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PPV:  the 
prototypical 
semiconducting 
polymer:   

Delocalised π-
electrons provide 
both conduction 
and valence bands 

π electrons – delocalized, as in graphene? 

π electrons – localized, as in distyrylbenzene? 

length scales for electronic wavefunctions? 

LEDs: Jeremy Burroughes, Donal Bradley 
et al.  Nature, 347, 539 (1990) 



Polymer Light-Emitting Diodes 
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Jeremy Burroughes, Donal Bradley et al.  

Nature, 347, 539 (1990), US patent 5,247,190 

1992 - foundation of Cambridge Display Technology, CDT 



Early polymer LED viewed 
through window of evacuated 
chamber…. 



OLED technology 

Engineering:   chemical synthesis  
 
[Merck – formerly Covion, formerly Hoechst] 
 
[CDT partnership with/acquisition by Sumitomo Chemical 
Company]   
 

‘semiconductor’ purity levels achieved,  
detailed chemical modifications made to improve 
efficiency and lifetime.     
 

 LED lifetimes:  1990 - few minutes 
1996 - 1000 hours 
2010 > 100,000 hours (projected) 



Inkjet Deposition Process: 

Direct patterning deposition 
Non-contact printing 
Minimum material 

How to pattern the red, green and blue pixels:  direct printing 

•  Polymer deposition by ink-jet 
printing 

Printed Polymer in Bank Holes 



Panasonic 56 inch printed OLED 
 

Existing markets 

Organic electronics – Status 

Emerging applications 
Advanced prototypes 

Next generation applications 
Demonstrators, but technology challenges  

OLED 

OTFT 

OPV Solar Cells 

Paper-like 
flexible  
displays 

Mobile  
Power; 
building  
Integrated PV 

All-polymer 
& next gen. 
displays; 
RFID 
circuits 
sensors 

Source: PolyIC 

- 

Phones (45M units in 
2010) MP3, camera 
 

Lighting,  
wall-side TV 

Source: Plastic Logic 
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Panasonic Develops 56-inch 4k2k OLED Panel
 
Osaka, Japan - Panasonic Corporation has developed a 56-inch organic light-emitting diode (OLED) panel with 
4k2k resolution (3,840 x 2,160 resolution, 8.29 million pixels), the world's largest OLED panel produced through
the “RGB all-printing method.”1 Prototype panels will be exhibited at the 2013 International CES in Las Vegas,
Nevada, from January 8 to 11, 2013.
 
In the printing method of production of OLED panels, OLED materials are applied to the substrate through a
printing technique to form an electroluminescent (EL) layer.  Due to the simplicity of the production process, it is
expected that the technology will be easily adaptable to the production of OLED panels in a variety of screen
sizes.  Through the printing method, it is also possible to apply just the right amount of organic material to where it
is needed, reducing waste material and shortening production lead time, making the printing method of production
more economical.
 
In the production of the OLED panel, Panasonic is utilizing the RGB all-printing method, which allows for the
separate application of the red, green and blue OLED materials by means of printing, and has developed the
equipment and process technologies to apply the materials uniformly to a large substrate.
 
In addition, with Panasonic’s proprietary top emission structure with a transparent cathode, which can extract light
more efficiently, it has been possible to achieve the world’s largest 56-inch RGB all-printing method-based 4k2k
OLED panel with excellent color reproduction and a wide viewing angle.
 
As OLED panels are self-illuminating devices, they deliver superb picture quality with high contrast, high color
reproductivity and a fast response rate. They also combine the advantages of plasma and liquid crystal display
(LCD) panels, such as an ultra-thin profile, light weight and low power consumption.  Due to these characteristics,
OLED is considered as a promising option for next-generation displays that will create new applications in a broad
range of fields, for use not just in the home, but in medical, broadcasting and aircraft applications. With the
advancement of display technologies, which may enable sheet-type or flexible displays, OLED panels will find
more applications in a wider range of industries.
 
Panasonic has been carrying out its own research and development in OLED technology.  The company is
exploring ways to capitalize on the characteristics and potential of OLED devices to the fullest extent, taking
advantage of its know-how in manufacturing and achieving high picture quality it has cultivated in its development
of PDP and LCD flat-panels.  Panasonic is also collaborating with Sony Corporation to develop mass-production
printing-based technology for OLED panels.2  The thin-film-transistor (TFT) substrates used in the prototype

panels were supplied by Sony as part of the collaborative efforts.
 
Panasonic will continue to accelerate innovations in display device technologies and further strengthen its R&D
activities, with the aim to create customer value.
 
 
[Main features of the new OLED technology]
 
1) The RGB all-printing method suitable for large panels
 
In the printing method, the same print head can be used regardless of the panel size during the process of forming
the EL layer, and the production process is simple and does not require a vacuum environment or a high
temperature process, it is considered highly scalable and suitable for producing large panels.
 
Panasonic has developed printing equipment and process technologies that enables the separate application of
the RGB OLED materials by color, while applying the materials evenly on a large panel.  As a result, the company
has succeeded in producing OLED panels as large as 56 inches, the world’s largest all RGB all-printing method-
based panel, with 4k2k resolution.
 
2) The combination of the RGB all-printing method and the unique top emission structure with a

transparent cathode achieves excellent color reproduction and a wide view angle
 
Through utilizing the RGB all printing method, in which red, green and blue light-emitting materials are applied

Learn more about our corpo- rate
initiatives for environmen- tal
management, corporate
citizenship and more.

View highlights of our history for
the past 50 years.

Panasonic invites high quality
small and diverse companies to
participate in our Supplier
Diversity Program.
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Structure of Device: 
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Inkjet-Printed All-
Polymer Transistors 

Sirringhaus, Kawase et al. Science 290, 2123 (2000) 



The First Inkjet Printed TFT 

Source & Drain Gate 
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Self-aligned printing 

remove requirement for pre-patterning: 

Christoph Sele, Timothy von Werne, Henning Sirringhaus, Adv. Mater. 17, 997 (2005) 

50µm 



Active-matrix 
backplane for e-ink 
electrophoretic 
display 

 
• multi-level patterning without mask alignment (needed 
for photolithography)  

• active, real-time distortion correction for shape 
changes to substrate (PET film) 

CES Las Vegas January 2013 



Plastic Logic colour e-paper display 



Ambipolar, light-emitting organic field-effect transistors 
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Organic Solar Cells? 

π-conjugated molecules used in nature for photosynthesis, 
but: 
•  green plants construct a very complex multiple 

‘heterojunction’ structure to separate electron and hole 

Current research and development: 
•  ‘crude’ single heterojunction devices work much 

better than they should…. 



Green plant photosynthesis: 

photosystem II 
makes O2 and 
hydroquinones  

photosystem I 
makes NADPH  



Organic solar cells:  simple recipe!   

mix the two semiconductors together so that there is a lot 
of interface between electron donor and acceptor 

Poly(3-hexyl 
thiophene) – hole 
acceptor 

Fullerene – electron 
acceptor 

Solar energy 
conversion efficiencies 
now up to 10% with 
red-shifted polymers 
(2012) 



Encapsulation 

Completed modules 
Cathode Active layer PEDOT ITO Substrate 

Manufacture of 
organic PV modules 
made on a flexible 
substrate using roll-
to-roll methods 

roll-to-roll solar cells: 

Information!Memorandum/Pioneering(Technology!

!

17! Confidential!&!Proprietary!Information!

!

OPV(COST(DRIVERS(
!
Eight19!has!a!clear!business!strategy!to!be!free!to!partner!with!tier!one!material!suppliers!in!the!
OPV!supply!chain,!and!has!successfully!developed!relationships!with!the! leading!film!suppliers!
and!major!!chemical!companies!worldwide!for!provision!of!barrier!films,!transparent!conductors!
and!photoactive!(organic!semiconductor)!materials!from!which!plastic!solar!cells!are!made.!The!
company!has!developed!unique!processes,!equipment!and!device!architectures!which!already!
have!demonstrated!device!performance!that!exceeds!figures!reported!in!the!literature!for!cells!
manufactured!on!plastic.!
!
From!the!outset,!Eight19’s!manufacturing!philosophy!has!been!to!use!only!processes,!materials!
and!techniques!that!will!scale!for!high!volume,!low!cost!fabrication.!!The!company!has!invested!
in!roll]to]roll!manufacturing!equipment!that!allows!solar!cells!to!be!created!at!high!speed!using!
comparatively!low!cost!machinery.!!
!
The! cost! of! OPV! is! dominated! by! the! cost! of! the! input! materials.! The! cost! is! normally!
represented!in!terms!of!dollars!for!each!Watt!of!power!available!under!standard!test!conditions!
(AM1.5)!and!is!known!as!$/Wp.!The!figure!has!two!principal!influences:!
!

• The!cost!of!material!per!unit!area!
• The! efficiency! of! the! cell! (and! hence! the! area! needed! to! generate! a! unit! amount! of!

power)!
!

The! organic! solar! cell! technology! is! rapidly! evolving,! showing! record! power! conversion!
efficiencies! above!10%!and!predicted! lifetime!exceeding!10!years.! These!advances!have!been!
developed!over!the! last!3]5!years!and!continuing!performance!and!lifetime!improvements!are!
expected.!!
!
!

!

Best(research(thin(film(solar(cell(efficiencies((adapted(from(NREL(data).(Note(the(rapid(
increase(in(reported(OPV(efficiency(compared(to(other(technologies.(
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Pay-As-You-Go Makes Solar Accessible to Emerging Markets
by Sami Grover, Carrboro, NC, USA  on 09.28.11

Image credit: Eight19

We already know that solar lighting can be a lifesaver in Africa, and that clean energy can transform school performance too. So it was exciting to
learn that solar is now cheaper than kerosene in many remote, rural communities. Yet significant obstacles remain—most notably the high upfront
costs compared to ongoing fuel payments. But one company hopes to change all that, using the pay-as-you-go model developed by the cell phone
industry to make solar lighting and phone charging accessible to emerging markets across the Globe.

Developed by solar film manufacturer Eight19, and being trialed now in partnership with Solar Aid, the IndiGo charging technology is specifically
designed to overcome cost barriers in a huge, emerging market. (Previously the domain of development charities, small-scale solar lighting and charging
is increasingly becoming a business opportunity for companies and micro-entrepreneurs in poorer rural communities.)

The 2.5w system features a solar panel, an LED light, adapters for most cellular phones, and an IndiGo box with battery. Users simply add credit to the
box using top up codes sent to their cell phone&mdah;without which the system does not generate electricity. Speaking to Business Green about the
IndiGo pay-as-you-go solar charger, CEO Simon Bransfield-Garth explained that users will likely pay around $1 a week rather than $60 upfront—a
much more manageable payment for many rural residents in the Global South. Crucially, in terms of viability as a business model, Bransfield-Garth sees
the potential for many residents to upgrade their systems as their energy needs grow:

While the technology could also be used in industrialised economies, Eight19, named after the amount of time it takes for the sun's light to reach
the earth, is firmly focusing on the potential emerging markets offer.

"What we've found is that people might start off with a 2.5W system, but want more to run a TV or something," Bransfield-Garth said. "So we not
only have new customers, we have scale-ups too."

I am sure there will be those who decry the arrival of television and growing energy demands in rural areas, but most likely those criticisms will be typed
by someone in tthe West on a computer that is running on coal-powered electricity.

I, for one, am excited by the potential that this business model represents. With solar leasing transforming the energy market in the US, it only
makes sense that it could be applied in other markets too.

More on Solar in Emerging Markets
Why Solar is a Life Saver in Poor Rural Communities (Video)
Solar Transforms School Performance in East Africa (Video)
Solar Now Cheaper Than Kerosene for Poor Rural Communities

Check out TreeHugger for 30+ fresh, green stories every day!

Join the discussion!

Pay-As-You-Go Makes Solar Accessible to Emerging Markets : T... http://www.treehugger.com/files/2011/09/pay-as-you-go-solar-afri...

1 of 2 01/10/2011 13:30

750 million ‘off-grid’  cell 
phones……  

http://www.azuri-technologies.com 



pentacene energy levels: 

singlet 

ground state 

2T1 < S1 
 
fission of S1 to two 
triplets energetically 
allowed. 
 
(Martin Pope 1969) 
 
S1  →  T1  +  T1 

Current Research:  Spin triplet excitons: 

1.83 eV 

0.86 eV 

Fission 

electron 
spins 
antiparallel 

electron 
spins  
parallel 

triplet 
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Wilson et al.,  JACS 
133 11830  (2011)   

 Rao et al. JACS 
132, 12698 (2010)   

Pentacene-C60: from singlet to triplet to charges 

Singlet exciton 
fission: 80 fsec 

triplet diffusion to C60 and 
charge generation: 5 ns 

70 nm 
pentacene 

10 nm C60 



How to use multiple exciton generation in a solar cell? 

  
  

F8BT 

Au 

d F8BT 

Au 

pentacene 

Low band-gap lead 
sulfide/selenide 
nanocrystals (absorb 
in the IR) 

Possible scheme: 

2 excitons/photon ? 

1 exciton/photon 
with 

pentacene Efficiency limit raised from 
Shockley-Queisser limit of 32% 
to 46% (Hanna and Nozik J. Appl. 
Phys. 2006, 100, 074510) 
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Absorption spectra of the lead 
selenide (PbSe) semiconductor 
nanocrystals used during this 
study, in solution. The 
nanocrystals range in 
monodispersity from 3-6%.  

pentacene – PbSe 
PV diodes: 

Bruno Ehrler, Brian Walker, Marcus Böhm, Mark 
Wilson, Yana Vaynzof,  Richard Friend and Neil 
Greenham, Nature Commun. 3, 1019 (2012)  
 
also: Ehrler et al. Nano Letters 12, 1053 (2012)  
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Pentacene/PbSe/a-Si 
device structure and 
proposed working 
mechanism. Visible range 
photons are absorbed by 
pentacene and split into 
pairs of low energy triplet 
excitons. IR photons are 
absorbed in silicon and the 
thin PbSe layer.  

Hybrid pentacene/a-silicon solar cells utilizing multiple carrier generation via
singlet exciton fission

Bruno Ehrler, Kevin P. Musselman, Marcus L. B€ohm, Richard H. Friend,
and Neil C. Greenhama)

Cavendish Laboratory, JJ Thomson Avenue, Cambridge CB3 0HE, United Kingdom

(Received 18 July 2012; accepted 19 September 2012; published online 10 October 2012)

Silicon dominates the solar cell market because of its abundance, mature production processes, and
high efficiencies, with the best solar cells approaching the Shockley-Queisser limit. Multiple
exciton photogeneration provides a route to solar cells that surpass the Shockley-Queisser limit,
and we report the use of pentacene, for which photogenerated singlet excitons rapidly convert into
two lower-energy spin-triplet excitons. We report solar cells that couple amorphous silicon to
pentacene. We show that a thin layer of nanocrystals between silicon and pentacene allows
simultaneously harnessing low-energy photons absorbed in silicon and high-energy photons
absorbed in pentacene, generating two excitons via singlet fission. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4757612]

Five decades of research have taken silicon solar cell
efficiencies1 close to the Shockley-Queisser limit2 for single-
junction solar cells. This limitation occurs primarily because
the energy extracted per photon is limited by the semicon-
ductor bandgap. Strategies to overcome this limitation are
called for. Tandem solar cells are well-established and reach
efficiencies exceeding 30% (40% under concentrated sun-
light).1 A tandem solar cell consists of two individual cells
that need to be current-matched. Hence, they are expensive
to produce, limiting them to niche applications such as con-
centrator systems and space applications. A single-junction
solar cell that incorporates a material producing more than
one low-energy carrier per absorbed high-energy photon can,
in principle, exceed the Shockley-Queisser limit when this is
coupled to a semiconductor that makes use of the low-
energy photons.3–5 Semiconductor nanocrystals have been
shown to generate multiple carriers from high-energy pho-
tons.6–9 A parallel development is the use of singlet exciton
fission to produce pairs of triplet excitons in organic semi-
conductors.3,10 We use pentacene as an example of an or-
ganic semiconductor with efficient, fast, and spontaneous
singlet exciton fission.11–13 We have demonstrated infrared
nanocrystal solar cells sensitized with pentacene,14 and we
report here how we can couple such structures to silicon,
demonstrating the scope to improve on a well-established sil-
icon solar cell technology.

Amorphous silicon (a-Si) solar cells have made good
progress though efficiencies of 9–10% (Ref. 15) (and 13% in
a silicon-germanium triple junction16) still lag behind crys-
talline silicon.17,18 Here we use a-Si because of its large
absorption coefficient and low-cost deposition. The bandgap
of a-Si cannot be described with a simple energy band pic-
ture as the non-periodic structure results in tailing of the
energy bands. In addition, defect states within the bandgap
due to dangling bonds impose further uncertainty on the
band structure.19 Therefore, a rational design for solar cell
behavior in a heterojunction between a-Si and other

semiconductors is difficult. Empirically, however, Klimov
and co-workers have shown that a solar cell with a bilayer
heterojunction between a-Si and lead sulfide (PbS) nanocrys-
tals of bandgap 1.1 eV shows efficiencies less than 0.5%.20 A
similar approach has been used to fabricate solar cells from
n-doped crystalline silicon nanotips and PbS nanocrystals
with efficiencies approaching 2%.21 Crystalline silicon has
also been used with organic semiconductors such as P3HT
(Ref. 22) or PEDOT:PSS,23 yielding promising efficiencies.
We note however that the organic semiconductors used so
far are not capable of singlet exciton fission. We have shown
previously that triplet excitons from pentacene can be har-
vested using lead selenide nanocrystals with a bandgap as
high as 1.1 eV.24 Here we use the 1.1 eV PbSe nanocrystals
as an interlayer to extract the electrons from triplet excitons
in pentacene and the holes from a-Si. These trilayer solar
cells were produced by evaporating 50 nm pentacene on
ITO/glass substrates followed by deposition of a 25–50 nm
nanocrystal layer by successive cycles of spin-coating and
crosslinking with 1,3-benzenedithiol. A layer of 100 nm
amorphous silicon was then DC-magnetron sputter coated on
top of the nanocrystal layer followed by thermal evaporation
of an aluminum top electrode. Full experimental details are
given as supplementary information.25 From the good per-
formance of the PV devices reported below, we consider that
the PbSe nanocrystals protect pentacene during a-silicon
deposition. Figure 1 shows the device structure and proposed
working mechanism.

Singlet excitons in pentacene have been shown to
undergo fission within 80 fs.13 The fission process in penta-
cene is hence expected to show efficiencies close to unity
due to the lack of competing loss processes at this time-
scale.3 This is consistent with high external quantum effi-
ciencies from pentacene26–30 and the energy available from
the pentacene excitation.24 We can hence attribute any pho-
tocurrent observed from pentacene absorption to dissociation
of triplet excitons generated via singlet fission.

Figure 2(a) shows the external quantum efficiency
(EQE) spectrum of the trilayer solar cell in comparison to a
solar cell that does not contain silicon and one that does not

a)Author to whom correspondence should be addressed. Electronic mail:
ncg11@cam.ac.uk.

0003-6951/2012/101(15)/153507/3/$30.00 VC 2012 American Institute of Physics101, 153507-1
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