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Fossile energy use

On a more meaningful time scale... lapp
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too thick!
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Yearly solar input
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Yearly consumption

Source: Eco Solar
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4 Price Experience Curve
] Histor
for PV Solar Modules = L
* 15-18% reduction
Lk £ of price per
Pl o doubling
Forecast £
3 " wwwwss | *  Fluctuations due to
py subvention cycles
=
E 1’05 -------------------------------------------- S— experience factor
= 1% * Currently: sales
18% below cost down to
1.3 GWp/a 6 GWp/a 68,5 GWp/a 343 GWp/a 50 Cent/Wp
z?s 2;0 2#0 23{1
0,1 —— S — ———rry ——rr T
1 10 100 1.000 10.000
GWp accumulated
ref; European Photovoliaic Industnes Association (EPIA) and W. Hoffmann parsonal esiimates —
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(L St Grid Parity - the holy grail of photovoltaics “iapp

Solarstrom wird wetthewerhsfihig

Photovoltaik-Strom vom eigenen Dach in Deutschland
50,0 - bald giinstiger als aus der Steckdose

45,0-

- e
Endverbraucher-Strompreis | -gi -

o
(43 % pro Jahr)
o2 ‘ i‘

jie oy
(6=7% Kostensenkung pro Jahr)

M




(L) Bt Energy pricing - a hot topic }app

28.02.2013 - 10:40 UHR | ABC | RSS | NEWSLETTER

TH ] MEU REGISTRIEREN | LOGIN
BILD MOWVIES | THEMEN

HOME NEWS POLITIK gelSSvl UNTERHALTUNG SPORT LIFESTYLE RATGEBER REISE AUTO DIGITA

OKOSTROM-UMLAGE STEIGT UM 50 PROZENT

Strompreis-Hammer!

Familie muss mit 50 Euro mehr im Jahr rechnen
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Solar power over the year
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Bulk Storage System Characteristics

Technology Zn/ Na-ion Sodium CAES NAS Adv. Zn/Br Vanadium Fe/Cr Zn/Air
Option/ Halogen Metal Above Lead Redox Redox Redox Redox
Characteristics Halide Gl Acid
Unit Capacity
MW 83 50 50 50 50 50 50 50 50 50
MWH 250 250 250 250 300 250 250 250 250 250
Ac-Ac
Efficiency,% | 75.80 85-90 87 - | 75-80 | 85490 60-65 75-78 70-75 70-75
(heat rate)* - (4000)
Energy Ratio™* 1.3MW 10
Foot print
2.0 19-5.1 ~0.6 1.6 2.0 1.9-5.1 0.9 2.0 4.44 1.3
Ft2/kW
Total Capital 2021- 2367- ~2823- 1762- 2764- 1753 - 1506- 3361- 1,284- 1285-
Costs ($kW)" 2470 2894 3665 1958 3378 4897 1841 4107 1569 1570
Technical [:5\
Maturityand | R&D R&D | Demo | Demo | oMM | GOMMEIC | pemg | Demo R&D R&D
readiness
— S — e —
, I
< LCOE - 321-
$/MWh 447-547 | 338413 | 374-553 | 260-278 290 274630 | 257-314 | 457-559 220-269 | 187-229
[ — P
——

1. For Systems with just one supplier an adjusted Capital Costrange of +/- 10% is illustrated. For Systems with multiple suppliers their total
costrange is illustrated.

@ 2012 Blecinc Power Research Insfiute, Inc. All ights resened. 41 EPE'

ELECTRIC POWER
RESEARCH IMSTITUTE
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*Real challenge for PV:

*Not grid parity, but PV+storage="battery parity”

*Requires PV generation below 10 Cent/kWh @ Germany

® Requires module prices = 20 Cent / Wp




60 o Outll
DRESDEN u I n e

* Comparison of present PV technologies
*Basics of organics
*Challenges:

@ Exciton Separation
@ Nanomorphology

@ Efficiency

* | ong-term stability
* Manufacturing & applications
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NREL record chart

icienci :NREL
Best Research-Cell Efficiencies sd INIXE L
50
MultijuncltionICeIIs {2-terminal, monolithic)  Thin-Film Technologies Spectrolab Fraunhofer ISE oeing-
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* Abundant material

* Huge synergies with
microelectronics

* Efficiency:
— ca. 25% lab
— 15-20% module

v
R 7
st
Ean
e
ST
e
i)
StnETE
[
I

"

* ca. 200g material/m2

hari' A0

« See talk 9:30
Hermle&Glunz




Thin film Photovoltaics

——

* Three important systems:

@ Amorphous silicon
@ CdTe

@ CulnS/Se

* Problem with rare elements except for a-Si

* Approx. 10g material/m?

Conductive ZnO:Al | _Highly resistive ZnO
cdS

CIGS (+)

Sada-lime glass
==

sofarion

MWl BHOTOVOLTAICS

Source: yet2.com, Solarion



L0 R Organic Photovoltaics iapp

——

* Flexible plastic substrates and thin organic layers
* Low material consumption: approx. 1g/m?
* Potentially transparent, color adjustable

* Compatible with low-cost large-area production technologies

_heliatek =

Images: Konarka, Neuber, Heliatek, IAPP



(L) s Energy payback comparison lapp
pP-Si =
35 . J LI 1 L T L
o Polymer
* Energy payback time: e Polymer tandem me-Si
0F o Small molecules CIGS .
_ ¢ Small molecules tandem -
*Organics clearly ahead | @ Inorganic }
- a-.Sl
*Payback times <1 year 2 » N )
possible s aS
i =
» Go for high-efficiency organic!  © .
10F ¢ :
Typical yearly K Qe .
yield Germany — 2 _&% 91 ey — — — — —
g s 6 8 10 12 1

A. Anctil et al., Progr. in Photovoltaics 2012

Efficiency (%)
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@ Exciton Separation
@ Nanomorphology
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(L) (A Single crystal electroluminescence lapp

* Williams&Schadt 1969
* 100um Anthracene crystal, 100V voltage

ANTHRACENE 10N,
INJECTING CONTACT - ELECTRICAL

IMCAPSULATION CONTACTS
MATERIAL Rl ey

nurunmeE#?——

MESA COATED GLASS

(2}

@

{h)

Fig- 1. ia) Schematic diagram of the construction of a typical diode. (b} Photograph
showing ke electroluminessenos from a typleal diode n use. The diode has pypecal
dimensions of ~1 ¢m? surface area
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4th wave:

Organic electronics

3rd wave: :
Solar cells
B
¢
2nd wave: 51
OLED lighting '{’FZ

1st wave: OLED
Displays

Time



aﬁfvgggﬁﬁ The basics of organic semiconductors:
T Conjugated Telectron systems

Sp,-hybridised Carbon:

p,-orbital

Q p,-orbital
fi

sp,-orbitals

// \\
////// - ,,411./[5— E\z\‘ —
p, A/ Ay,
\
sp, A A A/ A A A
I I [ . ! ‘ ‘ sz
\\\
.
//

“Yapp
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m-electron systems delocalize!

e VdW crystals

e small Te=m-overlap, narrow bands
e saturated electron system

S

6x p, ——. LUMO (m*) => E_,conduction band"
ﬁ‘\ HOMO (m) => E, ,valence band"

18 X sp,
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Solution-Processing Vacuum-Sublimation
Polymers&small molecules  Only small molecules

| il
< b @

*|ayers made by sublimation
of material in vacuum

n

* Layers made by e.qg.

printing |
« High production speeds * Easy access to multi-layer
possible systems

« Room temperature process *High material purity
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(L) o Mobility as a function of disorder  Tapp

A | 1 T
10 r:
- &
‘E =
[ N
M
10°F ,% ' -
: . .I- 3
g 10— °s | Typical OLED
B | t i today!
=, 10'5 r 1
:E' - . 1
e 10-«5 r . 4
g - . 7
107 F 1
107
b
10-9 ] i I i 1 " i i L ,‘,'
00 05 10 15 20 o

rocking width [deqg]

N. Karl et al. 2001

* Rocking width
correlates with
mobility

* Even small disorder
reduces [ strongly

* Conductivities are
accordingly low
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* Drift-diffusion model set up by Wolfgang Tress

* Bulk Heterojunction between two contacts

* Different recombination models studied

Direct (bimolecular) recombination

n,p ©
e
) \ - B constant
via CT state: - B.(1) Langevin

- B'.(p) mod. Lang.
Krelax /e B @
X @ Kaiss P

®
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‘ selective contacts: direct recombination, constant 3

Mobilities of 10 cm?/Vs are sufficient!

W. Tress et al., Phys. Rev. B 85, 155201 (2012)
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@ Efficiency
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Polymer/small-molecule heterojunction

Dye-sensitized solar cell

Hybrid organic-
inorganic _

el
N

e Bating ¢



20— Dye-sensitized cells

(Gratzel cells)

* Photovoltaics following nature: Can be demonstrated with fruit juice

and correction fluid

* More than 12% efficiency

* Problem: Liquid electrolyte

Double click on above image to view full picture

Dye Sensitized Solar Cell Kit
Product # P6-2100

Email to a Friend

(Mo reviews)

Be the first to Wiite & Rewview

Availability: In stock

$159.00

b Buy 10 for $144.00 each and save 10%

SEEE AddtoCart



-?ﬁ Dye-sensitized Solar cell

Structure Energy scheme

Dve sensitized Nanocrystalline Solar Cell (DYSC)

conducting TiO, dye electrolyte contact

- &
Pt mirror ( - !
A

electrolyte with Ec
redox
mediator

(" 1137)

TiO2 with A

adsorbeddye | T/ === 3‘ ________ )ﬂ

H"“conducting E.;

- ==

TiO, grains of 10 to 30nm size Efficiencies >12% demonstrated
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o

Gratzel cell

] — —
o (&) o w
M 1 " M [

Photocurrent density [mA/cm?] >

IV-curve
A. Yella et al., Science 334, 629 (2011)
B
Full sun
50% Sun
&
3
10% Sun o
Dark current
0 460 . 66{) l 860 l 1000

Potential [mV]

Efficiency potential: = 15%

quantum efficiency

_.

L
./

—a— Y123
—o— YD2-0-C8
—u— YD2-0-C8 +Y123

\‘T’M

500 600 700
Wavelength [nm]

Key problem: Aggressive electrolyte (encapsulation)

Solid-State hole transport is challenging
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@Challenges of organic vs. inorganic PV:

eExciton Separation

@Binding Energy >> KT
@Diffusion Length:

@ Typically shorter than absorption length
*Stability:

@Does this organic stuff has any stability?
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The exciton separation problem

0.00 e * Absorption leads to tightly bound
kR_’g;'S‘ """"" (0.2 ... 0.5 eV) excitons
:>h
>.-0.10
8 015l N * Separation in electric field
I _ e 1 inefficient
- | ¥ I |
2 -0.20 B
| Semiconductor Type
0251 E}({Jn}'en?ional €=‘.}, |
— citonic £= I oxc. oo
o . — * Usual solar cell structure does
-15 -10 -5 0 10 15

Charge Carrier Separation / nm

S. E. Gledhill et al. J. Mat Res. 20, 3167 (2005)
P. Wurfel, CHIMIA 61, 770 (2007)

not work



WEE®  Exciton separation at a heterojunction

Flat heterojunction (FHJ)

A M'L/VIW_

y /
anode —=— cathode
(e.g. ITO) (e.g. Al)
donor
acceptor

C. W. Tang, Appl. Phys. Lett. 48, 183 (1986)
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Energy loss at heterojunction lapp

Example system: ZnPc/C,

Abs. edge: 1.6eV
4.3

4.8

ZnPc
.ﬂ
_L___E 4.0
Eor,c [JOC=O.5V
_L Eqen
g

Open circuit voltage: =0.5V
[J Large loss of energy

Minimum energy loss
upon charge separation:
0.2....0.7 eV?



(L) s The exciton diffusion length problem

* Exciton diffusion lengths seem to be small: = 10 nm

* Limited by extrinsic or intrinsic processes?

* Much higher values have been reported for materials
with higher order: up to micrometers...



W Exciton diffusion lengths: other data

“Yapp

TABLE L. Calculated quenching layer Forster radii (Ry) and diffusion lengths (Lp) for singlet (S) and triplet (T)

excitons of crystalline (C.) and amorphous (Amorph.) films.

Ry with Cgy o
Material  Exciton  Crystallinity (Orientation) Quenching/Blocking Layers (nm) (nm)
NPD S Amorph. Cgo/ BCP 2.4 5.1 (£1.0)
CBP S Amorph. Ce, (or NTCDA)/Bare 2.7 16.8 (+0.8)"
SubPc S Aumorph. Cgo/ Bare i 8.0 (£0.3)
PTCDA 5 C.-55 nm (flat) Cgp (or NPD)YNTCDA 0.9 104 (=1.0)
DIP S C.->150 nm (upright) Cyo/ Bare .2 16.5 (£0.4)
DIP S C.-30 nm (flat) Cgy/ Bare 1.2 21.8 (+0.6)
PIOEP T-Mon. C.->150 nm (upright) Ceo/ BCP 0.6 18.0 (+0.6)
PtOEP T-Dim. C.->150 nm (upright) Cgo/ BCP 0.6 13.1 (£0.5)

i t g 1
Corrected for energy transfer to the quenching layer.

R.R. Lunt et al., J. Appl. Phys. 105, 053711 (2010)



60 o Outll
DRESDEN u I n e

* Comparison of present PV technologies
*Basics of organics
*Challenges:

@ Exciton Separation
@ Nanomorphology

@ Efficiency

* | ong-term stability
* Manufacturing & applications




TECHNISCHE N
o Exciton separation at a heterojunction app

Flat heterojunction (FHJ) bulk heterojunction (BHJ)

VWA~ // /
/ e
/71
Jnode = cathode anode cathode

(e.g. ITO) (e.g. Al)

donor

acceptor Acceptor and donor

domains on 10nm scale

C. W. Tang, Appl. Phys. Lett. 48, 183 (1986)

M. Hiramoto et al., Appl. Phys. Lett. 58, 1062 (1991)
J. J. Hall et al., Nature 376, 498 (1995)

G. Yu et al. Science 270, 1789 (1995)
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* Multi-scale approach needed for materials development

 Connection between molecular structure and device
performance very complex

Device Level

Bulk Heterojunction Systems Level
Molecular Level

ey §

« s

Supramolecular Level
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* Benzoporphyrins: Y. Matsuo et al., J. Am. Chem. Soc. 131, ‘/{Hf‘w\
16048 (2009) Ly ok
Sl - e
* Squaraines: F. Silvestri et al, J. Am. Chem. Soc. 130, 17640 4, ™ ”“
(2008); G. Wei et al., ACS Nano 4, 1927 (2010) ‘3"“_"@ o
° piesa
* Merocyanines: N. Kronenberg et al., J. Photon. Energy 1, z 5

011101 (2010) SRy

* Bodipys: T. Rousseau et al.,, Chem. Comm. 1673 (2009), R.
Gresser et al., Tetrahedron 67, 7148 (2011)

* Thiophenes: K. Schulze et al., Adv. Mat. 18, 2872 (2006); E.
Ripaud et al., Adv. En. Mat. 1, 540 (2011), Y. Sun et al., ’
Nature Mat. 11, 44 (2012) T N\ T N\ s
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lapp Case study: Perylene derivatives

Pad
s %edse

DIP

Christoph Schunemann
(Diindenoperylene)

Steric hindrance???
— effect on molecular orientation?

— effect on phase separation in blend layers with C60? Chris Elschner
— differences in planar and bulk heterojunction solar cells???
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XRD measurements performed by Lutz Wilde, Fraunhofer CNT Dresden

50 nm DIP /
GIXRD of pristine DIP/Ph4-DIP films

GIXRD . - 5 nm C60
— DIP orientation
n GIXRD-scan (©=0.18" fixed) |
10° - ——DIP, Tsub=30°C i
——— Ph4-DIP, Tsub=30°C ]
o —— Ph4-DIP, Tsub=100°C |
=
>
S
~
3,10
k7
&
I= — Phenyl rings
disturb dense
10° 4 crystalline packing
] DIP 001 DIP 002
1Ph4-DIP
I ' I I ! I

— :
5 10 15 20 25 30
20 (°)
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Ellipsometry (VASE)

VASE measurements performed by David Wynands and Roland Schulze, IPF Dresden

Wavelength dependent extinction values by VASE:

Main direction of transition dipole moment parallel to the long axis

In-plane extinction coefficient

k - extinction coefficient

—DIP

§ — Ph4-DIP

DIP/Ph4-DIP |

| I s ]
400 500 600
wavelength (nm)

extinction coefficient

k

Out-of-plane extinction coefficient

—DIP
——Ph4-DIP ]

T T ' T = v
400 500 600 700
wavelength (nm)

DIP/Ph4-DI

100 nm DIP /
Ph4-DIP

SiO2 (IES)

Mean tilt angle of

* DIP molecules
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N NE

Lo
G : - DCV1T

Py p— — NG
A s L) e

Bu Bu

DCV3T

University of Uim
Department Organic

Chemistry Il o N N _ e
o O ]
. Yo \ ff 5 DCvaT
E.Brier, ol e Ne” TGN

E. Reinold,
P. Kilickiran,

CH = NC
P. Bauerle NCW\{SJ b o TN e
s Wy W) s DCV5T
J\
Bu Bu Bu B
NG
Lo ooty

A0 D B B

Bu Bu
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-3.0/ DCVIT DCV3T DCV4T  DCV5T  DCVeT  DCV7T
T e : : : :

-4.57 i E,=2.03 eV
; E,=2.12eV

E,=1.90 eV E, = '!.80 eV E,= ;I.67 eV

Fc/Fc' - 4.81 ;
-5.0T E=279ev E ; -
g - - ' . .
-5.5T : - i — -5.30 -5.24 eV
: e — -5.49 eV eV
: -5.66 eV
-6.0T E eV
iil 670 Voltage increase
. eV -

Minimum loss due to exciton separation: roughly 0.3V



New Thiophenes: DCV5T-Me Series 1app

Thin Film
1

1.0 Solution

- =1

NC CN

Absorbance [normalized]

2: DCV5T-Me(2,2,4,4) 0.0 : ; . ; . , - o o
300 400 500 600 700 800
Wavelength [nm]

H,C CH,

BN AW N A
;s N/ s \/J s |\

NC CN

cN NC 7.2% reached: following talk (Christian Korner)
3: DCV5T-Me(3,3)

_'J.

(] - University of Ulm R. Fitzner et al., JACS 134, 11064 (2012)
Hellaiek Department Organic ]-ﬂ
Bicry bk 1 sk, Whiwerent e oo Chemistry Il :
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(L) o Covering the full solar spectrum lapp

>

>

—— EQE of a DCV5T/C80 solar cell "
— AM1.5g ASTM Standard G 173

Q.6+

Much of the solar . I}
spectrum is currently 1.

8

&

4

2

not used! 1y
& 1 E
‘“ 0.8 %‘_
0.2+ - 06 %“-n
= 0.4 =
Tandem or triple cells 02
Extend ™ ek " s T e v * o " o e e

Wavelength / nm

absorption to IR

M. Hiramoto et al., Chem. Lett. 1990 (1990) 327; A. Yakimov & S.R.
Forrest, Appl. Phys. Lett. 80 (2002) 1667
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a2 = F4-TCNQ
et es
— v 4 _F e\ g @
4P-TPD s =N
@3 £ oS,
Di-NPD <:§ /Y Q _
aSalie®oR1 @@
N oz N ZnPc

p-doped HTL

Bu Bu Bu Bu
S 7\ S |\ s
DCV5T-Bu

N@ 2-TNATA

B. Maennig et al., Appl. Phys. A 79, 1 (2004)
M. Riede et al., Nanotechnology 19, 424001 (2008)
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doped layers are critical for optical optimization

p-i-ntandem cells:

* Pn-junction is ideal
recombination contact

* optimizing interference
pattern with conductive
transparent layers

photoactive layer 1

=>optical engineering on
L fonometer ayer

thickness scale

J. Drechsel et al., Appl.Phys.Lett. 86, 244102 (2005)
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Pin-tandem cells: perfect optical control

top contact/

|
J 100nm A - reflecting electrode

6nm Bphen
30nm C,.

Al-sided or 1st
subcell

25nm 1:1 ZnPc.C,,

conversion
contact

ITO-sided or 2nd
subcell

Snm p-DiNPB, 10%
snm n-C,,, 2%

0-186nm p-DINPBE, 5% | spacer layer
35nm 1:1 ZnPe.C,, I

25nm p-DiNPB, 5%

| ITo |

e
1T

R. Schippel et al., J. Appl. Phys.

illumination

107, 044503 (2010)

s\
app
Thickness of spacer layer:

0 nm (1st max)

74nm (1st min)

124nm (2nd max)
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top contact/
. | 100nm A L, I reflecting electrode
Enm Bphen LB (L (B B B N B T LB LA B B AL L
| & N 1 E L 4
SN Al-sided or 1st " 1 | :
‘ 25nm 1:1 ZnPe.C,, ‘ subcell E ] dasal f [ N
. < . i1F "
' E  4- 4 I -
X -Di | " 1 1 EF 2
0-136nm p-DINPB, 5% SR — ~---sun simulator] | - sun simulator [
y 9 1 —8—outdoor test | | —8— outdoor test |
: _ A Ra nane o il R B
snm p-DiNPB, 10% | | conversion 0 40 80 120 160 0 40 80 120 160
Enm n-_{:*:" Eul.l"u ’:D‘maﬂt T l T rr l' TTT 'I Trr T LA LA [ T T l LELELE LB 'I o I LiLI I
35nm 1:1 ZnPe:C,, ITO-sided or 2nd 1084 a A, u ] L . - 60
subcell 1ny },r 1 I = ad \i B
. ) A '.‘.l. E i - =
25nm p-DINPB, 5% > 100 VW, AL \ ¥ ks
H‘g : R.H:\‘P : L A \'_. f."l-l‘ l.- L
—— ¥ W ;
1.04 = ~dbe- gun simulator< L e~ sun simulator |- 56
glass substrate . —&—outdoor test 1 | —&— outdoor test |
Ll l L l' L 'I L) T LB LB L L] I L] l LI l W 'I LI ' L
” 0 40 80 120 160 0 40 80 120 160
T T I illumination spacer thickness / nm spacer thickness / nm

R. Schippel et al., J. Appl. Phys. 107, 044503 (2010)

efficiency / %

fill factor / %
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e Stacking two D/A
heterojunctions
— reverse HJ
— Vvoltage loss

e Our Approach:
*highly doped layers
for energy level
alignment at the
interface
*no quasi-Fermi
level splitting
*no loss of V_,

LUMO

—_
=
-
=
-
-
=
_—
=
1

donor (D) dmmri!]]
rtmm i
i acceptor (4 ‘u n.....rn or (. "-.|
X
LU xtn’ D
: P i

;_";1

HEHIU

—_
o
L)
-

=
=
=
=
1

=
=

X

R. Timmreck et al., J. Appl. Phys. 108, 033108 (2010)
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(L) e Efficient Recombination Contact lapp

* Metal clusters have 1 |
only weak effecton /d
efficient recombinatior s || | | F e
< ;
g - |
» Highly doped pn- T
junction is very 2 e 8505 mmAg '
efficient, stable and ik

-0.5 0.0 0.5 1.0 1.5 2.0 2.5

Simple recombination voltage [V]
contact

R. Timmreck et al., J. Appl. Phys. 108, 033108 (2010)
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Small-Molecule OPV Record > 1cm? :?GW

12 % Efficiency - new world Record for OPV Hel(l’aiel(“

Measured by SGS at standard test conditions (December 2012)

10435
+30

7_"25

12% PCE
December
2012

TN 0 et ¢4 4 iy

Sery hedo fo solar, Wrierever you ors

20
s ?
i %
15 L]
24 p
— .
et . %
- o - 0
3-“10 /" ]
+ “_‘n" A
..d‘ +
24 F b
> %
5 P il 4
11 g i
1 ,'.w' H
u “&l" L] T L} 1 I : Ll L)
0 500 1000 1500 2000 2500 ¢ 3000 3500

mv

Maodule ID code : see SNR
Senal number : 31004_120760899
Mon. cell type = HelistekKG2

Id. numbeg = kal: VLS| 10510-008

Sensitivit 110.44 VW /)
Mode name = Heliatek

Method name = Direct

Sample number = 222

Sample ime = 40us
Measurement duration = 8.6880ms

N* measure = 1

Irrad = 1.000 kM /mé
Temp = 250°C

Avgle = 1.007 kw /e
Dewvlr. = 0,007 ke

lsc = B.730md

Yoc = 2674.07 mV

EffiC = 120%

EffM = 120%

FF= 735%

MPP = 13.23mw/
V@mpp = 2187 69 mV

|(Smpp = 6.049mé

Rser = 35.700 Ohm
Rsht = 34215.76 Ohm
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¢
9% Module Efficiency on Glass Heliatek

Record efficiencies thanks to minimum upscaling losses

Say hela fo solar. Wherever you are
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1985 1990 1995 2000 2005 2010 2015
1 4 _ ] I | | I | I 1 | 1 I | 1 I | ] ] | I 14
- Amorphous Si single layer United Solar  EPFL Heliatek/
— 12 / IAPP/UU 12
8 | United Solar Mitsub.
~ ] UCLA Heliatek
=104 Mitsub. -10
é j 5 BEFL T Mitsubishi ¢/ Heliatek :
Q] ye sensitize : _
S LA ke [
e O _
W ﬁ
g 5. Blashiariek Heliatek/IAPP -6
= EPFL :
g 1 Konarka® | Konarka i
:E 4—_ Princeton U Certified _‘4
& Small area "hero" OPV U Linz >1cm? OPV j
- Sharp >
J U Cambridge i
0 ! K'Od?k T T 7 ' L|JCSIB ' L L | '(CJ Il( Le'o _ 0
1985 1990 1995 2000 2005 2010 2015
Year

diagram available under www.orgworld.de
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* Standard measurement: 1 sun, 25 °C, perpendicular
iIncidence

* Reality: 40-60 °C, often less than 1 sun, diffuse light

* Organics:
— Positive temperature coefficient
— Higher efficiency for lower intensity
— Special diffuse light responsivity

* Sums up in the O-Factor: approx. 30% better!
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m  Helatek 8.3% cell [ — 0.6

normalized efficiency
T R | L1 \

— c-Simodule .
— 3-Si module L
0,4 — — 0,4
0,2 - ! 0,2
0 T T T T | T T T T 0

0,5
light intensity (1 = full sun)

Superior low-light performance:

97 % of full-sun efficiency at 1/10th sun

* Heliatek Absorber

* Certified Efficiency: 8.3 % (1
cma?)

* Collaboration of Heliatek und
IAPP (TU Dresden)
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@
®
- . Heliatek
Positive temperature coefficient Ll
Heliatek 10.3% cell ,
1,1 : * Heliatek OPV:

i gmuu® ol B Efficiency has broad
> 1 : _ maximum between 30°C
o : and 60°C
2 0,9 !

& i “\\‘ B Heliatek | * c-Siand CIGS:

1
E 0,8 i e —+aSi 15 % lower efficiency
g . ! CIGS gt el fC
e | B © pe-Si/a-si:

0,6 E 10 % lower eftficiency

! at 60 °C

05 +—H—— | .
15 o 35 55 75
g temperature (°C) SGS ;
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—

Power conversion efficiency of a tandem cell (in %)

-j;ggg Main assumptions:
S 35 o000 * EQE 60%
= - * FF 60%
3 a0- B
: -
'5 25 22.00
2
2
© 20-
5 first cell second cell
L
g e.gap 1.9eV 1.25eV  ~21%
? o.gap ~770nm ~1300nm
1.0 - — —
o202 30 1SS e.gap 2.1eV 156V ~20%
electrical gap energy of first cell / eV o.gap ~690nm ~1030nm
T. Mueller et al. e.gap 2.225eV 1.7eV ~19%
o.gap ~645nm ~890nm

Main challenge: Infrared absorbers with good transport properties!
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* Comparison of present PV technologies
*Basics of organics
*Challenges:

@ Exciton Separation
@ Nanomorphology

@ Efficiency

°*Long-term stability
* Manufacturing & applications
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* Lifetime is complex parameter depending on cell and encapsulation

* Extrapolated measurements indicated that cells can be extremely
stable

* Detailed studies:

* Water and oxygen induced degradation of small molecule organic solar cells, M.
Hermenau, M. Riede, K. Leo, S. Gevorgyan, F. Krebs, and K. Norrman, Solar Energy
Materials & Solar Cells 95, 1268-1277 (2011)

* Total charge amount as indicator for the degradation of small molecule organic solar
cells, M. Hermenau, S. Scholz, K. Leo, and M. Riede, Solar Energy Materials & Solar
Cells 95, 1278-1283 (2011)
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normalized efficiency

Dependence of degradation on %
photocurrent

* Degradation is directly proportional to photocurrent

—

.

—
1

1.0 2

O B1: 281 mW/cm?

O B2: 131 mW/cm?
blue illumination

/A B3: 86 mWiem?

VvV B4: 270 mW/cm?

©
0w
1

A\
red illumination %

v IR

0 1000

2000
time/h

3000

normalized efficiency

—h

.

—
1

—_—
o
1

O
w
1

red illumination

o~

O B1:281 mWiem?
O B2: 131 mW/cm? v/
v

blue illumination

A B3: 86 mWicm?®
Vv B4: 270 mWicm?

1

2 3 4
extracted charges/C

M. Hermenau et al., Solar EnergyMaterials&SolarCells 95, 1278 (2011)
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. a H,"0 light
¢ Malnly Current and FF @ B —o— FF (58.9%) ——V,_ (0.423V)
. . % —o—J (0.724nAcm?) —4— Efficiency a2
degrade; V_ is rather 2 10 ————
S ]
stable A
g 0.0 |
g water in'ectlon1o 2 %0 49
e Tme (h)
* Water is much more b "C, light
wn 1.5
relevant than oxygen g s | )
_; 1.0 W [
g %”‘D—m__.—.__n_ & —H~£{f“a"hx
. - g 0.5 ‘D“L\bm
— Water leads to oxidation N | . . P
of Al electrode 0 o™ 100 150 200
Time (h)
G N, light
. 8 . —o— FF (60.1%) ——\/_, (0.459\)
— Water induced ZnPc § it e —o—J,. (206micm?)  —e— Eficiency
degradation 3 e
T 0.5 -
£
2 00,

0 1 OIUIJ 20I0|J . 3000
M. Hermenau et al. Solar En. Mat. & Solar Cells 95, 1268 (2011) Time (h)
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Aging tests pedormed on 8.3% record cell, glass

encapsulated

1,2
N : -
e Still = 95 % efficiency
C after 1,800 hrs
D C :
o both in light soaking test
ql']_:' —if— . \ =
e 0,9 —~———49 and at85°C
=
[s
£ 08
s for IEC |
= ; —e—Heat 85°C

07 i : :

: —e—Light-Soaking 1.5 Sun
0,6

0 1.500 3,000 4.500 el 7500
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* Comparison of present PV technologies
*Basics of organics
*Challenges:

@ Exciton Separation
@ Nanomorphology

@ Efficiency

* | ong-term stability
* Manufacturing & applications




attachement possibility
for a glove box

VON ARDENNE =



OLED OPERATION TESTS UNDER INERT CONDITIONS AND
AFTER LAMINATION

0 1

Electrical tests in the inert box

Electrical tests after the encapsulation
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@ Building integrated PV (BIPV)

@ Automotive

@ Qutdoor
@ Sun shades
@ Key advantages:
@ Thin, lightweight

@ Transparent

@ Attractive color

Source: Heliatek
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* Organic Solar Cells have developed from lab curiosity to a
serious technology

* First serious applications in automotive and building integration

* Module efficiencies beyond 15% seem possible

* Low-cost manufacturing is possible in mid-term future
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