CREECIE EF e R TR Vol. 13 No.5
2005 4 10 A Optics and Precision Engineering Oct. 2005

Article ID  1004-924X(2005)05-0525-10

Organic optoelectronics ; materials , devices and applications
LIU Yi,CUI Tian-hong

(Department of Mechanical Engineering , University of
Minnesota 111 Church Street SE . Minneapolis, MN 55455, USA)

Abstract; The interest in organic materials for optoelectronic devices has been growing rapidly in the last two decades.
This growth has been propelled by the exciting advances in organic thin films for displays, low-cost electronic circuits,
etc. An increasing number of products employing organic electronic devices have become commercialized, which has stim-
ulated the age of organic optoelectronics.

This paper reviews the recent progress in organic optoelectronic technology. First, organic light emitting electrolumi-
nescent materials are introduced. Next, the three kinds of most important organic optoelectronic devices are summarized,
including light emitting diode. organic photovoltaic cell, and photodetectors. The various applications of these devices are

also reviewed and discussed in detail. Finally, the market and future development of optoelectronic devices are also dem-

onstrated.
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1 Introduction

Before the discovery of electrically conduc-
tive properties through doping, polymers were
widely used as electrical insulators due to the su-
perior insulating properties they exhibited. In
1977, the discovery of the first highly conductive
polymer, chemically and electrochemically doped
polyacetylene, was reported”™. The discovery
of doped polyacetylene has opened an entire new
field for polymers and organic materials in their
applications to both conductors and semiconduc-
tors. Although the initial emphasis was on the
conductive properties obtained by the doping of
conjugated polymers, over a decade the research
has mainly focused on soluble and intrinsically
conducting and semiconductive polymers. Many

novel materials have been developed for their
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specific physical or chemical properties, and im-
plemented in a variety of applications.
Electroluminescence (EL), the emission of
light upon excitation by the flow of electric cur-
rent, is a phenomenon that has been observed in
a wide range of organic and inorganic semicon-
ductors. In early 1960s, the first commercial
display device employing inorganic semiconduc-
tor materials GaAsP was fabricated™!. Electro-
luminescence from organic materials was first
discovered in 1963, Due to the very low elec-
troluminescent efficiency of such single layered
structures and very high driven voltage needed,
very little activity was reported for a long period
of time. The next report since the discovery of
organic EL devices was from Tang and VanSlyke
in 1987, and PhD described the first organic
light emitting diodes (OLED). The OLED de-

scribed in the 1987's paper produced light with a-
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In 1990 the Cam-
bridge group reported the emission of light from

bout 1 percent efficiency™-.

a plastic sandwich that operated at a low volt-

(el

age The discovery of electroluminescence in

] L

conjugated polymers brought new interests to
the development of polymer light-emitting diodes
(PLEDs) for display and other applications. The

history of EL devices can be seen from Fig. 1177,
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Fig.1 Development of LED devices™

Electroluminescent organic and polymeric
materials have many physical advantages over in-
organic electroluminescent materials. Electrolu-
minescent inorganic semiconducting materials
have to be deposited by sublimation or vapor
deposition under high vacuum., which is expen-
sive and not suitable for the mass production of
large-area displays. In contrast, uniform thin
films of conjugated polymers can be deposited
from diluted solutions in proper solvents by the
process of spin coating or inkjet printing. Fur-
thermore, the production of copolymers from a
mixture of different monomers allows the fine-
tuning of the physical properties for special in-
terests.

In 1986, Wang reported the first results on
organic-based photovoltaic cells, the principles
of which can be regarded as the inverse of the e-

[ The novel work

lectroluminescence process
of Wang’s created substantial interests in poly-
mer and organic photovoltaic devices (PVDs). A

photovoltaic cell is a specialized semiconductor

diode that converts visible light into direct cur-
rent (DC). Some photovoltaic cells can also con-
vert infrared (IR) or ultraviolet (UV) radiation
into DC electricity. Polymer photovoltaic offers
a great technological potential as a renewable,
alternative source of electrical energy. The po-
tential advantages of polymer solar cell include:
low cost, large area, flexibility, etc. The mate-
rials used for the production of polymer photo-
voltaic cells are hydrocarbon-based non-toxic
molecules. These materials can easily be manu-
factured into thin film solar cells at room tem-
perature without the production of dangerous
exhaust gases. Since the band gap of polymeric
semiconductors can be controlled and manipula-
ted, it is possible to change the color of solar
cells, which in return is uniquely interesting for

L) This can also allow unused large

architecture
areas in addition to standard rooftops of build-
ings to be accessed for photovoltaic energy con-
version by fabricating semitransparent photoac-

tive thin films. These potential advantages bring
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a legitimate relevance for industrial interests to
polymer photovoltaic devices.

This paper reviews the recent progress of
organic optoelectronics in the broad area of e-
lectroluminescence to photovoltaic effect. Mate-
rials, devices and various applications are to be
discussed. Some recent reviews are also referred

to the readerst™ ",

2 Organic optoelectronic materials

Conjugated organics and polymers have al-
and double

carbon-nitrogen )

carbon-carbon
bonds.

bonds are referred to as o-bonds, and double

ternating single

( sometimes Single
bonds contain an ¢-bond and a w-bond. The
characteristics of the -bonds are the source of the
semiconducting properties of these polymers.
The -bonds are delocalized over the entire mole-
cule and produces two orbits, a bonding () or-
bit and an anti-bonding (x* ) orbit. The lower
energy -orbital produces the highest occupied
molecular orbit (HOMO), and the higher ener-
gy 7" -orbital forms the lowest unoccupied mo-
lecular orbit (LUMO). The difference in energy
between the two levels produces the band gap
that determines the optical properties of the ma-
terial. The structures of some popular optoelec-
tronic polymers are shown in Fig. 2.

The first discovered light electroluminescent
polymer is poly ( p-phenylenevinylenes) (PPV,
shown in Fig. 2(a)), which was reported by J.
H. Burroughes, et al. in 1990, PPV can pro-
duce yellow-green luminescence during photoex-
citation, and can also be used for photovoltaic
devices. Marks and his co-workers described the
fabrication of PPV-containing photodiodes in
which PPV layer was obtained by spin coating
on the sulfonium salt precursor, followed by
heating the polymer to 250 C in vacuum .
One of the popular light emitting polymers that
can produce orange-red light is poly[ 2-methoxy-
5-(2 prime-ethylhexyloxy)-1, 4- phenylene vi-

Al

2a.PPV

\ 7/ "\
\
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2d.PANI

Fig. 2 Structures of some polymer optoelectronic

materials
nylene] (MEH-PPV, Fig. 2(b)). Davids, et
al. reported the PLED based on MEH-PPV, and
also demonstrated device model calculations for
the current-voltage characteristics of the polymer
diodes™"™,

the organic materials leads to a large backflow of

They found that the low mobility of

injected carriers into the injecting contact. One
popular conjugated polymer served as the elec-
tron acceptor for photovoltanic cell is [6,6]-phe-
nyl Cq butyric acid methyl ester (PCBM, Fig. 2
(¢)). Zhang, et al. has investigated the influ-
ence of buffer layers on the performance of
PCBM solar cells™®, ( PANI,

Fig. 2(d)) was used as the hole transport mate-

Polyaniline

rial to fabricate solid-state dye-sensitized TiO,

solar cells, which had an open-circuit voltage up
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to 310 mV and a short-circuit current up to 21

pA/em’ under solar radiation''’,

3 Organic light emitting diode

3.1 Operation physics

The basic structure of an organic LED in-
cludes one or more organic films between two e-
lectrodes, one of which is transparent. Fig. 3
shows the basic physics of a polymer light emit-
ting diode by means of a scheme of energy lev-

elst "™,

jected into the polymer from cathode, and holes

Under a forward bias, electrons are in-

are injected from anode. The charge carriers
driven by an applied electric field move along the
polymer chain, then recombination occurs and
light is emitted from the transparent electrode.
Therefore, three processes are involved within
the PLED: charge injection, charge transport,

and recombination.

Cathode — "D O QD O @G

Polymer

Anode

Fig. 3 Schematic of energy diagram for a single lay-
er PLED

Electrons are injected into the HOMO and
holes are injected into the LUMO of the poly-
meric semiconductor using metallic electrodes.
The injected electrons and holes can then diffuse
towards each other and finally recombine, and
create neutral excitations at the same time.
These neutral excitations are bond states of elec-
tron-hole pairs, and can easily decay into their
ground state, generating a characteristic fluores-
cence simultaneously. The excitons may be ei-
ther in a singlet-state that spontaneously gener-
ates fluorescence or in a triplet-state that are cre-
ated due to spin elections. When electrons and

holes that flow in opposite directions between

two electrodes meet, the electrons will recom-
bine with the holes and release their extra energy
as light. At greater difference in energy between
the holes and the electrons, the light will give
off further from red to blueM*.

Fig. 4 shows the structure of the first
PLED. It consisted of a thin layer of PPV be-
tween two electrodes, deposited on a glass sub-
strate. The cathode was chosen to be aluminum
or calcium, which has a low work function. It
can easily withdraw an electron from a metal
surface, and is very efficient at injecting elec-
trons from the cathode into the PPV layer. The
anode is a layer of indium tin oxide (ITO),
which has a relatively high work function and is
a good material for injecting holes into the PPV
layer. Recombination occurs at the layer inter-
faces, and then the generated light will exit the

device through transparent electrode.

Poly(p-phenylenevinylene)
Aluminium,magnesium

m or calerum
n /

Indium/tin
oxide

—=Extermal
= Circuit

Glass substrate

Fig. 4 Structures of the first reported light emitting
polymer and PLED!,

3.2 Fabrication and characterization

Organic thin films within light emitting di-
ode can be fabricated by evaporation, spin-coat-
self-as-

ing, inkjet-printing, screen-printing,

sembly, etc. Ink-jet printing technology has
gained a lot of interests, and is widely investiga-
ted for PLEDs fabrication. Hebner, et al. re-
ported the patterned luminescent doped polymers
of PVK films, with dyes of coumarin 6, couma-
rin 27 and nile red, which were directly deposi-
ted by ink-jet printing'**). Hybrid ink-jet print-
ing (HIJP) technology was developed for elec-
trolumnescent devices by Yang’s group at Uni-
versity of California, Los Angelest”. This tech-

nology consists of an ink-jet printed layer in con-
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junction with another uniform spin-coated poly-
mer layer. This uniform layer called the buffer
layer serves to seal the pin holes while the ink-
jet printed layer consists of the desired patterns.
Using this method, polymer light-emitting logo,
dual-color polymer light-emitting diodes and
multicolor organic light-emitting diodes were
fabricated. An example of polymer light-emit-

ting logo via ink-jet printing is shown in Fig. 5.

Fig. 5 Polymer light-emitting device (logo) by ink-

jet printing'®”’.

3.3 Applications
3.3.1
Forrest, et al. reported a stacked OLED

Full color display

(SOLED) in which color, grey scale, and inten-
The de-

vice consists of three separately contacted, red-,

sity can be independently achieved™!,

green- and blue-emitting OLEDs placed in a ver-
tical stack and separated by transparent, conduc-
ting electrodes. The SOLED could generate a
high-intensity optical output whose color was a
linear superposition of spectra of the individual
emitting elements in the device. Makoto Shibus-
awa, et al. developed a 17-inch WXGA full-color
polymer OLED display using ink-jet printing
method /.

sition were precisely controlled pixel by pixel. A

Both droplet volume and landing po-

uniform picture with 260, 000 colors and wide
viewing angle was achieved. Nijs C. Van Der
Vaart, et al. developed a multi-head polymer
OLED ink-jet-printing technology to make large-

screen OLED television displays-**

. The printer
was used to make a 13-in diagonal 16:9-format
P/OLED prototype driven by an active matrix

with a pixel circuit. A novel scrolling-bar ad-

dressing scheme was used to reduce motion arti-
facts and to make sparkling images with a high
local peak brightness.
3.3.2 Flexible display

Chwang, et al. reported the encapsulated
passive matrix OLED display on 178-pm-thick
polyethylene  terephtalate

barrier coated

(PET)M,

late can protect the OLEDs from moisture and

A multilayer of Al;O; and polyacry-

oxygen. The flexible display has a resolution of
80 dpi, and lifetime of 2 500 h under DC test.
Sugimoto, et al. investigated the flexible OLED

%1 Silicon nitride was

using plastic substratel
used as the passivation film to protect the OLED
from the moisture and oxygen. Silicon oxyni-
tride (SiON) is served as the moisture barrier
film on the plastic substrate to meet the require-
ments of moisture impermeability and optical
transparency. The lifetime of the device on a
plastic substrate could be more than 6 000 h. A
3-in full-color OLED display on a plastic sub-
strate driven by a passive matrix method was al-
so demonstrated. Kwon, et al. demonstrated
the MEH-PPV LED on a flexible substrate,
ITO-coated flexible PET,
the flexible PLED is shown in Fig. 6. Triple-

layer passivation composed of high-density poly-

The structure of

ethylene (HDPE) and metal layers were used to
make the diode more stable in ambient condi-
tions. The luminance of 2 000 c¢d/m® was ob-

tained at a current density of 165 mA/cm? (6.5 V).

o

Ca(100 nm)/AI-Li(120 nm)

MEH-PPV(90 nm)

PEDOT/PSS(40 nm)

ITO(130 nm)

Flexible PET

Structure of the flexible MEH-PPV
PLED!,

Fig. 6



530 Optics and Precision Engineering

Vol. 13

4 Organic photovoltaic cells

4.1 Operation principle

Organic solar cells normally have a planar-
layer structure, in which the organic light-ab-
sorbing layer is sandwiched between two elec-
trodes. Its operational principle is the reverse of
the principle in light emitting diode. When the
active organic layer is illuminated, an electron is
promoted from the HOMO to the LUMO, and
forms an exciton, or an electron-hole pair. The
resulted electron-hole pair needs to be dissocia-
ted into separate charges, which is called exciton
dissociation. This can be driven by the built-in
potential field between two electrodes with a-
symmetrical work functions. To dissociate the
exciton, materials to function as an electron do-
nor and an electron acceptor need to be used, in
which the electron affinity of the electron accep-
tor material should be larger than the ionization
potential of the donor material. The light har-
vesting process in the organic photovoltaic cell is

illustrated in Fig. 7, where @ is the work function.

&
Diro %

D

G —

ITO Polymer A,

Fig. 7 Light harvesting process of organic PV cell

Efficiency is the essential parameter for so-
lar cells, and is calculated by the following for-

mulat®! .

V(X‘ * Is(j - FF

ILI(}IIT

Neft —

where V¢ is the open circuit voltage, Is is the

short circuit current density in A/m*, FF is the

fill factor, and I;cir is the incident solar radia-
tion in W/m?. The fill factor of solar cells is de-

termined by the following formula™*;

_I(X10°°%) - V(X110
Isc * Ve

FF

where I(X107°) and (VX107 %) are the current
and voltage at the maximum power, respective-
ly.
4.2 TFabrication and characterization

Krebs, et al. used industrial screen printing
to produce large-area polymer solar cells'®.
Both the conducting silver epoxy for the electri-
cal contacts and the active layer MEH-PPV were
screen printed on the polyethyleneterephthalate
substrate. The efficiency of the above solar cell
was 0. 0046% with an open-circuit voltage of
0.73 V and a short-circuit current density of 20
pAcm™?. Alem, et al. fabricated the polymer
PV cell based on polymer-interpenetrated net-
work of MEH-PPV and [ 6,6 ]-phenyl Cy, butyric

B9J, Spin-coating with surface

acid methyl ester
treatment increased the performance of the de-
vices, which reached the power consumption of
2.9%. Padinger, et al. fabricated the plastic PV
cells by spin-casting the PSHT and PCBM as the

[31]

active layers The postproduction treatment

significantly increased the short-circuit current.

? and an

A short-circuit current of 8. 5 mAcm™
external quantum efficiency of 70% were demon-
strated by the authors. Xue, et al. recently re-
ported the organic PV cell with power energy ef-
ficiency as high as 4. 2%,

layers of the device were made of copper phthal-

The active organic

ocyanine/Cs, and were deposited by thermal e-
vaporation. Xue, et al. predicted that the domi-
nance of the bulk resistance of the ITO anode as
a limiting factor in practical cell efficiencies.
Later in this year, this group further improved
the power efficiency of the organic PV cell up to
5.7% using hybrid planar-mixed molecular het-

erojunctions**,
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4.3 Applications - flexible organic solar cell
Kushto, et al. reported organic photovolta-
ic devices on fully flexible thermoplastic sub-
strates using pre-patterned conducting polymer
1. N, N prime - (g-naphthyl) -N,
N prime -diphenyl-1,

as electrodes™™
1 prime -biphenyl-4, 4
prime -diamine («-NPD) worked as the electron
and C,

served as the electron accepting /transporting

donating /hole transporting material,

material. The white-light power conversion effi-
ciency could be up to 1%. Brabec, et al. presen-
ted solar cells on flexible ITO polyester sub-
strates based on a soluble alkoxy poly(para phe-
nylenevinylene) ( MDMO-PPV ) and a highly
soluble fullerene derivative (PCBM)®*, The en-
ergy conversion efficiency was larger than 1%
and charge carrier collection efficiency was 20 %.
Maher Al-Ibrahim, et al.
sing poly[ 2-methoxy-5-(3", 7-dimethyloctyloxy)-

reported the cells u-

1. 4-phenylenevinylene ]: [ 6, 6 ]-phenyl-Cg,-bu-
tyric acid methyl ester (w=1:3) as a photoactive
layer on flexible 5 cm X5 em polyester foils/*

Using these materials, a white-light power con-

version efficiency of 3% was achieved.

5 Organic photodetector

In addition to the energy conversion, poly-
mer diodes in a sandwich configuration can also
be used for light detection. The principle of or-
ganic photodetector is similar to the photovoltaic
cell, except for the parameters used to evaluate
the device. The major parameters used to evalu-
ate a photodetector include spectral response,
photosensitivity (or quantum efficiency), dark
current, dynamic range, noise equivalent power,

L7 The spectral responses

response speed, etc.

of polymer photodetector cover from visible to

UV light.
Halls, et.

network formed from a phase-segregated mix-

al reported the interpenetrating

ture of two semiconducting polymerst’. This

network provided both the spatially distributed

interfaces necessary for efficient charge photoge-
neration, and the means for separately collecting
electrons and holes. The detailed configuration
is shown in Fig. 8. Devices using thin films of
these polymer mixtures could be used for large-

area photodetectors.

MEH- PPV ORCN

External
R CN circuit

R=C¢His

Polymer blend film
ITO

Glass substrate

Fig. 8 Schematic diagram of the polymer photodiode"**]
Peumans, et al. reported the organic photo-
detectors incorporating an ultrathin donor-accep-
tor alternating multilayer stack as the optically
active region™®. The stacks exhibited an exter-
nal quantum efficiency of 75% across the visible
spectrum, and had response times below a nano-
second. The photogenerated carriers rapidly
transported to their repective electrodes before
charge recombination or deep trapping occurs,
yielding high carrier collection efficiencies. Qi,
et al. added the PbSe nanocrystals into MEH-
PPV and observed a dramatic enhancement of
the quantum efficiency of the polymer-based

[o]  The observed photocurrent

photodetectors
gain could be attributed to the carrier multiplica-
tion in PbSe nanocrystals via multiple exciton
generation, and the efficient charge conduction

was through the host polymer material.

6 Market and outlook

Organic materials have transformed the
world of circuit and display technology as never
before. The display marketplace exhibits aver-
age annual growth rates between 12% and 13% ,

ensuring a vast market for OLEDs once certain
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L Many corpora-

challenges can be overcome
tions, such as Kodak, Sanyo, Philips and Pio-
neer Electronics, Cambridge Display Technology
Corp. » Universal Display Corp., Uniax, etc.
are vigorously attempting to mine the tremen-
dous opportunity for the low-cost organic elec-
tronic and optoelectronic devices. In 2003, Ko-
dak announced the world’s first digital camera
with OLED display.

OLED materials and displays have made
significant improvements in lifetime and opera-
tional stability. Up to date, lifetimes are about
8 000 h, almost long enough to last for one year
of continuous use. When OLED displays can
reach the 10 000 h range, more applications and
potential profits will be explored. including the
use of OLEDs in main cell phone displays.

Worldwide OLED panel market revenue was
$ 251 million in 2003, and then expanded to
$ 408 million in 2004"%. Thirty one million
OLED panels were sold in 2004, which was
nearly double of that in 2003. With the rising
usage of OLEDs as an alternative to LCDs for
mobile-phone displays, the market is expected to
grow to $ 615 million in 2005. Looking into the
long-term market, as shown in Fig. 9, the OLED

References:

market is forecasted to rise to $ 2. 9 billion in

2011.
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Fig.9 OLED display forecast (Courtesy of iSuppli
Corp. )

Using organic light-emitting devices, organ-
ic full-color displays may eventually replace lig-
uid-crystal displays (LCDs) for the applications
to cell phones, laptop and even desktop comput-
ers. Such displays can also be deposited on flexi-
ble plastic foils, eliminating the fragile and heav-
y glass substrates used in LCDs, and can emit
bright light without the pronounced directionali-
ty inherent in LCD™*!. The future of organic op-

toelectronics shows tremendous potentials and a

huge market.
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