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Organic and polymeric optoelectronic devices have come a long way over 
the last decade, with some already having made the leap from the laboratory
to commercial markets. In the February issue of OPN, we summarized the
progress that has been made in the area of organics in optical communica-
tions. In this issue we will focus on the state-of-the-art in organic solar cells,
organic light emitting diode (OLED) technology for flexible displays and
organic optical data storage. OLEDs have already achieved significant pene-
tration in the commercial market for small, inexpensive, flexible displays. 
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Figure 1. Texture of a thin film of substituted perylene diimide measured by polarized
microscopy; structure is shown in the inset. [Courtesy of Bernard Kippelen, Georgia Tech.] 

Organic solar cells
Photovoltaic solar cells have garnered
much interest in both the public and 
private sectors because they are a clean
energy source that could potentially
reduce dependence on fossil fuels. This
interest has grown substantially as oil
prices have climbed and most of the
nations that provide oil have continued
to be areas of geopolitical instability.

There has been increased deployment
of “first generation” photocells, which are
homojunction devices based on crys-
talline silicon and are not cost-effective
enough to provide sustainable growth in
an open market environment. However,
the extensive investments that have been
made in these devices have set the stage
for development of truly cost-effective
thin film photovoltaics, and a number of
companies are pursuing this goal, includ-
ing Sharp, General Electric, Hitachi,
Konarka and Nanosolar.

Like other organic semiconductors,
these solar cells stand to benefit from a
variety of low-cost, high-volume manu-
facturing methods that are based primar-
ily on the ability to direct-write devices
and to place them on flexible substrates.
There are several approaches, including
using amorphous silicon, organic hetero-
junction and dye-sensitized solar cells.

For typical AM1.5 solar radiation, a
power conversion efficiency of 10 percent
to 20 percent would be required; AM1.5
represents the solar radiation flux when
the sun is about 45° from directly over-
head. To date, the best devices have
achieved conversion efficiencies in the
range of 5 percent, compared with the 
20 percent to 25 percent available from
crystalline silicon solar cells.

The problems faced by the organic
solar cell effort, as well as the potential
remedies, can best be understood by
examining the formal expression for
the composite external efficiency �E of
a solar cell:

�E = �a�d�c .

In this equation, �a is the photon
absorption efficiency, �d the exciton
dissociation efficiency and �c the charge 
collection efficiency. Organic polymeric
materials that have been used as electron

donors in organic-organic devices largely
absorb in the visible. Thus, these materi-
als absorb only 30 percent or less of
AM1.5 solar spectral power; this corre-
sponds to 20 percent or less of the pho-
ton flux, reducing �a considerably
compared to silicon-based solar cells,
which have much more absorption in the
near infrared.

The exciton dissociation efficiency �d

can be enhanced by using a charge (elec-
tron) collector like C60. Similarly, �c in
organics is generally quite low, and repre-
sents an area that has been the focus of
much effort, aimed primarily at prevent-
ing the recombination of electrons and
holes before they reach their respective
electrodes.

After a decade of intensive research
aimed at finding organic materials with
large carrier mobilities, high hole mobili-
ties have now been demonstrated in 
several organic systems. The evaporated
organic crystal pentacene has demon-
strated mobilities as high as 35 cm2/V-s
(volts-seconds) at room temperature as 
a result of an improved purification pro-
cess that greatly reduces the number
of traps.1 For low-cost, solvent-based 

processing, discotic liquid crystals that
self-assemble into ordered one-dimen-
sional columnar stacks have demon-
strated hole mobilities greater than 
3 cm2/V-s.

Higher �-orbital overlap within these
ordered structures appears to lead to
increased carrier mobility compared to
amorphous material. The dyes consist of
a perylene diimide core and 3,4,5-trido-
decylphenyl substituents (see Fig. 1,
inset) that confer liquid crystalline prop-
erties to these materials over a wide
temperature range (-10° C to 220° C).
Polarized microscopy (Fig. 1) and X-ray
studies indicate that these molecules 
self-assemble into hexagonal columnar
stacks.2

Organic heterojunction solar cells are
very similar in construction to OLEDs,
in that they typically consist of a glass
substrate, an indium tin oxide (ITO)
transparent conducting electrode, a hole
transport layer, an electron transport
layer and a top metal electrode. One of
the best organic solar cell performances
reported to date has been achieved by a
group at Princeton University, which
reported 4.2 percent efficiency.3
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The basic structure of the device 
is illustrated in Fig. 2. The researchers
employed a glass substrate with a 
1,500-Å-thick ITO anode with a sheet
resistance of 15 �/sq. In just published
results, this team has now achieved 
5.7 percent efficiency using two hybrid
planar-mixed molecular heterojunction
cells in series. In this system the electron
donor material is copper phthalocyanine
and the electron acceptor is C60.4

Organic electronics and 
field effect transistors
Work on organic field effect transistors,
which began in the late 1990s, was ini-
tially undertaken to develop an organic
thin film transistor (OTFT) that could be
used with OLED technology to produce
inexpensive, flexible displays. Other
applications, ranging from use in low-
power electronics to radio frequency
identification tags, are now under
serious consideration.

The majority of OTFT work has been
based on the solution processible semi-
conducting conjugated polymer regioreg-
ular poly (3-hexylthiophene) (P3HT),
in which field effect hole mobilities of
0.1 cm2/V-s have been achieved, along
with ON-OFF ratios5 of >106. Figure 3
illustrates a typical P3HT construction
using the “bottom-contact” approach.6

The P3HT can be deposited by either dip
coating or spin coating.

Some of the drawbacks to the P3HT
approach, which uses a thick gate dielec-
tric, are that the threshold operating volt-
ages have been in the range of 20 V and
that mobilities are still relatively low. To
address these issues, researchers have
undertaken a number of efforts that use
the organic semiconductor pentacene,
which has allowed impressive mobilities
in transistor structures to be achieved.
An OTFT using pentacene and a cross-
linked polyvinylphenol gate dielectric
layer can achieve carrier mobility as 
high as 3 cm2/V-s.7

Polydimethylsiloxane stamping 
technology has been used to make high-
performance transistors on the surface 
of freestanding rubrene crystals with 
15 cm2/V-s mobility. A recent report
described an OTFT based on pentacene
and a very thin self-assembled monolayer
gate dielectric based on 18-phenoxyoc-

contrast, wide viewing angle and, most
important, potential for very low cost
production.

Figure 4 shows a video-rate capable
flexible OLED display developed by
Sarnoff Laboratories, a demonstration
that highlights the unique advantages 
of organic optoelectronics. While these
developments clearly show that many
technology challenges have been tackled,
the lifetime of blue OLEDs, in particu-
lar, is still not long enough for many
applications.

Research in this area is now focused
on the development of more efficient
OLEDs, the demonstration of novel
low-cost fabrication approaches and
white light OLEDs for applications such
as solid-state lighting. Recent efforts
to increase efficiency have focused on

30 Optics & Photonics News ■ April 2005

ORGANIC OPTOELECTRONICS

Figure 2. Organic double heterostructure solar cell; BCP is bathocuproine, CuPc is
copper phthalocyanine and ITO is indium tin oxide. [After Ref. 3.]  
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tadecyl/tricholosilane.8 This system 
has achieved field effect mobilities of
1 cm2/V-s, threshold voltages of -1.3V,
ON-OFF ratios > 106, and subthreshold
swings matching those of state-of-the-art
silicon metal oxide semiconductor field
effect transistors.

Organic light emitting diodes
OLEDs have progressed remarkably
quickly from materials research to
widespread commercialization over 
the past 10 years. Phillips and Sony 
have aggressive plans to further the
technology’s reach from its current use
in small displays, such as those found in
cell phones, to 30 inch or larger televi-
sions by the latter part of this decade.
Among the many advantages of OLED
displays are their excellent color and

Figure 3. Bottom contact organic thin-film transistor based 
on poly (3-hexylthiophene) (P3HT).
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the materials comprising the OLED,9

the mechanism for luminescence 
(fluorescence vs. phosphorescence),10

interfaces between the charge transport
layers and electrodes11 and outcoupling
of light from the high index layers com-
prising the OLED.12 OLEDs are gener-
ally most efficient in the green to red
parts of the spectrum and work less well
in the blue.

For small organic molecule OLEDs,
the use of phosphorescent dopants has
led to significantly increased efficiency.
Among the best results for green emis-
sion are those reported in a multilayer
structure by He et al.,13 where 45 lm/W
has been obtained at 1,000 cd/m2 bright-
ness and an operating voltage of 3.1V;
the corresponding external quantum 
efficiency was 13.5 percent.

In recent work, the same team
reported achieving quantum efficiencies
of 19.3 percent, with 50 lm/W even 
at 4,000 cd/m2 brightness.14 Highly effi-
cient green polymer LEDs using singlet
fluorescence have been described
recently,15 where 28 cd/A was achieved
at 2,650 cd/m2 brightness (1.8V).

These results are expected to be
improved upon by incorporating scatter-
ing particles that outcouple light without
significant spectral dispersion, as a good
deal of the light generated within the
OLED does not make it out of the film
due to waveguiding effects.

Many high-volume processes have
been considered for the manufacture 
of OLEDs, including screen printing,16

ink jet printing,17 thermal transfer, cold
welding18 and direct writing. Figure 5
shows an example of a screen-printed
OLED of a cactus, where the hole trans-
port layer of the OLED is deposited 
in much the same way that shirts 
and other articles of clothing are
silk-screened.

Ink jet printing provides a much 
simpler approach to color displays 
compared to conventional processes.
It is expected that these approaches and
others that are still under development
will be used for the mass manufacture 
of lightweight, flexible, low-power con-
sumption displays, electronic paper and
other novel media.
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Figure 4. Flexible video rate OLED display from Sarnoff Laboratories.

Figure 5. Screen printed cactus OLED.



All-Optical Processing

Archival Optical Data Storage
Polymers have been essential to hologra-
phy since its inception, both as pho-
topolymer recording media and for 
the embossed holograms on bank and
credit cards that we all carry around in
our wallets. Today’s digital world is con-
stantly driving demands for increased
capacity storage technologies. InPhase
Technologies has developed a volume
holographic archival storage technol-
ogy that is ready for commercial 
introduction.

Three-dimensional volume holo-
graphic data storage is used in pho-
topolymer media to potentially achieve
storage densities of 1 Tb/in2 with transfer
rates greater than 200 MB/s. Such densi-
ties are enabled by a novel two pho-
topolymer chemistry approach, in
addition to special techniques for making
exceptionally flat (�/10) surfaces that
provide high storage densities in cubic
photopolymer media with volumes of
tens of mm3.

Figure 6 illustrates the drive, expected
to be introduced in 2005, that InPhase
has developed to write data into its pho-
topolymer systems.19 Holographic data
storage provides the most efficient solu-
tion for archival storage, enabling a quan-
tum leap beyond the capacities provided
by conventional two-dimensional storage
technologies such as magnetic disk 
technologies and compact discs.
Photopolymer storage media have also
been shown to hold up to the accelerated
aging tests used to assess the shelf lifetime
of the storage process.

Dynamic holography with 
photorefractive polymers
The photorefractive effect refers to the
generation of an index change associated
with the combination of a spatial distri-
bution of charges and the electro-optic
effect. It was first observed in doped per-
ovskite electro-optic crystals such as
lithium niobate. Dynamic gratings in
photorefractive materials can be written
that can perform functions such as opti-
cal phase conjugation, optical beam 

clean-up, real-time image processing and
two-beam coupling.

The emergence of electro-optic poly-
mer materials in the late 1980s led to the
realization that polymeric photorefrac-
tive materials could be made. The initial
proof-of-principle demonstration
occurred in the early 1990s.20 The key
components of a photorefractive polymer
are a hole-transport polymer matrix, a
sensitizing dye for absorption of the inci-
dent radiation, an electro-optic chro-
mophore and, often, a plasticizing
material that lowers the glass transiticion
temperature Tg of the hole transport
matrix.21

Low Tg is desired because the electro-
optic effect is actually achieved by appli-
cation of an electric field that serves to
orient the electro-optic chromophores.
In some cases, one molecule can serve
several of these functions, but it has been
found, as is the case in xerography and
lithographic materials, that composites
based on molecules that each provide 
a unique functionality have the best 
combination of performance, reliability
and cost.22

This paradigm has been applied with
spectacular results over the past 10 years.
Indeed, photorefractive polymers now
compete with and in many ways outshine
their inorganic counterparts.23 One 
state-of-the-art photorefractive polymer
developed by the University of Arizona
and Nitto Denko Technologies is designed
for operation at 975 nm, where high
power, efficient solid-state lasers are
readily available.24

The devices are 100-mm-thick films 
of this composite, sandwiched between
ITO coated glass slides; fabrication is per-
formed using a melt process. They exhib-
ited 60 percent diffraction efficiency,
33 millisecond response time and 
110 cm-1 two beam coupling gain for
input optical powers of 1 W/cm2 at 
975 nm and applied electric fields of
95 V/�m. Figure 7 illustrates the ability 
of a similar composite system to correct
severely distorted images using light at
633 nm. Video rate dynamic correction
has been demonstrated for these systems
as well.

Achieving efficient photorefractivity
at 975 nm is an important accomplish-
ment. Still, it is a considerable distance
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Figure 6. InPhase Technologies Tapestry HDS-200R holographic storage device.



April 2005 ■ Optics & Photonics News 33

from the goal of attaining efficient poly-
mer-based photorefraction at eye-safe
telecommunications wavelengths 
(1,550 nm) that could enable both
free-space optical communications and
aerospace applications. In the absence of
an ordinary one-photon photorefractive
system suitable for this wavelength, sev-
eral approaches have been developed 
that take advantage of two-photon
absorption for the sensitization process.
Composites with internal diffraction
efficiencies of 40 percent and two-beam
coupling gains of 20 cm-1 have now been
achieved for 130 fs, 1,550 nm pulses at 
a 1kHz repetition rate with 5 �J per
pulse.25

Clearly, significant research progress
has been made and commercialization of
photorefractive polymers is already
underway. More improvements are
expected in critical areas such as the
phase stability of the composite materi-
als, the achievement of submillisecond
response times and the reduction of
the required applied fields to below the
10 V/�m level.

Third order nonlinear 
optical devices
It is well known that organic materials
can exhibit exceptional third order (�(3))
nonlinear optical properties. Researchers
have devoted significant effort to synthe-
sizing and characterizing �(3) materials,
and, to a lesser extent, to fabricating
actual devices.26 Conjugated polymers
such as polydiacetylene27 and polyacety-
lene28 have �(3) in the range of 10-9 to 
10-10 esu, which would, in theory, enable
ultrafast all-optical switching.

However, these materials also have sig-
nificant linear and nonlinear absorption,
as well as poor stability, which limit their
device application. More recent work on
organic �(3) materials has focused on
chromophore-doped polymers; these are
somewhat similar to the materials that
are used in electro-optics and photore-
fraction. At the same time, the device
application focus has shifted from 
all-optical switching to unique niche
opportunities such as optical limiting
devices,29,30 hybrid optical switches, opti-
cal modulators and optical correlators.31

In recent promising work, Ramos-
Ortiz et al. have reported a �(3) organic

thin film being applied to ultrafast pulse
diagnostics.32 A 10 nm polymer film
comprised of 80 weight percent
polystyrene and 20 weight percent of the
chromophore 2-tricyanovinyl 3-hexyl-
5(4-N,N�-diphenyl-4-dibutyl) vinylani-
line thiophene was formed by first spin
coating the film from solution onto a
glass slide and then melting it between
two glass slides. While the nonlinearities
of these films are modest (�(3) �
1 � 10-11 esu), the high optical quality of
the resulting films and the advantageous
anomalous dispersion of the short wave-
length refractive index for input light at
1,550 nm result in robust third harmonic
generation (THG).

THG conversion efficiencies as high 
as 10-4 were demonstrated using 95 fs
pulses with 3 nJ per pulse. This is just 
one example of potential applications of
�(3) organic materials; it highlights the
importance of achieving good linear and
nonlinear optical properties, sometimes
at the expense of having very high non-
linearities.

Recent intriguing developments in
organic optoelectronics are poised to
impact markets significantly. No one
knows which technologies will be win-
ners, but their very presence, along with
and the ongoing success of OLEDs, bodes
well for the future of organic optoelec-
tronics. New optical and electronic mate-
rials will continue to be developed
through organic and polymer chemistry,
and by embracing parallel developments
in lithography, nanoparticle technology
and photonic crystal techniques. At the
same time, new applications, such as
optical interconnections and compact
optical sensors, are emerging to further
drive the progress of these remarkable
materials.

Nasser Peyghambarian (nnp@u.arizona.edu) is 
the chair of photonics and lasers and professor 
of optical sciences and material science and

engineering and Robert Norwood is a
research professor of optical sciences 
at the University of Arizona, Tucson.  
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Figure 7. Correction of a severely aber-
rated image by a photorefractive polymer.
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