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Small Molecule Organic Solar Cells – 
Status and Perspectives



•
 

Some thoughts about Organic PV in general

•
 

Status of small-molecule organic solar cells:
 key innovations in the past

•
 

Future challenges:
 -

 
understanding and increasing the voltage

 -
 

covering the entire solar spectrum: IR & tandem cells
 -

 
stability

•
 

Low-cost manufacturing

Outline



Photovoltaics: … just taking off

PV „power
 

generation
 

“
 

market
 

will grow
 

by
 

another
 

factor
 

of 5000!



Status: Efficiencies

Source: NREL/own
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Cost of organic solar cells

•
 

Factor
 

of 2-3 
below

 
Si/thin

 
film 

seems
 

possible

•
 

What
 

is
 

needed: 
8-10% in module

 = 13-15% in lab

•
 

Lifetime
 

at least 
10 years OPV  conservative

aggressive



Status of small molecule organic solar cells

•
 

Started
 

in 1986 with
 

Ching
 

Tang‘s
 

work
 

at Kodak

•
 

Looked
 

for
 

Solar Cell
 

and also stumbled
 

into
 

OLED

•
 

Big progress, but
 

still immature
 

compared
 

to OLED

•
 

Many
 

contributions
 

I cannot
 

cover: Yase, Saito, 
Fostiropoulos, Schlettwein, Lemmer, Kowalsky, ….



Small molecule organic solar cells

Donor: p-typeAcceptor:
n-type

C.W. Tang (Kodak)
(1986)

photoactive
region

•
 

Materials: CuPc/PTCBI
•

 
efficiency

 
1% 

•
 

exciton
 

diffusion
 

length
 

too
 

low
=> active

 
layer

 
very

 
thin



Exciton blocker layer

•
 

P. Peumans, V. Bulovic, and S.R. 
Forrest, Appl. Phys. Lett. 76 (2000)  
2650

•
 

Excitons
 

are
 

reflected

•
 

Optical
 

standing
 

wave
 

is
 

optimized



pin-Structure

•
 

M. Hiramoto
 

et al., J. Appl. Phys. 72 
(1992) 3781

•
 

Pin-structure, but
 

no active
 

Fermi
 level

 
control

 
in p-

 
and n-layer

•
 

Bulk
 

heterojunction! 



Bulk heterojunction with C60

•
 

D. Meissner et al. 
Photon 2 (1999), 34 –

 
37

•
 

Prepared
 

by
 

coevaporation

•
 

Problem: morphology
 

control



Influence of blend layer morphology

temp ISC [mA] UOC [V] FF [%] eff [%] reverse slope [mA/cm²V]

30°C 7,63 0,56 37,6 1,61 2,4

90°C 8,79 0,52 44,9 2,05 1,7

150°C 10,03 0,50 49,0 2,44 1,3

ITO

p - MeOTPD 1:40
40 nm

70 nm 
ZnPc:C60  1:3

40 nm Au

5nm MeOTPD



Substrate temperature blend layer morphology
REM pictures for ZnPc*C60

•
 

no domains
•

 
amorphous

 
structure

30°C 150°C

•
 

domains
 

of 20-100nm
•

 
120°

 
angles

 
=> hexagonal 

structure
 

of C60 nanocrystallites



ZnPc-C60 -BH cells: the benchmark
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•
 

Current
 

status: η≈3.5%
 (Hiramoto, Forrest, IAPP)

•
 

Clearly
 

behind
 

polymer 
solar cells

•
 

Limits: insufficient
 absorption; low

 
mobility

 
in 

blend; high voltage
 

loss

Unpublished
 

data
 

(Hiramoto): 1μm absorber!, η≈5% with
 

ultrapure
 

C60



Tandem cells

•
 

M. Hiramoto
 

et al., Chem. Lett. 
1990 (1990) 327

•
 

First efficient
 

realization: 
A. Yakimov

 
& S.R. Forrest, 

Appl. Phys. Lett. 80 (2002) 
1667

•
 

Au Clusters recombination
 centers



Best literature value for small-molecule cell

•
 

J. Xue
 

et al. Appl. Phys. Lett. 
85 (2004) 5757

•
 

CuPc/C60:CuPc/PTCDI 
tandem

 
cell

•
 

Au Clusters and p-doped
 interlayer

•
 

5.7% at 1 sun



OLED: Polymer is behind small molecule
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•
 

Bulk heterojunction
 

morphology control: many more “handles”
 

for polymers:
 -

 
solvent

 -
 

temperature
 -

 
concentration

•
 

Polymer might have a basic mobility advantage in bulk heterojunction

•
 

Materials basis broader

Why are polymer solar cells better than 
small-molecule solar cells?



•
 

Some thoughts about Organic PV in general

•
 

Status of small-molecule organic solar cells:
 key innovations in the past

•
 

Future challenges:
 -

 
understanding and increasing the voltage

 -
 

covering the entire solar spectrum: tandem cells
 -

 
stability

•
 

Low-cost manufacturing

Outline



depletion region

p n

EE

E

x

E

C

V

vak

eVbi

E = kT ln(N  /N  )C D

EF

Eg

built-in
 

potential Vbi
Origin of the open-circuit voltage

•
 

Inorganic
 

solar cell: Built-in
 voltage

 
by

 
Fermi-level

 difference
 

of doped
 

transport
 layers

•
 

Organic
 

solar cells: built-in
 voltage

 
by

 
contacts?

Open-circuit voltage cannot excedeed Vbi !



Ideal solar cell structure to reach maximum VOC

 

:  

-
 

Photoactive material B between highly 
conductive non-absorbing materials A and C

-
 

interfaces A/B and B/C perfectly 
semipermeable

 
membranes: only one type of 

carrier can pass

-> VOC is independent from Vbi
-> VOC equals splitting of quasi-Fermi levels

ideal solar cell structure (concerning VOC

 

)The Würfel picture

A B C

EF,e

EF,h



EF,h
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= VOC

ideal solar cell structure (concerning VOC

 

)The Würfel picture realized in an organic solar cell

•
 

Window
 

materials
 

with
 

suitable
 hetero-offset

 
work

 
as selective

 membranes

•
 

Carriers
 

driven
 

by
 

drift and diffusion

•
 

Quasi-Fermi
 

levels
 

need
 

to be
 

„picked
 up“

 
by

 
transport

 
materials:

 EF,e

 

in  A needs
 

to be
 

high, 
EF,h

 

in C needs
 

to be
 

low:
 pin-structure with doped layers

n                 i                  p



ideal solar cell structure (concerning VOC

 

)The 3 steps to high voltage according to the Würfel picture

1.
 

Quasi-Fermi-levels
 

EF,e

 

and EF,h

 must
 

be
 

well separated
 

in absorber
 ⇒ excitons

 
must

 
be

 
efficiently

 separated
 

in absorber
 

with
 

little
 energy

 
loss

2.
 

Quasi-Fermi-levels
 

must
 

be
 

„picked
 up“

 
well by

 
transport

 
layers

 
A and C

3.
 

Energy
 

loss
 

at electrodes
 

must
 

be
 avoided

A B C

EF,e

EF



Example system: ZnPc/C60

Step 1: Optimize the exciton separation, but 
with little energy loss

ZnPc

4.0

5.1

4.3

4.8

EQF,e

EQF,h

Uoc =0.5V

Abs. edge: 1.6eV

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

(recent Results in polymers:
Durrant et al., JACS, in press)

C60



Efficiency Outlook: Peumans data

Source: P. Peumans

•
 

Low-offset
 

is
 

critical, in 
particular

 
for

 
low

 
gap

•
 

Optimum gap
 

around
 

1eV

•
 

Efficiencies
 

≈
 

10% feasible:
 tandem

 
concepts

 
needed!



DCV3T

DCV5T

DCV6T

DCV7T

DCV1T

DCV4T

New low gap thiophene oligomers

University of Ulm
Department Organic 

Chemistry II

E.Brier, 
E. Reinold,
P. Kilickiran,
P. Bäuerle



DCV7T

- 5.0

- 3.0

- 4.0

Fc/Fc+ - 4.8

- 6.0

-3.54 eV

Eg = 2.12 eV

-5.66 eV

-3.45 eV

Eg = 2.03 eV

-5.49 eV

-3.40 eV

Eg = 1.90 eV

-5.30 eV

-3.44 eV

Eg = 1.80 eV

-5.24 eV

-3.47 eV

Eg = 1.67 eV

-5.14 eV

-4.00 eV

Eg = 2.79 eV

-6.79 eV

DCV6TDCV5TDCV4TDCV3TDCV1T

- 3.5

- 4.5

- 5.5

New low gap thiophene oligomers: 
energy gaps



ITO / Au(1) / pTNATA(30) / pNPD(10,4:1) / NPD(5) /

 

DCVnT (8) /

 

C60 (40) / Bphen(6) / Al(100)

Voc

 

= 1.13 V  

Voc

 

= 1.00 V

Voc

 

= 0.93 V
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decreases

Open circuit

 

voltage Charge carrier separation 
efficiency
fill factor FF 
saturation factor j(-1V)/ jSC

for

 

PCE calculation, a spectral

 
mismatch

 

of 0.7 has to be

 

taken

 
into

 

account.

FF = 27.6%
j(-1V)

 

/jsc

 

= 1.32

FF = 50.4%
j(-1V)

 

/jsc

 

= 1.10

FF = 49.7%
j(-1V)

 

/jsc

 

= 1.15

increases

with increasing chain length

Solar Cells with DCVnT



Cells based on DCV5T / C60 flat heterojunction

•
 

Voc

 

up to 1V for
 

material with
 

optical
 

gap
 

1.77eV 
•

 
Single cell

 
with

 
up to ~ 4% efficiency

 
@ 7nm active

 
layer

K. Schulze et al., Adv. Mat. 18, 2872 (2006)
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3.4%

Thicker
 

absorber
 

layers: low
 

fill
 

factor
 

-> transport
 

problem



-1.0 -0.5 0.0 0.5 1.0
-15

-10

-5

0

5

 ADA-BCO 2 / C60

118 mW/cm2 white light
Uoc = 0.98 V
jsc = 10.57 mA/cm²
FF = 48.5 %
η           = 4.26 %

 ZnPc / C60

118 mW/cm2 white light
Uoc = 0.49 V
jsc = 10.1 mA/cm²
FF = 55 %
η           = 2.3 %

 

 

cu
rr

en
t d

en
si

ty
 (m

A/
cm

2 )

voltage (V)

η = 3,4%

DCV5T
ZnPc C60 C60
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spatial coordinate

Donor Acceptor

LUMO

HOMO

A
LE

H
DE

Impact on charge
 

separation:
• minimized

 

loss

 

of free

 

energy

•

 

dissociation

 

of geminate

 

pair necessary, 
excess

 

energie

 

of „hot exciton“

 

is

 

minimized

•

 

recombination

 

into

 

the

 

triplet

 

state

 
becomes

 

possible

=> introducing

 

a loss

 

mechanism
Veldman et al., Thin

 

Film Solids

 

511, 333 (2006)

b)

 

pathway suggested by Ford et al., PRB 71, 125212 (2005)

en
er

g
y

electron-hole distance

S0

S1
1CSS

T1

b)

3CSS

Charge 
separated
state

Free charge 
carriers

D
H

A
Loc EEeV −∝

High open
 

circuit
 

voltage:

Increasing

 

energetic

 

gap

 

between
LUMO of acceptor

 

and HOMO of donor

Study of Exciton Separation

R. Schueppel

 

et al., ChemPhysChem

 

8, 1497-1503 (2007)



LockIn Amplifier
Ref X/R Y/θ Sig

Parameters in photoinduced absorption experiment:

wavelength, modulation frequency, temperature, pump intensity, bias voltage

Cryostat

Ar+

 

Laser

Mono-

 
chromator

PD

Photodiode
Si / InGaAs

Chopper Control

PIA spectra

Pump-probe experiments 
in the µs-ms time-range

typ. 100mW, 5mm2, 514nm

550-1700nm

typ. 10K

typ. 100-6000 Hz

Photoinduced Absorption Spectroscopy



Triplet

 

(T1

 

→Tn

 

) and cation

 

(D0

 

→Dn

 

) 
transitions

 

of DCVnT; TD-DFT calculations

 
by

 

Karin Schmidt (B3LYP, unrestricted, relaxed

 

geometries)

PIA spectra

 

of DCVnT:C60 at 10K

ξ: Normalized

 

difference

 

of neat

 

and 
blend layer

 

PIA spectra
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Photoinduced Absorption Spectroscopy: Results



Another new Donor Material

•
 

VOC

 

of 0.92V

•
 

Efficiency: 3.56%



ideal solar cell structure (concerning VOC

 

)The 3 steps to high voltage according to the Würfel picture

1.
 

Quasi-Fermi-levels
 

EF,e

 

and 
EF,h

 

must
 

be
 

well separated
 

in 
absorber

 ⇒ excitons
 

must
 

be
 

efficiently
 separated

 
in absorber

 
with

 
little

 energy
 

loss

2.
 

Quasi-Fermi-levels
 

must
 

be
 

„picked
 up“

 
well by

 
transport

 
layers

 
A and C

3.
 

Energy
 

loss
 

at contact
 

to electrodes
 must

 
be

 
avoided

A B C

EF,e

EF



EF,h

A B C

E
C

E
V

EF,e

E
e x

Vappl

 

= VOC

ideal solar cell structure (concerning VOC

 

)Systematic study of quasi-Fermi level „pick-up“

•
 

C. Uhrich
 

et al., Adv. Functional
 Materials 17, 2991 (2007)

•
 

Shift
 

of the
 

Fermi
 

level
 

in the
 

hole 
transport

 
layer

 
C

•
 

Comparison
 

of flat
 

and bulk
 heterojunction



bulk heterojunction

Potential curves
 

under
 

open
 

circuit
 

condition:

• charge

 

carrier

 

generation

 

in B
•

 

HOMO offset

 

betw. 4P-TPD and HTL:

 enhanced

 

recombination

 

at B/C

-> VOC

 

cannot

 

exceed

 

Vbi

 

significantly

planar heterojunction
• charge

 

carrier

 

generation

 

at interface

 

A/B
• C60

 

and HTL are

 

spatially

 

separated
• quasi-Fermi

 

levels

 

are

 

constant
•

 

charge

 

carriers

 

are

 

driven

 

against

 

electric

 

field

 

by

 diffusion

 

(VOC

 

> Vappl

 

> Vbi

 

)

-> VOC

 

equals

 

splitting

 

of QFL and exceeds

 

Vbi

Comparison bulk vs. planar heterojunction

Hole 
accumulation
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I) bulk HJ   
VOC

 

cannot
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significantly

bulk
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bulk
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OC nn
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HOMO
donor

LUMO
acceptorg EEE −=

S-shape

 

due

 

to comp. low

 

Vbi

 

and
barrier

 

(HTL/4P-TPD)

Comparison bulk vs. Planar heterojunction
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I) bulk HJ   
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significantly

bulk

 

HJ with
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I) planar HJ 
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is
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Eg
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OC nn

NNkTV lnEE-E ghF,nF, ⋅−==

HOMO
donor

LUMO
acceptorg EEE −=

S-shape

 

due

 

to comp. low

 

Vbi

 

and
barrier

 

(HTL/4P-TPD)
increased

 

Vbi
-> no S-shape, high FF (66%), high VOC

 
(0.95V)

Influence of hole transporter Fermi level on Voc



ideal solar cell structure (concerning VOC

 

)The 3 steps to high voltage according to the Würfel picture

1.
 

Quasi-Fermi-levels
 

EF,e

 

and 
EF,h

 

must
 

be
 

well separated
 

in 
absorber

 ⇒ excitons
 

must
 

be
 

efficiently
 separated

 
in absorber

 
with

 
little

 energy
 

loss

2.
 

Quasi-Fermi-levels
 

must
 

be
 

„picked
 up“

 
well by

 
transport

 
layers

 
A and C

3.
 

Energy
 

loss
 

at contact
 

to electrodes
 must

 
be

 
avoided

A B C

EF,e

EF



undoped doped

J. Blochwitz
 

et al., Organic Electronics 2, 97 (2001)

Creation of ohmic contacts by doping

: blocking : ohmic



jsc

 

Voc

 

FF

 

η *

[mA/cm²] [V]

 

[%]

ITO

 

6.35

 

1.01

 

0.4

 

2.6

ZAO

 

6.06

 

1.01

 

0.41

 

2.5

*a spectral mismatch between sun simulator and AM 1.5 spectra 
was taken into account

K. Schulze et al., Appl. Phys. Lett. 91, 073521 (2007)

- IV-characteristic of both devices 
comparable

- same open circuit voltage Voc : 
work function of TCO does not 
influence the Voc
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Conclusions on the voltage

•
 

Optimized
 

energy
 

step
 

at heterojunction
 

is
 

crucial

•
 

Voc

 

can
 

exceed
 

Vbi

 

in organic
 

solar cells

•
 

However, there
 

are
 

limits: diffusion
 

requires
 

large 
carrier

 
gradient:

 excessive
 

recombination
 

near
 

the
 

photoactive
 

zone

•
 

Doped
 

transport
 

layers
 

allow
 

high Vbi

 

and virtually
 

any
 contact

 
material
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•
 

Low-cost manufacturing

Outline



Extending absorption to the infrared: SnPc



Pin-tandem cells: charge recombination

Al

n-C60

ITO

p-HTL 

ZnPc:C60

p-HTL 

n-C60

ZnPc:C60



ITO metal

n

p
Au

EQF,e

EQF,h

undoped

QFee Enµj ∇∝

doped

Doping is crucial for tandem cells: 
Interface recombination with minimum free energy loss



Recombination without doping I

ZnPc:C60 ZnPc:C60

Cell 1 Cell 2
Evac

No doping, no interface dipole
Carrier pair transforms its complete energy into heat
upon recombination
Recombination centers are not enough

EQF,e

EQF,h



Recombination without doping II

ZnPc:C60

ZnPc:C60

Cell 1 Cell 2
Evac

Lucky strike: 
Formation of suitable interface dipole upon 
deposition of metal nanoclusters onto cell 1

Recombination may be loss free even without doping
cf. Yakimov, Peumans et al.



Recombination with doping

ZnPc:C60

Donor:C60

Cell 1
Cell 2

Evac

p

p

i
i

n
n

•
 

Minimum energy
 

loss
 

by
 

alignment
 

of Fermi
 

levels

•
 

Gold clusters
 

not
 

needed

•
 

R. Timmreck et al. unpublished



•
 

Interface between
 

subcells
 

without
 

metal clusters
•

 
direct

 
contact

 
between

 
p-doped

 
and n-doped

 
layer
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Tandem cell of
two ZnPc*C60 p-i-n cells
without metal cluster interlayer

106 mW/cm2

Uoc = 1.01 V
jsc = 7.5 mA/cm²
FF = 59 %
eff = 4.3%  
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covering the entire solar spectrum: IR & tandem cells
 -
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•
 

Low-cost manufacturing

Outline



M. Pfeiffer – Plastic Electronics 2007

Long-term
 

stable
 

tandem
 

cells

Encapsulated sample for 1000h under halogene lamp at 50°C; 
intensity corresponds to approx. 2 suns: 
- Voc , jsc and saturation factor (j(-1V)/jsc ) perfectly stable 
- FF reduced from 60% to 58%

Extrapolated lifetime (80%): 
~ 10 000h 

at 100mW/cm², 50°C

However: 
Rapid degradation beyond 1500h 
together with color change 
in epoxy resin

probably breakdown of 
encapsulation

R. Franke et al. Solar Energy

 

Materials & Solar Cells, in press



ITO

MeO-TPD:F4-TCNQ 75 nm (4%)

NPD 10 nm

BPhen:Cs 45 nm

Al 100 nm

BPhen 10 nm or
BAlq 10 nm

NPD:Ir(piq)3 20 nm (20%) or
BAlq:Ir(piq)3 20 nm (10%)

BASIC STRUCTURE

Ir

N

NN

C

C

C

3+

-

-

- Ir(piq)3

 

deep red
CIE 0.68, 0.32

Case Study: Ultra-Stable deep red pin OLED

•
 

Phosphorescent
 

red pin
 

OLED using
 

„open“
 materials

•
 

Different hosts
 

(NPD, Balq) and blockers
 (Balq, Bphen)

•
 

All materials
 

very
 

carefully
 

sublimed
 (Creaphys

 
sublimator)

R. Meerheim et al., Appl. Phys. Lett. 89, 061111 (2006)



•

 

Already the lower limits δ-

 

t1/2
SED

 

gives 
10 million hours lifetime at 100 cd/m2 

•

 

One Emitter molecule runs through 
2.4.1011

 

photocycles

•

 

BAlq/BAlq

 

devices „decay“

 

even slower

AGINGUltrastable red OLED: Lifetimes well beyond 
10Mhrs @100Cd/m2

R. Meerheim et al., Appl. Phys. Lett. 89, 061111 (2006)



OLED lifetime: It never stops to grow

Factor
 

of 10 ≈
 

4.5 years

•
 

Solar cells
 

should
 

do better:

•
 

Lower
 

gaps

•
 

Excitons
 

are
 

separated
 quickly
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•
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Helpful: Comparison to Lighting



OLED lighting: Technology Roadmap (USDC)

30 $/m2 = 0.3 Cent/cm2

 
≈

 
30 Cent/pWatt

 
!

OLED lighting
 

cost
 

≈
 

organic
 

solar cell
 

cost
 

!



New funding project: Roll-to-roll coating for 
small-molecule OLED

ROLLEXPartners:

•
 

TU Dresden

•
 

FhG-IPMS
 

Dresden

•
 

Novaled

•
 

Laytec

•
 

Von Ardenne

•
 

Philips



Coating cost for roll-to-roll tool

Reel-to-reell: foil width 60cm
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•
 

Cost
 

of below
 

20€/m2

 

is
 

achievable
 

(materials
 

limited)

•
 

Organic
 

Costs
 

below
 

10€/g needed

•
 

Cost
 

for
 

Encapsulation/Cathode
 

is
 

critical

Reel-to-reel: foil w idth 240cm
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Organic Value Chain in Saxony 
www.organic-valley.org

Materials
 

OLED-Technol. Tools
 

Products
Modeling

R&D

Industry
VON ARDENNE

More than 500 people in 2008!



•
 

Efficiency way too low to achieve broad application

•
 

Materials basis still extremely narrow

•
 

Bulk heterojunction
 

morphology is a challenge

•
 

Low-cost manufacturing
 

technologies possible 

Conclusions

Small-molecule
 

organic
 

solar cells
 

are
 

a promising
 

technology, but:
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