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Solar cell efficiency refers to the portion of energy in the form of sunlight
that can be converted via photovoltaics into electricity by the solar cell.
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Cost of energy

$400
Levelized cost of energy:
Cost per - Gas (pealer)
$300 megawatt-hour _— Nuclear
'V Thermal solar
e | Coal
$100 ~ Geothermal
MNatural gas
.mhmhnwmd
$0 N LI L AL R N N L N R Solar panels

2010 2015 2020

"Lazard's Levelized Cost of Energy Version 14.0" (PDF). Lazard.com. Lazard. 19 October
2020.
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oPV - the path to commercial success

« Today: cannot beat the price of silicon photovoltaics, but that
may change in future.

 Niche markets (5% of photovoltaics market) like light weight
building integrated photovoltaics, semitransparency)

Al

Copyright Heliathek .

- Much lower carbon footprint (5-9 g CO, / kWh, a factor of 10
lower than for Silicon photovoltaics)
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Perovskite solar cells - the path to success

Today: cannot beat the price of silicon photovoltaics

Still issues with stability, module efficiency, manufacturing

Niche markets (5% of photovoltaics market):
in-door applications

http://perovskia.solar.com
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Photosynthesis — the principle

With the help of light absorbing molecules, light energy is

converted in chemical energy

6CO, +12H,0—2>C H,,0, + 60, + 6H,0

Photosynthetic organisms use solar energy to synthesize carbon

compounds that cannot be formed without the input of energy

CO,+H,0—>CH,0 +0, AG"=478kJ/mol CO,

Organic materials based photovoltaics, 2. Introduction Nr.6



Modern Photovoltaic Technologies, Dr. J. Heier, 2023

Photosynthesis — light reaction

Overall process of photosynthesis is a redox chemical reaction

Electrons are removed from water (oxidation) and added to CO,
(reduction)

from sunlight, an electron in the 5
chlorophyll molecule is excited from hv

a lower to a higher energy state ===

Electron transport chain: O > e,
H,0

When chlorophyll absorbs energy e <C02

CH,0

Chain of molecules that easily accept
and donate electrons
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Organic semiconductors # biomaterials

in Chlorophyll b
v Ci,C 4y

The electrons in the highlighted region
are the ones that gets excited when
long tail light is absorbed.

Chlorophyll a
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Organic compounds

= are any chemical compounds that contain carbon-hydrogen bonds.
Due to carbon's ability to catenate (form chains with other carbon
atoms), millions of organic compounds are known

= Generally they are electrical insulators.

H H H H H H H H Acrylonitrile butadiene styrene (ABS)
| | o
1+ C—C C—C C—C=C—C—

] | | | Y

H C H H H &
y /\

- ||| == =m =n Bines
N

Organic materials based photovoltaics, 2. Introduction Nr.9


http://www.tradekey.com/product_view/id/14094.htm
http://www.tradekey.com/product_view/id/14094.htm
http://www.tradekey.com/product_view/id/14094.htm
http://www.tradekey.com/product_view/id/14094.htm
http://www.tradekey.com/product_view/id/14094.htm
http://www.tradekey.com/product_view/id/14094.htm
http://www.tradekey.com/product_view/id/14094.htm

Modern Photovoltaic Technologies, Dr. J. Heier, 2023

Band gap - Optical properties and more...

A overlap

Electron energy

metal semiconductor insulator

O Metals: charge carriers in conduction band (=«band» of
electron orbitals)

O Semiconductors: electrons can be thermally excited into the
conduction band

A Insulators: Bandgap > 4 eV
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Molecular crystals?

= Electroluminescence in anthrazene single crystals (1963)
= Injected charges

A

energy

> energy levels  energy bands of the

of the molecule organic semicond.
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The discovery of conducting polymers 1977

Hideki Shirakawa Alan G. MacDiarmid Alan J. Heeger

Nobel prize in chemistry 2000

= Polyacetylene become conductive N " S e
upon doping NIRRT
ic) +
= Conjugation creates an orbit that WM
allows the charge carriers to move g MW
(e 1%
NIRRT AN
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Conducting polymers

O Synthesize individual soluble building blocks that absorb in the
visible domain

~ o) 1O

Polyacetylene Polythiophene  Poly(p-phenylene)

O~ 10+

Poly(p-phenylenevinylene)  Poly-p-phenylene-sulphide

O Solution processable, printable
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Semiconductor properties

O Depend on the very nature of the semiconducting materials

O Dictated by the interaction between constituting building blocks
(atoms or molecules).

O Depend on the structure of the material (crystalline, amorphous,
disordered)

Absorption (cm) 103-10% (Si) 10°-10° (fluorescent dyes)

10%-10° (GaAs) 10%-10° (CT compounds,
Triplet emitters)

Charge carrier  ¢-Si: 1500 (e7), 450 (h*) c-anthracene:1.6(e"), 1.2 (h*)
mobility GaAs: 8500 (e7),400 (h*) c-fullerene Cgy:1.1(e7),1.0 (h*)

2 \/1 -1 .
(Cm=VIs™)  a-Si: 1 amorphous OSC: 10-°to 103
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Applications for organic printed electronics

Organic Light
Emitting Diodes

Organic Field
Effect Transistors
(OFETs)

%

Image source: InnovationLab

LIGHTING
&
DISPLAYS

Source: BASF Mew Business

Printed Batteries

Electrochromic
Displays
{19

Electro-
luminescence
(EL)

FURTHER
DEVICES

Wireless
Communication
(RFID)

/..
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Organic
Photovoltaics

Smart Labels

Smart Packaging

ENERGY
HARVESTING

SENSORS

Thermoelectric
Generators

Force
Fill Level
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Printed oLED displays

NIKKEI

= ASIAN REVIEW

News by Location v Business v Markets Techv Politics~ Economyv Features v

BUSINESS

Japan enters display fray with
world's first printed OLED panels
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Organic Photovoltaics (oPV)

TOMORROW:

QRGANIC
PHOTOVOLTAICS
= OPV

source: Belectric GmbH
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Thin film devices with polymer semiconductors:

Printed

Electronics
everywhere
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2.1A Molecular Orbitals
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2.1A Molecular Orbitals

Learning goals

O What is the origin of electrical conductivity in organic carbon
compounds?

0 What is an orbital ? Quantum mechanical description

0 How can you describe the electronic wavefunction of
molecules (molecular orbitals, hybrid orbitals)

0 Resonance transfer integral
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Chemical bonds

d The formation of molecules is build upon covalent bonds

O The covalent bond involves the sharing of electron pairs between
atoms, the balance between attractive & repulsive forces will

lead to bonding

) - @hvm” O Shared electron pairs provides an
S e effective qualitative picture of
covalent bonding
oloRoas
“atoms” O For many molecules, the sharing of
2®+®+% caron i electrons allows each atom to attain
the equivalent of a full valence

2 oxygen carbon
gtoms atam

shell, corresponding to a stable
electronic configuration

a molecule of
carbon tetrafluoride

4 fluorine carbon
gtoms atom

https://www2.chemistry.msu.edu/faculty/reu
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What is an orbital and why are they important for organic
semiconductors?

O Lewis structures are diagrams that show the bonding between

atoms of a molecule, as well as the lone pairs of electrons that
may exist in the molecule

O An orbital is a one electron wavefunction that describes the
probability to find the electron at a certain location.

A The use of orbitals therefore is a good approximation to describe
the electronic structure of a complex multi-electron system.

L 1 oo

H: N:H .-
oe H ¥ H
H -

Lewis structure sp® hybrid orbital
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Quantum mechanical description

Time-dependent many-body Schrddinger equation with electrons
at positions # = (ry, 7y, ...ry) and nuclear positions R = (Ry, Ry, ... Ry):

Time independent Hamiltonian H (stationary states):

Y(7, R, t) = Y(7, R)e~E/ HY(#R) = E Y(#,R)

Electronic wavefunctions only: Hy® (#) = E Y (#)

Organic materials based photovoltaics, Chapter 2.1A Molecular Orbitals Nr.5



Modern photovoltaic technologies, Dr. J. Heier 2023

The particle in a box - a simple model of an atom

7R o

electron

0 L
Calculate the energy levels and
wavefunctions for one electron:

nod’
—%WW(X) =Ey(x)

Solutions are standing waves:

w(x)=Ae™ + B™
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Boundary conditions (probability to find particle = 0)

v(0)=0>0=4+B—>B=-4
= p(x) = Ade™ — de™ = A2isin kx = A'sin kx

w(L)=0 — A'sin(kL)=0 — k:n%with n=123..

B2r2p2 2,2

SE=""" 2%, n-123..
2mL SmL

. (nrx : 2

:>t//=A's1n(—x) with A= |—

L L

Normalisation of w:

L L L
lzjw*w = A'ZI sin” kxdx = A" Isinz(ﬂxja’x 4oL
0 0 0 L 2

%L
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Solutions of the particle in a box problem are standing
waves:

Respecting the Pauli principle (“if two electrons, or in general Fermions,
occupy the same electron orbital, they must have different spin states”,
i.e. up and down, respectively)

=Y = A'sin(ﬂ xj with A'= 2 o’

L L R
vy is the particle wavefunction.
The probability amplitude. hy(x) I2dx
is the probability of finding the Ezzi—L
particle between x and x+dx

h2
' 8mL
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H-atom orbitals

exact analytical solution can be developed by solving:

62

Ameggy[x2 + y2 + 22 piny,2) = P, 2)

l continuum

5 __136er N Ny

n nz n=3

6x2+_6y24_622

h? [ 02 0?2 0?2
__2n1<

>l/)(x,y,z) —

)%

This problem is solved using polar coordinates.

Il ener

]
8

2s 2p

The hydrogen atom wavefunctions are given by: n=2

W, m(10,0)=R, (r)-Y"(0,p) Lewndepmomasasa

Meaning of the different quantum numbers n, |, m:

1
n=1,2,3,.. principal quantum =1
/I=0,1, 2,3, .. n-1 azimuthal quantum number
m=11-1,1-2,,0,... -=/ magnetic quantum number
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H-atom orbitals

The orbital here is defined as the volume where the probability of
finding the electron is 90%

Organic materials based photovoltaics, Chapter 2.1A Molecular Orbitals Nr.9
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Molecular orbital theory

d Only for the H-atom an analytical solution for the orbitals can be
found

O Neglect interactions between electrons = reduce a many-electron
problem to many one-electron problems

O Molecular orbital theory revolutionized the study of chemical bonding
by approximating the states of bonded electrons—the molecular
orbitals—as linear combinations of atomic orbitals (LCAO):

Y= | | cijoi

i

Q.= atomicorbitals
l

Organic materials based photovoltaics, Chapter 2.1A Molecular Orbitals Nr.10
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Building molecules from atoms - hydrogen molecule

d Apply the concept of orbitals (which was the key to the
understanding of the electronic structure of atoms) to molecules.

S
i “D
A O .
4.52 eV @ ------ @
{E H-H distance —>
0.74 A @@

Nodal plane

e

Antibonding molecular orbital

Organic materials based photovoltaics, Chapter 2.1A Molecular Orbitals Nr.11

O Molecular orbitals are obtained
by combining the atomic
orbitals

A In the hydrogen molecule you
can construct in-phase and
out-of-phase combinations of

H 1s orbitals

d Leading to bonding (o) or
antibonding (c*) orbitals
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Molecular orbitals of the second energy level

O These are the ones of interest when looking at organic molecules

Carbon

12.01

¢ © @@O

2 2
122622 Y ..
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Molecular orbitals of the second energy level

d Pi (n) bonds are weaker and are due to lateral overlap between p (or
d) orbitals

;ww a*2p (antibonding)
ﬁ\‘ \M‘

. . T2p {bonding)

T
0 e
_ ® - .'t:j], (amtibondin 21 “ Ip
) . = m, My .

0 0 ¢

P 2y (bonding) R

g 8 s .':“:p (antibondin

B 2 i bonding)

@ o
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Building molecules from atoms - sp3 hybridization

|:! % I 2|p T T '1I\ '1I\
HiC:H &5 s —> p*
H i
1s 1s
Methane

ou_ e ]
et e 7

gives a tetrahedral
a.l'ﬁl'l_gﬁ.l'l.'ltl'll

Organic
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Building molecules from atoms - sp? hybridization

' ‘ 2p T
C s:C 2s |:> sz
H H 12 2
1s 1s
Ethylene

#a A‘I —#—x #x /_1"’ - sp? Hybridorbital

y ¥ Hybridization ¥ ¥ -~ -l .

) ¥ Fx E—— o 2T .
z / 15 % ; nicht-hybridisiertes p-Crbital
|

}.;
Py

¥

#
¥
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Building molecules from atoms — sp hybridization

L] L] L L] L 2p
H . C s s C . H 28 %% p
Ethyne / Acetelyne % l[: % Sp
Linear chain
1s 1s

J t gives a linear

Hybridization | arrangement
x  — x d E—

¥ ¥

a-¥BeZ

T=vaz
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The Hiickel MO model

O Successfully applied to large conjugated systems, especially
those containing chains of carbon atoms with alternating single

and double bonds.

O Within the Hlckel approximation, the covalent bonding in these
hydrocarbons can be separated into two independent
"frameworks": the o-bonding framework and the =-bonding

framework.

Example: ethylene
; G*I"'.l

" Po PR

Q @ I H. 1| | 5 —JI— T B “-—l— prorbital

SPZ [of* :]N | >C sz 'u,,,wc- C“””w
. o g o Elp

(a) C;H,4 o-bonded framework (b) C;H, mbonding '-._- .-“f h}.. .

o
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J Describe the wavefunction as linear combination of atomic
orbitals (LCAO), so these are the two 2p, orbitals:

l/jorbital = Cu sz (A) T Cs sz (B)

O Minimize E with respect to ¢, and cg:

J- l//orbital H l/jorbiml dx aE aE

L 2
J. Y orbitai dx a Cy

A Let us first calculate:

ijrbitaldx = ICAZ sz i (A)dx + ICBz li”pz 2(B)dx + 2CACBIWPZ (A)sz (B)d'x

S

=c,’ prz (A)‘de tec, Ht//pz (B)‘zdx +2c¢,c5-S
: Ny , : b

S...overlap integral

Organic materials based photovoltaics, Chapter 2.1A Molecular Orbitals Nr.18



Modern photovoltaic technologies, Dr. J. Heier 2023

[Vt Vonsa dx = [le, v, @)+, v, BH ey, (4) + cpp,. (B)ldx
=c,”[v,.(OHy . (Ddx+c,” [v,.(B)Hy,. (B)dx+2c, ¢, [v,.(A)Hy,. (B)dx

a a p

A: Coulomb integral < 0; account for the interactions between
the nuclei, the electrons, and the nuclei and electrons, more

precise: interaction of the electrons around one nuclei with the
other proton.

B: Resonance (exchange) integral < 0; of gm origin; no
simple physical interpretation, but it can be shown to arise
entirely due to the anti-symmetry requirements;

probability A > B

f
E:a(CA2+CBz)+2CACBIB f'_l[ ' 1
¢ +c,. +2c,c, S g —ngg s

Vv

g
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E _y 5 iz [Qac, + 28¢c,)g-f(2¢c, +2¢c,-S)] = 0
dc, g

2ac, +2c3ﬁ-i(2cA +2c, -S)=0

-

=F
—)cA(oc-E)-i—cB(,b’-ES):O \
and in analogy > (3)
oF
— =0 > ¢,(B-ES) + c,(a-E) = 0
oc, J

(3) is a linear homogeneous system of equations with unknown c,and cg.

The solution consists of setting the secular determinant equal to zero.

=0

Do e o)

Organic materials based photovoltaics, Chapter 2.1A Molecular Orbitals Nr.20
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d This can be solved, but is a bit tedious. We would like to make
an additional approximation (small orbital overlap S):

De{(aéE) (Of E)} =0

d solving for E:

(@-E)f-p°=0>0a”> -2aE+E*- > =0 E*-2eE+a’ -2 =0

Zai\/4a2 —4(052 —,82)

E+= =atf
2
a-p antibonding orbital with
n energy E.
a a
2p
a+p il
/3 can be estimated bonding orbital with
from spectroscopic energy E,
data

Organic materials based photovoltaics, Chapter 2.1A Molecular Orbitals Nr.21
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O Finding the coefficients c,, cg (and hence the wavefunctions), For E = E,:

{(a-E+) Vi }(Cljzo 0.707 -0.707

_E
p (a-E+)lle, 1node  r* 8—8 — LUMO

0.707 0.707

- e, + fec, =0 —C, =¢,
Onodes =« 4- HOMO

— Y. =¢ (sz A)+y,, (B)): %(V/pz (A)+y,, (B))

(a-E,)c, +fc, =0 with E, = a+ f

V

=1 =1 =0

from j(%)zalx:cl2 jl//pz (A)2+Jl//,,z (B)2+J*/’pz (A, (B)]ZCf'zzl ¢ = \/g

In the same way one obtains for E = E.

v = % (v,. (A)-v,. (B)

Organic materials based photovoltaics, Chapter 2.1A Molecular Orbitals Nr.22
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The infinite conjugated chain: polyacetylene 1

RGN G

a-E Bis —ES;s Buc-ES,c
Bsi - ESg, a—kE Bsc - ESge
Det| pey - EScy  Pes - ESc, a—E =0

d Hiickel approximations:
- All overlap integrals are set to zero S=0
- All resonance integrals between non-neighbors are zero

- All resonance integrals between direct neighbors are set to 8

Det| 0 S
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The infinite conjugated chain: polyacetylene II

B Ve VO VO V7 Ve N N\ unfilled

Ek=a+2,[)’cos( Kz j k=12,.N a
N +1 —
. 2 ( ihn j \—

1s1n

N
k
Vi Z‘ ¥y, (7) " AN+ N+1

Ap
filled

where ¥ . (”) are the C2p, orbitals at site n. Theory predicts trans-PA to be a metal

Huckel predicts no band gap when n gets very large:

2 "y
S " _/JJ
S W
/ Anti-Bonding _.“g
T+
\ / Atz- pz‘ \hndi_n;_-——- m_ﬂ_“
=c\ o M:;cula:\ m_ﬂ_-“--m
H H Orbital
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The infinite conjugated chain: polyacetylene I11

Ethylene Butadizne Cctatetraene Palyacetylene
A

X _
X I 2.0
@] n* -
© LUMG -
£ 1 | - | |
8 LUK LUMO 1.5 _

= 3 -
> o
c @ 7
a b 7] : :
@ oMo oG 104 0D
Q ]
§ I l HOMO _f_l_ n
2 41— —41 5 L
N t o S e R B
A 41 1 2 3 4 5
)
E 6.7 eV 5.8 eV IleV =15V # of Double Bonds

185 nm 215 nm 400 nm Up te ™ 80D nm
u (1Y) Visible Visible-1R

Huckel predicts no band gap when n gets very large:
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The infinite conjugated chain: polyacetylene

d Why is Polyacetylene a semi-conductor and not a metal?

e B
\/\/\/\/\/\/\
\ﬁz\ NG G X

«-E B 0O 0 g
b, a-F ﬂ: 0 0 1
Defl 0 p e-£ f ... 0 | 0 E, = + |2 + g3 + 2,31B2COS< 2km >]2
0 0 p a-E .. 0 | 2N + 1
e k=0+1,42,....£N
| S 0 0 0 .. a-E|

Dimerisation (Peierls distortion) opens up a gap with
E;, =281 — B
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2.1A Molecular Orbitals

Learning outcome

d How are molecules held together (molecular bonds)
= Covalent bonds

d What is an orbital ? Quantum mechanical description
= An orbital is a one electron wavefunction that describes the probability to find the
electron at a certain location
= Particle in a box

= Hydrogen orbitals

d How can you describe the electronic wavefunction of molecules
= Molecular orbitals, sp3, sp2, sp hybridization
= Huckel molecular orbital theory: coupling of atomic orbitals, band splitting via
resonance (exchange) interaction

A Origin of electrical conductivity in organic carbon compounds:
= sp? hybridization in carbon and graphite
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2.1A Molecular Orbitals

Learning outcome

d Infinite conjugated polymers (intramolecular conductivity):
= Conjugated polymers: delocalized system of r-electrons runs along the polymer
backbone
= Bond length alternation opens up a band-gap (semiconductor)

Organic materials based photovoltaics, Chapter 2.1A Molecular Orbitals Nr.28
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2.1B Electronic properties of organic
semiconductors

Learning goals

d From delocalized r-orbitals to conductivity — 2 main
questions:

0 Where do charges come from? Intrinsic / extrinsic
semiconductors — doping of organic semiconductors

0 Conduction mechanism in organic semiconductors: is it really
band transport?

Thermodynamics of electron transfer, Marcus theory

a Definitions: mobility and conductivity

Q Electrical contact to devices

Organic materials based photovoltaics, Chapter 2.1B Electronic properties, Nr.1
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The infinite conjugated chain: polyacetylene I11

O Intramolecular conductivity

Voo
C C
a) {/C\\C/ \\C/+
[ [
h n
b) X +—>r NNZ
n n

0 The construction of delocalized rorbitals

Within the conjugated structure, n-orbitals are delocalized. This
delocalization forms the basis of the molecular conductivtiy of carbon
compounds.

But: delocalized n-orbitals allow for mobile charges, to make them
conductive, also charge carriers are needed.

Organic materials based photovoltaics, Chapter 2.1B Electronic properties, Nr.2
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Intrinsic semiconductors

‘ overlap
O Also called an undoped semiconductor or
i-type semiconductor, is a pure gl R
. . . . 2 Fermi level
semiconductor without any significant g -
]
dopant species present
o ] ] ] metal semiconductor insulator
d The conductivity of intrinsic
semiconductors is purely due to thermal
. : —AE,, /2kT
excitation of carriers from the valence n.. = Neﬁpe 0

band to the conduction band. _ S
N, IS the intrinsic charge

density, N« is the density of

states.
Silicon: Organic semiconductors:
N.=2.82 10" cm3, N,=1.83 10'® cm-3 N,=102" cm-3
Eg =1.1eV Eg =2.0 eV
1 =1000 cm? V-1 s u=1cm?V1s
c =10%Q'cm-! c =10"12Qcm!

N. and N, are the density of states of the conduction and valence band,
respectively, E, is the band gap and N, is the molecular density.

Organic materials based photovoltaics, Chapter 2.1B Electronic properties, Nr.3



Modern photovoltaic technologies, Dr. J. Heier 2023

Extrinsic semiconductors

O Organic semiconductors get their conductivity from extrinsic
factors:
= Dopants
= Photosensitization
= Injection

O An extrinsic semiconductor is one that has been doped; during
manufacture of the semiconductor crystal a trace element or
chemical called a doping agent has been incorporated chemically into
the crystal

- : - : e ‘ =
Conduction Conduction hola
a o i . A Farmi e energy
lm|+uuh'aaiuua;a levels.
' T Extra LWL G000, 0,0.0.0.0.., o Fermi
o e » electron level
3 g enargy
.@@ levels

N-Type P-Type

n-Dotierung p-Dotierung
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Doping of organic semiconductors:

0 How can you dope organic semiconductors?

A Vacuum level
3| — — S — ——”/\—— LUMO
=~ a
5 ++ +* -+ <4 ++ +t +4+ +4% HOMO
D

V1
Matrix Dopant  Matrix Matrix  Dopant  Matrix
p-type doping n-type doping

O In most organic materials, the HOMO is around —5 to—6 eV below
the vacuum level. A p-type dopant therefore has to act as a very
strong electron acceptor. Similarly, n-type dopants had to have
a HOMO level near —2.5 to —3.5 eV

Organic materials based photovoltaics, Chapter 2.1B Electronic properties, Nr.5
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Doping of polymers

A Either partial oxidation with electron
acceptors (i.e. anions, p-doping) or
partial reduction with electron donors
(i.e. cations, n-doping).

A Charged defects, such as polarons,
bipolarons and solitons, are
introduced into the polymer structure
as a result of the doping process.

O A polaron is a quasiparticle composed
of a charge and its accompanying
polarization field

A These defects then play the role of
charge carriers. This is analogous to
the p and n doping of Si

O Band-like charge transport along the
chain

Organic materials based photovoltaics, Chapter 2.1B Electronic properties, Nr.6
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METALS
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Band-like carrier transport in organic single crystals of
high purity

D In band ||ke Carr|er transport’ T T I T T T T T T TTI[[TTTI] T]

mobility has the following T 300 |- . -
dependence due to increased "o 0ogg o 8 -

. . - oo Qo0 1
scattering at acoustic phonons, __100EL EDE_ b
impurities and electron interactions: - ‘. .

T - ' ]

= B ’ ]

30 | .

o« T™™ ¥ - ]

uxT E C :

. . ';::.“ 10 - -

O The resonance integral fdetermines 3 = =
the strength of electronic coupling = - :
between the molecules 3 .

[ oE=3kVcm™ ]

F AE=5kVem™ ]

1 — DE=1D k\,.l' CITI_1 .

a B in organics is about one order of - 0 E=12kVem” NS
magnitude lower than in inorganics 3 10 30 100 300

Temperature (K)

Warta, W., Karl, N., Phys. Rev. B, 32 (2),
1172, 1985.
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Band transport and Hopping transport

O Band transport is effective when the electronic coupling S is
larger than any other energy terms due static or dynamic
disorder.

d If coupling to molecular vibrations (called local phonon
coupling, not to be mixed up with lattice vibrations) becomes
comparable to electronic coupling, then the band model is
inappropriate

A Even if there is no band transport: still conductivity notably by
a thermally activated hopping regime, which applies to
most amorphous films used in organic optoelectronics.

@ Band-like transport (b) ©)

E E

Hopping transport

E
— 'ﬁ)

Erumo #@Eu

Distance Distance Dlstance

A

ELUMO ELUMO

Polymer International, Volume: 2019, 68, 4, 620-636, DOI: (10.1002/pi.5768)
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Band transport and Hopping transport II

O Organics can be molecular crystals, molecular glasses,
polymeric glasses, all will give different transport mechanisms,

dominated by either electronic coupling, inter- and intra
molecular vibrations, static inter- and intramolecular

disorder
- N - n
c; ;; Tunneling
o e}
po< TN
A. Kohler and H. Bassler
foc TN / Electronic Processes in
\ Residual Organic Semiconductors,
Hopping scattering Wiley-VCH, Weinheim, 2015.
poc e EKT o T-8/2
T T
Weak electron—phonon Strong electron—phonon
coupling coupling
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Thermodynamics of electron transfer

d Marcus’ theory of electron transfer was originally developed to
describe electron transfer processes in solution, but the
framework is well suited to describe a hopping process

O The idea: two thing will happen: changes in the molecule (size,
bondlength, ...) and changes in the environment (dipoles of the
solvent molecules will "screen” the charges)

& r \ &ﬁ;f f“\
AL TN 72
« P @We *” e r\“‘t\*
Ve g 78 E@D
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Thermodynamics of electron transfer

It is assumed that the free
energy or potential of mean
force for the initial and final
state is well represented by
two parabolas.

Different ways to get form “A” to

\\BII:
= Invest the so-called
reorganization energy (A) to get
1 onto the D+ + A- branch before
D+A D+ A~ . ey

relaxing to the new position

(Libby).
A = Solvent molecules can rearrange
ba¥ in synch with electron transfer,

7R > lowering the energy barrier:

k, = vne_AG*/RT AGH = =

Organic materials based photovoltaics, Chapter 2.1B Electronic properties, Nr.12
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Conduction in molecular solids

O Mobility ;: when a charged particle in a gas or liquid is acted
upon by a uniform electric field, it will be accelerated until it
reaches a constant drift velocity v,.

d A semiconducting material can be best assessed by its
conductivity o. It is defined as the ratio of the density of the
current J to the electric field E. n is the charge carrier density
(m-3).

A For conductivity we thus need to look at the product of mobility
and charge carrier density

vy = UE
- | =neuk
J =nevy, - 0 =neu

“ ] =0oFE

Organic materials based photovoltaics, Chapter 2.1B Electronic properties, Nr.13



Modern photovoltaic technologies, Dr. J. Heier 2023

Charge carrier mobilities ;1 at room temperature for
organic and inorganic semiconductors (in cm?/Vs)

] = nevayip, = nepE

Organic semiconductors

Inorganic semiconductors

crystalline
Anthracene 1.6 (e)) 1.2 (h%)
Pyrene 0.7 (e)) 0.7 (h*)

b-phthalocyanine 1.1(e)) 1.4 (h*)
Fullerene Cg, 1.1(e’) 1.0 (h*)

amorphous
10-5to 10-3 at high fields (1MV/cm)

M. Pope, C. E. Swenberg, “Electronic Processes in Organic Crystals and Polymers”, Oxford Universtiy

Press, 1999

crystalline
Si 1500 (e) 450 (h*)
Ge 3900 (e)) 1900 (h*)

GaAs 8500 (e) 400 (h*)
InAs 80000 (e) 1250 (h*)

amorphous
Si = 1

S. M. Sze «Physics of semiconductors», Wiley, New York, 1981
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Basic Aspects of Electrical Currents in a Device

A Either limited by the efficiency of charge injection:
Injection limited current
A or by the ability of the device to transport the charges:

Space charge limited current (SCLC)

Organic materials based photovoltaics, Chapter 2.1B Electronic properties, Nr.15
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Contacting organic opto-electronic devices

Contacts are chosen to provide barrier-free injection of charge carriers into
the device. This implies that the Fermi energy of the contact has to be
aligned to relevant molecular orbital, i.e. to the LUMO if electrons are

injected or to the HOMQO, if holes are injected.

Due to the large bandgap of organic semiconductors, specific contacts allow
the injection of one type of charge carriers (e.g. electrons into the LUMO)
and block injection of the other charge carrier type (e.g. holes into the

HOMO).
N
o

2 i\‘ LUMO |, LUMO

> |

L 34 ca, Mg, TiO,:Al

> 4 ALF ITO, FTO,

o PEDOT:PSS

S ®

5. HOMO~ HOMO [®

Homopolar Homopolar «hole-
«electron-only» only» device
device
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Band bending Subject of an excercise

metal/semiconductor o, > O, Oy < O,
E‘d‘ﬂC E
q! rs T _I_T_ vac
5
m E m 5 ¢S
not in contact | _____ i EC I
EF,W‘I EFJS E;_m _____ i EI:
v Fs
e -t .
semkonductor
E\.’-‘l!

—_—
—-
q
m
<
o
n
—
—
—

f=3
3
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m
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y=S
3
r

in contact I ----- g | &

EF,m EF.rﬂ ‘‘‘‘ -~ EFs

.

_f_r‘—v“f Evac
o ! Ls
in contact " -3 3

under equilibrium R -
EF_m : EF-"
.

. — l—

depletion accumulation
layer layer

From: Z. Zhang, J.T. Yates: Band Bending in Semiconductors, Chem. Rev 2012, 112, 5520
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.. Subject of an excercise
Space charge limited current J

The semiconductor is assumed to be undoped, diffusion currents
are neglected, current density J for one type of charge carriers
(holes or electrons but not both together):

: : |74
Charge in device: q=CV = &0 T

2
Maximum current through device: j = 1 — . 1220 ‘2—3

Ttrav
L L?
Travel time : Ttrav = uE  uv

Mott and Gurney (1948) performed a proper calculation:

i 2 e V2

where ¢ is the dielectric constant, V is the applied voltage and L is the

thickness of the molecular solid sandwiched between two electrodes.
E is the electric field

Organic materials based photovoltaics, Chapter 2.1B Electronic properties, Nr.18
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Other methods to determine mobility

d Time-of-flight

A Current transient methods (CELIV)

O Transistor mobility measurement (OFET)
A Transient Stark spectroscopy

A Electron spin resonance measurement (ESR)

Organic materials based photovoltaics, Chapter 2.1B Electronic properties, Nr.19
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2.1B Electronic properties of organic
semiconductors

Learning outcome

d Conduction mechanism in organic semiconductors
= Band like transport is possible, but only in the “weak electron-
phonon coupling regime”. The general case is a hopping
mechanism. In polymers band like transport along the chain,
hoping between chains.

d Intrinsic / extrinsic semiconductors
= QOrganic intrinsic semiconductors are more or less insulators,
conduction by doping, injection or excitation

d Thermodynamics of electron transfer, Marcus theory
= Describes a transfer rate mediated by a nuclear coordinate

O Contacts to devices
= Space charge and injection limited currents

Organic materials based photovoltaics, Chapter 2.1B Electronic properties, Nr.20
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2.1C Absorption and fluorescence

Learning goals

SPECTRUM
J Mathematical frame work of
optical transitions

Continuous spectrum

o f=] [=] [=] =
(=1 v [=] w =
= -t rs) w0 ©

d Selection rules
Hydrogen Emission specirum

O Relate absorption to molecular —

=] f=
(=] rel

550
600
650

=
(=]
wn

properties
Hydrogen Absorption spectrum

1 Relaxation mechanisms of optically -!

excited molecules

400
450
500
550
600
650
650
750
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Optical transitions

A The electric component of the radiation (the optical field E,)
interacts with the charges of the molecule.

d In first approximation, the interaction is between the optical field
E.pt and the electric dipole moment x of the molecule.

u=er

d Molecular dipole moments are usually given in Debye (D), where
1D = 3.336:10-30 Cm.

d The problem can only be solved with quantum mechanics: time
dependent perturbation theory, adding the radiation field to the
unperturbed Hamiltonian:.

:ﬁ0+ﬁ' where H =ji-E

photon

N

H

total
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d We only look at a two-level system , the ground state with
wavefunction y, (and corresponding energy E,) and the excited
state with wavefunction y; (and corresponding energy E;)

A Conditions for the absorption of a photon:

1) hv=E -E,

2) 1,0 ={w|filw,) =0  where u,, is the transition dipolemoment.
O Note: this a non-diagonal element of the Dipol operator, for

which there is no classical analogon. This is not the difference
in dipolmoment between the ground state and the excited

state.

Organic materials based photovoltaics, Chapter 2.1C Absorption and Fluorescence Nr.3
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A The transition dipole moment tells you how well a molecule
can couple to electromagnetic radiation , and in that sense it

tells how strong a molecule absorbs light.

O The transition probability P is proportional to the square of
the transition dipole moment 42 and the energy density of the
radiation field EZ:

2

‘ 2

Poc‘luw
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d Born-Oppenheimer (BO) approximation: the motion of
atomic nuclei and electrons in a molecule can be treated
separately

w=N-E=NgS

where ¢is the electronic spatial wavefunction, S is the spin
wavefunction and N is the nuclear wavefunction.

Hi0 = (W1lilpo) = (No|Ny )1 il @o){SolS1)

d A transition is said to be forbidden, if any of the above
terms is zero.
Analyse
a) overlap and symmetry of spatial wavefunction
b) nuclear wavefunction (vibrational / rotational) with
respect to overlap
c) spin wavefunction with respect to spin conservation

Organic materials based photovoltaics, Chapter 2.1C Absorption and Fluorescence Nr.5
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a) Symmetry allowed transitions

So, instead of looking if <¢1‘[“¢0> = [ @.(r)upy(r)d3r is non-zero

Look at the symmetry of myo(r) = @, (1)@, (r)
The integral is zero, if my(—7r) = —mlom (odd symmetry)

The integral is non-zero if myy(—r) = mlom (even symmetry)

Organic materials based photovoltaics, Chapter 2.1C Absorption and Fluorescence Nr.6
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a) Symmetry allowed transitions (cont.)

A In reality more complicated, Group theory can be applied to
determine if the integral vanishes or not, group theory can not
determine the precise value of the integral.

K z - O Molecule: formaldehyde
C/ Cs d Symmetri_es:
d’ R - Identity
7 o >y - Two-fold rotation around C,
d

- Two planes of symmetry
crossing the C, axis.

=> Point group C2v

Organic materials based photovoltaics, Chapter 2.1C Absorption and Fluorescence Nr.7
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a) Symmetry allowed transitions (cont.)

d In molecules, the electron wavefunctions may not behave in
exactly the same way as the positions of the atoms

A” ‘ .2 O Mulliken Symbols: used to
identify irreducible representations
o c(‘ﬁ?_ of groups
_— N
2 >y |
n U d Tells us how the wavefunction
behaves under the corresponding
operation.
A1 1 1 1 1
A2 1 1 -1 -1
B1 1 -1 1 -1
B2 1 -1 -1 1

Organic materials based photovoltaics, Chapter 2.1C Absorption and Fluorescence Nr.8



Modern photovoltaic technologies, Dr. J. Heier 2023
a) Symmetry allowed transitions (cont.)

unhybridized Xp orbitals of carbon and oxvgen

n, N and =* orbitals

e

E ldehyd |
ormaldehy _Cs @
H O

averlap of sp?
hyvbridized orbitals of
carbon and oxygen
leads to @ bond

Hi15)—C(2p? ) —_ |"-

a bond ™ I)
H H..,,”
ul"""‘) < ;E

<

TE* —————— 7 bond ‘? C + .-} D__..-! E
. v I 2p,(C) + 2p,(O3 T
11 I + & L ) T : & bhond formed by
T-T v n-n* | il Grkiie of iaiioe
' & H- nd oxvieen
-y - and ox)
_I_ Hff d
v v T
excited ground excited d
state Carey. Organic Chemistry, 1987
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a) Symmetry allowed transitions (cont.)

A1 1 1 1 1
A2 1 1 -1 -1
B1 1 -1 1 -1
, Mg v B2 1 -1 -1 1

Orbitals:

- rm*-orbital: antisymmetric with respect to rotation; symmetric
with respect to o(xy), and antisymmertic with respect ¢'(yz): b1

- m=orbital: antisymmetric with respect to rotation; symmetric
with respect to o(xy), and antisymmetric with respect ¢'(yz): b1

- n-orbital: antisymmetric with respect to rotation; antisymmetric
with respect to o(xy), and symmertic with respect ¢'(yz): b2

Organic materials based photovoltaics, Chapter 2.1C Absorption and Fluorescence Nr.10
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a) Symmetry allowed transitions (cont.) .
Ground state: n2n2 *0 4 4 T \

n-m* excited state: =2n! n*! —

involved in binding Ly 'y,
the hydrogens n# .
= / lone pairs not

s | $ involved in bonding

oxygen

n-1* excited state: nln? n*!

Ground state: (byx b;) x (b, x b,) carbon
n-m* excited state: (b; x by) x b, x by =(@)
n-n* excited state: (b;x (b, x b, ) xb, :@

The symmetry of the occupied orbitals must be conserved

during the transition

The z—»* transition is allowed, while the n-7* transition
is forbidden by symmetry

Organic materials based photovoltaics, Chapter 2.1C Absorption and Fluorescence Nr.11
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Vibronic fine structure
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l et i c <
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d Transitions also show a vibrational structure, originates from the
nuclear wavefunction

O Not described by the Born-Oppenheimer approximation: the dipol
operator was not acting on the nuclear wave function
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b) Diatomic molecule

A The relative motion of two nuclei can therefore be described in
terms of the motion of a fictious particle of reduced mass u moving
in @ central potential.

O The Hamiltonian contains terms associated with the kinetic energy
of the nuclei, the nucleus-nucleus interaction, and the total energy
of the electron at that inter-nuclear distance

A For small pertubations, a parabolic potential can be used. This
potential energy is associated with the force that binds the two
atoms together.

Solving the Schrodinger
equation yields the
eigenenergies of the vibrational
motion of the two nuclei

pot
\' / parabolic potential

molecular potential energy curve

Evip = ho(v+1/5)

>

r, r
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b) Vibronically allowed transitions - the Franck-Condon
principle

Electronic transitions occur rapidly compared to nuclear motion (0.1 to
1 fs vs 10 -1000 fs), the nuclei remains essentially “frozen” in the
ground state during the transition.

What we are looking for: how do the
vibrational features influcene the
transition probability (N{|Ny)?

excited
state

energy
N
P

Franck-Condon:

The better the vibronic overlap (M |N,), the
larger will be the nuclear overlap integral
ground| | [N and the more probable will be the

State transition.

\t /
\ /

/\l/\ /ﬁ/\

\ I/
\ i/
$\\ 7
A

Or: the more compatible the
wavefunctions of ground and excited
state are, the more likely the transition

o

Eyip = ho(v + 1/5)
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c) Spin selection rule

Ground state of almost all In the excited state, much more
conjugated semiconducting states are possible:
molecules:

Two electrons fill the HOMO
(highest occupied molecular et =f= T = == T =

orbital) with antiparallel spins s,
and s, (Pauli exclusion principle).

= = =

Spin multiplicity M is the
number of possible orientations

_H_ M=2S + 1

This spin state is antisymmetric
and is called singlet.
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c) Spin selection rule

ARl % 1+

Singlet State S=0 Triplet State S=1

Organic materials based photovoltaics, Chapter 2.1C Absorption and Fluorescence Nr.16

In the excited state, spins
take one of 4 possible spin
states, namely 1 singlet state
and 3 triplet states.

Triplet state manifold is (triply)
degenerate, which means that
it contains three equally-valid
linearly-independent
eigenstates. Any one of them
can be chosen, or any suitable
linear combination of them.
For any optical transition, the
following spin selection rule
holds:

AS =0
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Relaxation of electronically excited molecules
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1. Radiative
processes
(fluorescence,
phosphorescence)

2. Non-radiative
processes
(vibrational
relaxation)

3. Quenching
processes, which
are bi-or
multimolecular
relaxation
processes

Jablonski diagram, summarizing the first two intramolecular processes.
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Absorption and the oscillator strength

Beer-Lambert law:
the quantity of light absorbed by a
-.r substance dissolved in a fully transmitting
I solvent is directly proportional to the
Al . concentration of the substance c and the
p— path length | of the light through the
solution (a is the absorption coefficient, ¢
T = L_ 10~ = 10~&cl is the molar extinction coefficient in | mol-
o lem-1, cis the concentration mol |I-'1 and |
is the distance in cm over which light is
absorbed).

From here: the decadic absorbance A, which is widely used in
the field of photochemistry and molecular materials science:

A= —log[i) = &cl
]O
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Absorption and the oscillator strength

Connecting macroscopic and microscopic properties

The extinction coefficient can be expressed in microscopic terms
introducing the cross section o, i.e., the target area that a
molecule presents to the incoming photon. If this area is struck,
the photon is absorbed.

®
e o °
103 /. ) ®
oc=—Inl0-¢ e ® o o
y molecule with »~
cross section o length /
Apana = j e(v)dv where v = % is the wavenumber in cm!
band
The oscillator strength is a measure 4,m c* In(10)
of the strength of an electric dipole Jio= N o Ay a
transition: 4

The collection of fundamental constants has a value of 4.310:10-° mol dm-3cm?2.
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From theory we get a connection between the oscillator strength
f;, and the transition dipole moment:

8memec| _
fi0 = T3.2h V1olf10]

where v,,is the wavenumber of the transition, which we will take
to be v,,,, (the wavenumber at maximum absorption). The
collection of physical constants has the value 4.226:10°2 C2m-2cm,
or 4.702:10°7 D2cm. Thus

fio = 4.702 - 10"V 110 |
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Types of transition

d In organic molecules we are concerned mostly with orbitals
originating from the overlap of atomic s and p orbitals or their
hybrids.

O These can be classified as ¢ and = bonding orbitals and ¢* and n*
antibonding orbitals, as well as nonbonding orbitals n.

O Most organic molecules are closed-shell molecules in which the
highest occupied molecular orbital (HOMO) are o, = or n
orbitals. On excitation, an electron may be promoted into the

lowest unoccupied molecular orbital (LUMO ), which is usually
an o* or 7* orbital.

R I e n >1*: alkenes, alkynes and aromatic molecules
L n >n*: compounds with carbonyl, thiocarbonyl, nitro,
NS>t azo and imine goups
n - n =2c*: amines, alcohols and haloalkanes
. T c >c*: alkanes
c 20"
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2.1C Absorption and fluorescence

Learning outcome

O Mathematical framework of optical transitions
= The transition probability P is proportional to the square of the
transition dipole moment ;2 and the energy density of the
radiation field E2

O Selection rules
= Born-Oppenheimer approximation
= Symmetry, vibrationally and spin allowed/forbidden transitions

O Relaxation mechanisms of optically excited molecules
= Jablonski diagram, visualizes radiative & non-radiative
mechanisms

 Relate absorption to molecular properties
= Beer-Lambert law, oscillator strength
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2.1D Energy transfer processes

Learning goals:
d Energy (not charge) transfer processes in organic materials
 Concept of excitons

O Excitonic coupling and delocalization of excitons
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Excitons

 An exciton is a bound state of an electron and a hole which are
attracted to each other by the electrostatic Coulomb force. It is an
electrically neutral quasiparticle that exists in insulators,
semiconductors and some liquids.

d An exciton can form when a material absorbs a photon of higher
energy than its bandgap. This excites an electron from the valence
band into the conduction band. In turn, this leaves behind a positively
charged electron hole (an abstraction for the location from which an
electron was moved).

d The electron in the conduction band is then effectively attracted to
this localized hole
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Exciton binding energy

d Due to the low dielectric constant in organic semiconductors (rel.
permittivity € = 3-4) holes and electrons are not screened as much as
in inorganic semiconductors (¢ = 10-15).

A High binding energy for excitons in organic semiconductos of about
0.5 eV, which means that excitons can not be thermally separated into
free charge carriers at room temperature.

d A large enough driving force (at least as high as the exciton binding
energy) is therefore required.

al Yanner-Mott excitons o) Frenkel excitons

® o sV e 08 ©
l'l":'i'lii-'i' \,___./ ® ® ® 'Y
-:‘l.i‘l‘l‘:.l - e I—
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"o %%’ w/_\\ w e .
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Photoinduced energy transfer and electron transfer

How is energy transferred from one molecule to the other? It is
the underlying mechanism for exciton diffusion

A*+B-> A+ B"

The exciton is regarded as an elementary excitation of condensed
matter that can transport energy without transporting net electric
charge.

Different mechanisms possible:

Radiative Energy Transfer Nonradiative Energy Transfer
—_—— — @ @
: \ N\W\N\AA[ Electron transfer lEnergy transf{r
h NS>
v
— O -—-— — O -—-— —Oe -——
"/
Dexter theory Féster Resonance Energy Transfer (FRET)
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Short range electron-exchange energy transfer
(Dexter energy transfer)

O Dexter energy transfer is a process that the donor and the
acceptor exchange their electron. In other words, the
exchanged electrons should occupy the orbital of the other
party.

O That also implies that the excited donor and ground-state
acceptor should be close enough (decreases exponentially
with distance, typically 10 Angstroms).

d Also, the energies involved must be the same, means
overlap of emission spectra of D and absorption spectra of A.

T
——  ——

Electron transfer

—O0— -
"/
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Short range electron-exchange energy transfer
(Dexter energy transfer)

d In 1953 Dexter expressed a weak coupling exchange-
transfer rate constant in terms of Z2:

d 2 o) . o ] ar
Epnzfzzfo F,(¥) eg(W)dv with Z%2 < e "/

Where r is the distance between donor and acceptor molecules
and / is the van der Waals radius of the donor-acceptor pair
(sum of the van der Waals radii of donor and acceptor
molecules). The exponential decay of Z comes from the fact
that Z depends on the intermolecular orbital overlap and that
molecular wavefunctions decline exponentially at large r.
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Long-range Coulombic energy transfer (Forster
resonance energy transfer — FRET)

O Forster (1948) demonstrated that rate constant for weak coupling dipole-
dipole energy transfer from M* to Q is given by the expression

%Pn = n‘?;jfﬁif f F,(v) SB(V) V- with « = cos0,5 — 3cos0, cosOy

where 6,5 is the angle between the transition dipole moment vectors i, and
g, and 6, and 0 are the angles between i, and g and the internuclear M-Q
axis, respectively. Furthermore, n is the solvent refractive index, N, is
Avogadro’s constant and 1,4 is the radiative lifetime of A* and the numeric
value of 0.529 has the units cm# L1,

O Defining a critical transfer distance r, as the D-A separation at which
%Pn =2 where 7, iS the actual donor excited state lifetime in the

TA

absence of A, we obtain:

¢ 0.529K? . dv
rod = =i |, Fa® e g
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Long-range Coulombic energy transfer (Forster resonance
energy transfer — FRET)

FRET

Donor Akzeplor

1.0 - g Q Ex Em Em
N 0.8 1 |_| =
5 0.6 R <10 nm kein FRET 'E
N
S 04- Q £
4.2 -

RO
0.0 T T r| T 1 R>>10 nm .I -
0 2 4 6 8 10 " # am
Abstand (nm) Wellenlinge (nm)

d The FRET efficiency depends on the
separation distance r with an inverse
6th power law due to the dipole-dipole
coupling mechanism.

d The spectral overlap of the
donor emission spectrum and
the acceptor absorption

spectrum.
FRET kein FRET
O The relative orientation of the donor
Q emission dipole moment and the
B ) acceptor absorption dipole moment.

6,, 6, 6,=90°
K2=1 K2=0
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Diffusion of Triplet states

m Singlet-singlet Forster energy transfer |

LUMO \*’/ ‘? LUMO ¢
ALY A A
74

HOMO HOMO
I |V I
1p* + 1A 2> p + 1A*
Singlet-singlet energy transfer
(-~ |
LUmMo W LUmo v
<10
HOMO a\ R HOMO L 2
| X74 v |
1p* + 1A 2> 1p + 1A*
_ Triplet-triplet energy transfer
P, A-->
LUmMo \Tj LUmMo T
<= - -
A (1A A A
HOMO HOMO
| X74 v |
ip* 4 1A > ip + IN*

A Diffusion of triplet excitons in organic semiconductors occurs via
short range Dexter energy transfer.
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2.1D Energy transfer processes

Learning outcome

O How is energy transfered from one molecule to the other
= Radiative, Dexter, Foster

d Concept of excitons

= Bound state of an electron and a hole, Wannier-Mott and
Frenkel excitons
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