Chapter 3. Organic photovoltaics

(solar cell principle)




What is PV?
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When sunlight is absorbed by some materials, the solar energy knocks electrons loose
from their atoms, allowing the electrons to flow through the material to produce

electricity. This process of converting light (photons) to electricity (voltage) is called
the photovoltaic (PV) effect




Introduction — Solar cell (photovoltaic)

At earth’s surface average solar energy is ~ 4 x 1024 J / year
Global energy consumption (2001) was ~ 4 x 1020 J / year (increasing ~ 2% annually)

(in the U.S. in 2002)
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Source: DOE (U.S. Department of Energy) Source: N. Lewis (Caltech)

In US, average power requirement is 3.3 TW.
With 10% efficient cells we would need 1.7% of land area devoted to PV (~ area
occupied by interstate highways)




History

: Finding of Photovoltaic effect with liquid (Edmond becquerel)
: Photovoltaic effect in a solid (Heinrich Hertz)

: Se solar cell (C. Fritts)

: Research of Cu,0/Cu solar cell

: Patent of Si solar cell (R. Ohl)

: Crystalline Si solar cell (Bell Lab.) ; 4 % efficiency

: Using as assistant power in the spaceship (Vanguard 1) ; 5 mW
: oil crisis

: solar cell using CdTe, CulnSe, ,TiO, etc.

: world product 100MWp

: research of an advanced materials and structures

(dye sensitized solar cell, organic solar cell)
=>» cheap process , flexible substrate




PV effect
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Cell efficiency

< Power conversion efficiency (n) > Isc : Short-circuit current
- Current value when V =0
Voc : Open-circuit voltage
-+ Voltage value when1 =0
P : Power output of the cell
P=1V
F.F : Fill factor

CURRENT

/
..V, FF
< Incident-photon-to-current conversion no= =) x 100

efficiency (IPCE) > S

100

Under AM 1.5G simulated solar illumination
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Classification of solar cells




PV efficiency
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Multijunction Cells (2-terminal, monolithic)
LM = lattice matched

MM = metamarphic

IMM = inverted, metamorphic

'V Three-junction (concentrator)

W Three-junction (non-concentrator)

A Two-unction (concentrator)

A Two-junction (non-concentrator)

El' Four-unction or more (concentrator)

o Four-junction or more (nen-concentrator)

Single-Junction GaAs

A Single crystal
Concentrator

V' Thin-film crystal

Crystalline Si Cells

B Single crystal (concentrator)

B Single crystal (non-concentrator)
O Multicrystalline

® Silicon heterostructures (HIT)
V' Thin-film erystal

Thin-Film Technologies
© CIGS (concentrator)
® CIGS
O CdTe
O Amorphous SiH
Emerging PV
O Dye-sensitized cells
O Perovskite cells (not stabilized)
@ Organic cells (varicus types)
A Organic tandem cells
# Inorganic cells (CZTSSe)
Quantum dot cells
(various types)

(stabilized)
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Distribution of solar cell production by materials

Solar cell materials are
dominated by
Si (98.2%)

B mc-Si: 52.3% Bl ribbon: 2.9%
B sc-Si: 38.3% M CdTe: 1.6%
H 2-Si: 4.7% L 1CIS: 0.2%




Various kinds of solar cells
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Why OPVs?

Advantages of Organic PVs (OPVs)

-Processed easily over large area using
-spin-coating
-doctor blade techniques (wet-processing)
-evaporation through a mask (dry processing)
-printing

-Low cost

-Low weight

-Mechanical flexibility and transparency

-Band gap of organic materials can be
easily tuned chemically by incorporation
of different functional group




Why OPVs?

OPV shows a promising technological
development — efficiencies at 5 % level,
no obstacles identified for 10 %

The usage of reel to reel printing
technologies guarantees a favorable cost
structure

The PV market demands low cost flexible
solutions

The energy market demands portable,
decentralized renewable energies

OPV is the most promising candidate for a next generation PV

Source: Siemens AG




Why OPVs?

Polymer Solar Cells Applications

« The low cost of plastic PV may enable
solar power in applications where it was
previously un-economic
Disposable solar powered products
become a reality
Flexible and conformable PVs can be
integrated more easily into ‘soft’ or non-
planar packaging
Large-area, flexible solar panels could
be used to make solar tents, solar sails,
portable solar power modules

‘smart’
packaging

Cornflakes

. PDA
= wallet
Rechargeable

mobile products Polymer

solar panel

__ Polymer
display




OPV applications

5% PCE OPV
: 1I0mA/cm?2 X 0.5V = 5 mW/cm?

Lithium Battery for Cell Phone
: 3.7V, 1000mAh < 3700 mWh
= 740 cm? area (5% PCE OPV()

A4 size (29.7 X 21 = 623.7 cm?) X 2

Energy Sunbag - =R
- 1.5W under 1 sun Aperture Ratio ~ 0.60 <@ 748.44 cm?
- Battery: 2000mAh
(Input: 5.0~5.5V, 50(
_ ;‘;gg:;gﬁ;;;zgm 2%0| A4371°] OPVE 0|25t%,
| 1AIZE CHOjl RlIEE 288 £ UL?

149,00 €

(incl. 19 % MwSt)

* http.//www.energy-sunbags. d8




OPV applications




OPV systems
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OPV systems
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OPV in building
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OPV efficiency

¥ =Gy

o Cell Efficency o = ly=7
& Module Efficency 1 - 200943 29 AW, 8W, 16W=
Plextronics (USA)
- 6.5% PCE (25cm?, Nov, 2011)
- Cowork with IMEC, Solvay
Solarmer Energy (USA)
- Y. Yang 1l 5= Spin off
- 9.31% (Aug, 2012)
Bis-adduct acceptor .!@i..“.;"‘; - 10.69%@0.103cm?, Tandem (Y. Yang, Sumitomo)
A | - 3.5% module (208.4cm?, Jul, 2009)

TBF precursor mMisubsh @

i Konarks
A Mitsubishi Chemical (Japan)
- | - 10.7% (@1.03cm?, 2012)
PiHTiPCB’—*.m#:WS _ -11.1% (@0.159cm?, 2012)
[ PPV-PCEM b gl 3 EI_SI'_j 15% =8
| gucss @ Cambridge A Pledronics | Sumitomo (Japan)

- 10.6% PCE (2013)
05 'ZD(IH.] o '2“' 15' BT T - 5.2%@294.5cm?, 15 series (Apr. 2012)
1% Year o (0.689V, 11.73mA/cm?, 0.642)
Toshiba (Japan)
- 6.8%@395.9cm? (Sep. 2012)

@ Korarks

2012 2013 2014 2015 2016 2017 2018 2019

Commercial OPY Kolon (Korea) :

Efﬁciency (%) 4.2 44 46 49 51 54 56 5.9 - RZ2R FI'GCE'S'SEEI FlEKIbIE OPVs
- 11% (0.09 cm?, May, 2013)
- ~4% module (@60cm?)




Requirements of OPVs for commercialization

Parameters & technological goals

Lifetime * The most important parameters
(<5 years) of every solar technology are
efficiency, lifetimes and costs

The actual application defines
which parameter or combination
of parameters are more or less
important

Other OPV features like

flexibility, weight, transparency
are not sufficient to constitute a
relevant competitive advantage

+ Applications define relevant OPV parameters
* In the medium term there is no direct competition with Silicon

Source: Siemens AG




Requirements of OPVs for commercialization

Flexible OPVCs Technology

Power Converslon Efficlency

Low-bandgap Donors ~1.4 eV

High LUMO Acceptors

AE > 0.3 eV

Organic Multijunction Tandem, Stack

)
]
D-A Nanomolpology control ] Bulk Heterojunction
]
]

Buffer Layer

Device Stabllity >5 years

— Opti-/Thermally Stable Materials |
— Nanomorphology Stabilization | Self-Organizable Mater.

[ High Barrier Flexible Substrate | OLED Tech.

—{ Encapsulation/Passivation ) OLED Tech.

Manufacturing Technology <0.58/Wp
—| Frm!mg ’ecHnu'agy ] Gravure, Inkjet, Aerosol-Jet

— R2R Processibility | Flexible substrate




Reliability

« Encapsulation will be
needed.

SSd:1003d

o AUV filter will
probably be needed.

I

 Many molecules are
very stable in light.

F.C. Krebs, et al., Solar Energy Materials (2008)




Leading research group (Heliatek)
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Heliatek reliability study

Light intensity
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Temperature
48 °C
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@ ZnPc:Co0 /f DCVET.Ce0
® ZnPc:C60 // ZnPc:Ce0

linear fits:

== T80 =8551h

= T80 = 33,290 h

0.6 I | |
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(33,290 hrs)(2.2)= 73,000 hrs or 8.4 years continuous use

o
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At 5 hrs/day of peak sunlight, the lifetime is 40 years.




Semiconductor polymers

. discovery of electrical conductivity in doped polyacetylene

. Organic Photovoltaic Cell (OPV), C. W. Tang (Kodak)

. Organic Field-Effect Transistor (OFET), H. Koezuka (Mitsubishi)

. Organic Light-Emitting Diode (OLED), C. W. Tang (Kodak)

: Nobel prize in Chemistry for A. Heeger, A. McDiarmid, H. Shirakawa

Alan J. Heeger Alan G. MacDiarmid Hideki Shirakawa

02 1. M5 DEXES LS 20008 THIEIEHA SARLE



Inorganic semiconductor

lonization or Zero Energy Level
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Figure 2.8

Electronic structure and energy levels in a Si atom: (a) The orbital model of a Si atom showing the 10
core electrons (n = 1 and 2), and the 4 valence electrons (n = 3): (b) energy levels in the coulombic potential
of the nucleus are also shown schematically.




Inorganic semiconductor

e Interestingly, in a Si crystal when we bring
individual atoms very close together, the s-
and p-orbitals overlap so much that they lose
their distinct character, and lead to four mixed
(sp%) hybrid sp3 orbitals

4M states

(0 electrons i
6N srates

M electrons

AM sbes
AN electrons 2 slates
2™ electrons

Llectron ¢nergy ——

Electron energy —p-

The splitting of the n=1 state

Pauli exclusion principle

“No two electrons can have the same quantum number”




Organic semiconductors

Ethylene Butadiene Cctatetraens Polyacetylene

2 n

3.1 eV = 1.5 eV
400 nm Up to ™ 800 nm
Visible Visible-IR




Small-molecules
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15t organic solar cell

Power conversion efficiency ~ 1%

Image removed due to copyright restrictions. Please see ? E
Tang, C. W. “Two-layer organic photovoltaic cell.” Nj N‘/E\N
b \
| | N

Applied Physics Letters 48 (January 26, 1986): 183-185.
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Perylene tetracarboxylic

derivative (PV)

Need interface to
maximize exciton

. . Ve = Open-circuit voltage
dissociation oc

Isc = short-circuit current

Courtesy of




PV effect in conjugated polymer

= Light is absorbed in the polymer layer

= Absorption creates a bound electron-hole
pair (exciton)

= Exciton is split into separate charges which
are collected at contacts

Y4

h+

® Exciton must be seperated so that a photocurrent can be collected.

® Excitons dissociated by electron transfer to an acceptor material, or hole
transfer to a donor.

® Simplest approach is to make a donor-acceptor heterojunction




