o o

o
o

—
o
PR TR AU R SR

bsorption coefficient [103 cm'1]
(6]

The optical band gaps - the 205
intersection of the tangent on the low ol ./ "ot ™
energetic edge of the absorption P evelengthiom
spectrum with the abscissa (Tauc plot)

Egopt\\\

N

~ 1.87 eV for the annealed blends
~ 1.88 eV for the non-annealed blends

nta ... Eopt= 1.88 eV
ta ... Eopt= 1.87 eV

No specific dependence on the
P3HT:PCBM ratio and post-deposition
treatment was detected.

T T —fT T T T T T

186 1.88 190 192 194 196 1.98 2.00
photon energy (eV)




Absorption vs.morphology

A model by F.C. Spano*: intensities of individual transitions are widely
affected by the exciton bandwidth W

2
AT We =S 5 S" * E,~0.18 eV ... phonon energy of the
) 2E n!'n—(m) main oscillator coupled to the electronic

nEm

) transition
(E— Eoo—mE, — Jyws"e™s) » refractive index ratio ~ 0.98
5o : The free exciton bandwidth W ~
inversely proportional to the

conjugation length (and

0.18 eV ... phonon energy of the ~ Propotional to high excitonic

oscillator coupled to the electronic €OUPINg) o |
tion Change of conjugation length with
tive index ratio ~ 0.98 aggregation

se of W = an indication of the presence of shorter conjugated segments
cial behavior connected with the blend ratios observed

F. C. Spano, J. Chem. Phys., 2005, 122, 234701
F.C. Spano, J. Chem. Phys., 2006, 325, 22
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Blend morphology optimization

contrast image
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After thermal annealing — the length of interacting
P3HT chains increases

donor-acceptor interfaces



Free exciton bandwidth

oo
1

absorbances in vibronic 0-0
peaks = an indicator of the
lar coupling energy.

(o))
1 .

absorption coefficient (104 cm'1)

................................................ °
@o-0  Mo-1 1_0'24W/Ep 400 500 600 700
Aoy Moo\ 1+0,073W/E, wavelength (nm)

Sample 1.5:1 nta 1.5:1ta 2:1 nta 2:1ta
W (meV) 41 110 31 121

se of W = an indication of the presence of shorter conjugated segments
crease in absorption

ecial behavior connected with the blend ratios observed => PCBM plays
role in the formation of P3HT morphology

J. Clark, C. Silva, R.H. Friend, F. C. Spano, Phys. Rev. Lett., 98,
206406-1 — 206406-4 (2007)




Research on post-deposition
processing

 The solvent and thermally annealed samples
showed higher absorption and higher free
exciton bandwidths (increased efficiencies of
solar cells).

« We deduce that increased absorption is due
to chain ordering after thermal annealing
enabling more effective light harvesting and
charge carrier formation in photovoltaic
devices.

e Strong interchain interaction may cause the
increase of carrier mobility.




Graphene

« promising class of organic semiconductors, discovery
announced in 2004 by Science

« atoms arranged into a 2D honeycomb structure

« one of the simplest graphenes = HBC-C,,H,; (HBC)

« HBC'’s disk like molecules easily form 2D conducting layers

« columnar self-organization of discotic type with prominent 1D -
conducting properties

« high mobility and optical transparency, flexibility, robustness

and environmental stability

Several recent results — from solar
cells and light-emitting devices to
touch screens, photodetectors and
ultrafast lasers

Review: Nature Photonics 4, 611 - 622
(2010)

J. Wu, W. Pisula, K. Millen: Chemical

wired.co.uk, shuttlestock Reviews, 20017, 107, 718



Conclusion

Photonics materials = novel physical properties
of new or known ones that should be revealed

Photonics = interaction of light and matter for:
« applications
» characterization




	Blank Page



