ORGANIC SEMICONDUCTOR DEVICES

As electronic and optoelectronic devices become increasingly
complex and the devices and materials from which they are
made are pushed to their limits, novel devices or devices uti-
lizing novel materials become increasingly attractive (1). In
contrast to group IV (carbon, silicon, or germanium) or group
III-V semiconductors which are inorganic materials (such as
gallium arsenide, indium phosphide, gallium nitride), organic
materials can be processed to possess properties ranging from
highly insulating (conductivity <1072 S-c¢m™?) to highly con-
ducting (conductivity >10° S em™1), and several such materi-
als have been demonstrated. The fact that they are organic
materials means that they are abundant and are relatively
inexpensive.

Some organic materials such as a class of 7-conjugated
polymers, pentacene, thiophene oligomers such as a-hexathie-
nylene (a-6T) have semiconducting properties in the neutral
state and high electronic conductivity in the partially oxidized
state. Thin films of these semiconducting polymers can be
prepared by simple spin-casting of polymer solutions, af-
fording simple fabrication of devices utilizing flexible films.
However, the advantage of simplicity must be weighed
against the inferiority of the electronic properties of current
semiconducting polymers compared to the inorganic semicon-
ductors. Currently, there is much work in developing a thor-
ough understanding of the molecular, microscopic, and macro-
scopic properties of organic semiconductors. With this
understanding, improved electrical or optical properties can
be achieved by chemical modifications. This also allows the
organic semiconductor devices to satisfy niche areas, some of
which are described in this article. However, organic semicon-
ductor devices are not expected to rival devices made using
inorganic semiconductors for current electronic and optoelec-
tronic applications.

Organic semiconductor devices have made significant prog-
ress in the last several years and are now being proposed as
replacements for conventional semiconductor devices in a va-
riety of areas including thin film transistors (TFTs), memo-
ries, photodiodes, solar cells, and light emitting devices
(LEDs) for full-color flat panel displays. The organic materials
used in these applications are light weight, flexible, conform-
able and are produced by simple manufacturing technologies,
all of which make them potentially very inexpensive com-
pared to inorganic semiconductor materials. Also, unlike inor-
ganic semiconductors, for organic semiconductors, there is no
need to grow a crystal, saw it, polish it, dope it, etc. It is
processable in air, not in a chip-oriented processing environ-
ment. Organic semiconductor devices are potentially very in-
expensive, can be fabricated with low temperature processing,
and are a molecular engineering approach to electronics and
optoelectronics.
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This article concentrates on four types of organic semicon-
ductor devices, and will present some of the latest results and
fabrication technologies. Because of their huge commercial
potential, a large part of the article describes and discusses
light-emitting diodes (LEDs) made either with polymers or
molecular organic materials (2,3). To improve the line width
and enhance the efficiency of the LEDs, microcavities are dis-
cussed (4). For active display driver transistors and other ap-
plications, thin-film transistors with organic semiconductors
and all-organic transistors are described (5—7). Finally, pho-
tovoltaic cells, photodiodes, and metal—organic semiconductor
junctions are described (8,9).

LIGHT-EMITTING DIODES

Light-emitting devices (LEDs) are made from thin layers of
organic or polymer materials as the electroluminescent (EL)
material (10-21). Electroluminescence is the emission of light
as a result of the application of an electric field. These LEDs
constitute an enabling technology for fabricating flexible, full-
color, emissive displays. They are also being proposed for
other “small-scale” applications, such as simple backlights, al-
phanumeric displays, displays for car radios, and small hand-
held devices and toys, larger panel displays for home appli-
ances, stereo equipment, automobile dashboards, and matrix
addressable panel displays, such as in notebook computer
screens. Their advantages include very high resolution of few
micron size pixels and any size and shape of pixels; fast
switching speed corresponding to delay times below microsec-
onds, so video display capability is possible; low voltage oper-
ation below 3 V for battery-operated applications; very high
contrast; high internal quantum efficiency (defined as the
number of photons generated per electron-hole pair injected)
of up to several percent; very high brightness of several thou-
sands candelas per square meter; very light weight for porta-
bility; easy processability on flexible substrates and large
area coating; and ruggedness. Note that all these advantages
are not available in any single device; rather they represent
the advantages available from a variety of LEDs.

The device design is quite simple, and the cost and con-
sumption of materials is low, thus making manufacturing
quite inexpensive. It is also possible to fabricate large dis-
plays with good mechanical flexibility. The technology is
emissive with lambertian characteristics, which means that a
180° viewing angle is possible. The size, thickness, durability
and ruggedness, flexibility, and formability of the organic or
polymer LEDs are in principle limited by the type of sub-
strates used. Typical substrates are thin sheets of glass,
sheets or rolls of plastic, or metal foil.

These light-emitting diodes are either based on molecular
organic materials or on polymers as the electroluminescent
material. The organic materials used in the electrolumines-
cent devices may be classified according to their molecular
structure into the following three categories: organic dyes
with no metal elements; chelate metal complexes or small or-
ganic molecules as opposed to long polymer chains (also called
molecular organic materials); and conjugated polymers (17).

Examples of organic dyes with no metal elements include
derivatives of oxadiazole, distyrylaryl, phenylamine, phtha-
loperinone, quinacridone, pyrazoline, and metal-free phthalo-
cyanine. These dyes have high quantum yield, easily film for-
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mation by vacuum vapor deposition, high purifying capability
and a variety of material designs. However, they suffer from
easy crystallization after film formation, and occasionally pro-
duce exciplexes with other organic materials, and so are not
widely used.

As discussed later, at present, the small molecule approach
for LEDs (11,16) has some advantages in brightness and dem-
onstrated lifetime, but the polymer approach is advancing
very rapidly. The polymer approach (light-emitting polymers
or LEPs) is less sensitive to high temperatures and is less
costly since LEPs can be made by spin-casting on substrates
and the electrodes can be printed on films with roll-to-roll
coating machines at very low cost and in very large sizes. In
contrast, LEDs with small organic molecular films (called or-
ganic LEDs or OLEDs) must be vapor deposited.

ORGANIC LIGHT-EMITTING DIODES (OLEDs)

Examples of chelate metal complexes and small organic mole-
cules are tris-hydroxyquinolinate aluminum (Alqs) and azo-
methine metal complexes. When bis(10-hydroxybenzol[h]qui-
nolinato)-beryllium (BeBq,) is used as the electron
transporting layer with Alqs, excellent EL properties are ob-
tained from these OLEDs.

OLEDs are projected to be the replacement technology for
cathode ray tubes (CRTs) and liquid crystal displays (LCDs)
because of their brightness, high resolution, energy efficiency,
and cost effectiveness (16). As flat panel indoor or portable
displays, these OLEDs must be sufficiently bright (>100
cd/m?), have good quantum efficiency and high electrical effi-
ciency (low voltage between 5 V and 15 V, and low current
operation), have good color saturation, and long lifetimes
(>10,000 h).

Figure 1 shows the basic single heterostructure OLED
which consists of two organic semiconductor layers deposited
on a transparent anode on a substrate. A typical emission
spectrum from an OLED is shown in Fig. 2. In the OLED, the
first organic layer is the hole-transporting layer, and the sec-
ond is the electron-transporting and light-emitting layer, on
top of which is deposited a suitable cathode. A forward bias
voltage is applied across the anode—cathode electrodes. The
cathode and anode provide negative and positive charge carri-
ers which recombine and form bound excited states (excitons)
which can decay radiatively in the luminescent organic semi-
conductor to emit light through the transparent electrode and
substrate. The construction of pixels and patterning of the
emission layer is simply achieved by patterning the electrodes
because the electroluminescent polymers normally have very
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Figure 1. Schematic representation of the basic structure of an or-
ganic light-emitting diode (OLED). The two organic hole transporting
and electron-transporting/light-emitting layers for an organic single
heterostructure, whose band diagram is shown in Fig. 3.
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Figure 2. Schematic representation of the spectrum of light emitted
from an OLED. The spectrum is broadened (AA) due to vibronic cou-
pling that is characteristic for optical transitions in semiconductors
in which the excited state is a singlet.

high resistivities, thus minimizing cross talk and charge car-
rier transport or diffusion between pixels.

To construct the electrodes, a thin layer of indium tin oxide
(ITO) is used as the anode because it is transparent. A hole
injection/buffer layer of copper phthalocyanine can be used
between the anode and hole transport layer to improve the
interfacial quality. The cathode is made of a suitable metal or
alloy that is a low work function material to make it easier
for electron injection into the organic materials. However
cathodes using low work function metals are highly reactive,
and the electroluminescent cells are often damaged, so that
Al-Li alloy is often used as cathode, although it is difficult to
evaporate. Other cathode materials include MgAl and LiF/
MgAl alloys.

Small amounts of dyes in the hole and electron-trans-
porting layers (e.g., poly(N-vinylcarbazole) (PVK)/Alq;) are
thought to function as efficient emission centers either by car-
rier trapping electron and holes to form excitons, or by energy
transfer by trapping excitons formed on Algs. Organic mate-
rial-polymer PVK doped with electron transport agents and
a dye gives brightness >10* cd/m? (18). Examples of molecules
used as hole-transporting layers are triphenyl dimamine
(TPD) or 4,4'-bis[N-(1-napthyl)-N-phenyl-amino]biphenyl
(a-NPD). For the light-emitting/electron transport layer,
bis(8-hydroxy)quinaldine aluminum phenoxide (Alg;OPh),
tris(8-hydroxyquinoline) aluminum (Alqs), or 5,10,15,20-tet-
raphenyl-21H,23H-porphine (TPP) are used.

For practical applications, the device efficiency 7gevice, de-
fined as

Ndevice = ¥ * Melectron—hole * Qﬂuorescence

is very important. Here, vy is the ratio of minority to majority
carriers. It is related to the carrier injection process and de-
pends on the electrodes used. Neectron-noe 1S the electron-hole
recombination efficiency and is related to both the materials
used and to the device structure. ®pyrescence 18 the fluorescent
efficiency of the light-emitting material. Because carriers are
injected into the LED with uncorrelated spins, only 25% will
recombine as molecular singlet states, assuming statistical
branching between singlet and triplet states. So the maxi-
mum value of Pgygrescence 1S 25%.

Variations of the simple, single-heterostructure OLED in-
clude an organic three-layer double-heterostructure in which
separate electron-conducting and light-emitting layers are de-



posited on top of the hole-transporting layer. Variations in
color emitted depend on the chemical composition or on the
type of dye incorporated into the organic light-emitting mate-
rial. For example, Alg;OPh is commonly used for blue light,
Alq; for green light, and TPP for red light.

Full color OLEDs can be made in several architectures
(11). The first is side-by-side patterning of red, green, and
blue OLEDs in which each color OLED is sealed with a metal
layer to prevent degradation of the organic materials when
exposed to solvents and water during patterning of films and
microfabrication processing. In this approach, each color
OLED uses a different organic film and the structure is a pla-
nar array of OLEDs in which each OLED is similar to that
shown in Figure 1.

A second approach is to use white OLEDs, made by depos-
iting two or more organic layers or combining layers of differ-
ent blends, with passband filters for red, green, and blue.
However, the inefficiency of the color subtraction process,
which requires that each OLED be driven to much higher
brightness at higher voltages and currents, also results in in-
creased power consumption and degradation of reliability.

A third approach is to use microcavity-based filters which
are described in detail later. In this approach, the emitted
wavelength is direction-dependent. To reduce this color direc-
tionality, designs are refined by using scattering layers out-
side the microcavity. However, this reduces the efficiency of
the OLED.

A fourth approach is to use color tunable OLEDs in which
each color is obtained by varying the applied voltage. Higher
voltage biases across the OLED results in emission from high
excitation energies and higher frequencies (blue shifts). The
higher voltages result in increased brightness and power con-
sumption but enhanced degradation.

This fourth approach could be used to make stacked or-
ganic LEDS (SOLEDs) by stacking of color pixels on top of
each other instead of the conventional side-by-side configura-
tion. The advantage of this technology is that it provides
three times the resolution in the same area, and it is suited
to high definition televisions (HDTVs) on flat panel displays
that hang on a wall like paintings, cellular phones, laptop
computers, and other portable devices with bright displays
that consume considerably less energy. However, the poten-
tial problems are reduced efficiency due to absorption in the
semitransparent electrodes and color bleeding by the red
emitting layer caused by energy down-conversion of light
emitted from the blue element.

The organic materials typically used in OLEDs undergo
detrimental reactions with oxygen and/or water when they
are in excited states either through exposure to UV/visible
light or while being operated. Therefore, a key basic require-
ment for OLEDs is that the organic materials must be pro-
tected from oxygen or moisture when they are in excited
states. In addition, they should also be stable over the re-
quired product shelf life which is typically more than five
years. This means that the OLEDs must be appropriately pro-
tected and encapsulated (19). It was found that if light of en-
ergy above the band gap of the molecular organic semiconduc-
tor is excluded by a high energy cut-off filter, then the
stability of the polymer against photodegradation in oxygen
or moisture is greatly reduced. However, this filter reduces
emission efficiencies. Corrosion of the cathode and degrada-
tion of the electrode/organic material interfaces also results
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in degradation of the OLEDs even when light above the band
gap of the polymer is excluded.

The quality and electronic properties of the substrate/
anode interface, the cathode, and the organic layers are cru-
cial for good device performance. Because of this, much re-
search is being done to study the work functions of the elec-
trodes; the smoothness, adhesion, and resistance to corrosion
of the metal films, enhancement of reliability and efficiency of
the organic layers; stability of the organic layers, and encap-
sulation techniques. The desired characteristics (20) are suit-
able ionization potential and electron affinity for energy level
matching in the injection process of charge carriers at the
electrode to organic materials and organic material to organic
material interfaces; uniform amorphous films without pin-
holes; morphological stablility without crystallization during
processing; thermal stablility without morphological changes
or melting from Joule heating during the operation of the de-
vice; and emissions that are highly fluorescent.

Areas of continuing research in organic light-emitting di-
odes are now described. Crystallinity or instability in organic
EL diodes is one of the problems which must be overcome
because it limits device lifetime. Improved efficiency of electri-
cal to optical energy conversion required for battery operation
for long periods and good chromaticity are required. A com-
plete understanding of the degradation mechanisms and ways
to overcome them are required so that these devices would
have lifetimes comparable to those of computers and TVs,
which is expected by consumers.

LIGHT EMITTING POLYMERS

Examples of conjugated polymers (10,12—14) are poly(p-phe-
nylenevinylene) (PPV) and some of its derivatives, polythio-
phenes (PT), poly p-phenylenes (PPP), polyphenylene ethyny-
lene (PPE), polyanilene, polypyrrole, polypyridines,
polypridyl(vinylenes), and copolymers of these materials.
Electroluminescent diodes made from conjugated polymers
are often called light emitting polymers (LEPs) or polymer
LEDs (PLEDs). A key attraction of polymer LEDs compared
to the other organic EL technologies is the ease with which
the polymers can be processed and in particular coated with-
out crystallization, but purification is sometimes difficult.
Early LEPs (13) were based on PPV, PPP, and PT which
emit in the green, blue, and red bands, respectively. These
conjugated polymers are used as electroluminescent materi-
als, and LEDs based on them offer the attractive possibility
to tune the color of light by appropriately modifying the chem-
ical structure. For example, for PPV whose structure is shown
in Fig. 3, depending on its degree of conjugation or conjuga-
tion breaking and the presence of electron donating or ac-
cepting side groups in both the phenyl and vinyl groups, the
band gap and emission color can be varied from blue to red.
Another approach is to synthesize copolymers with fluores-
cent blocks of defined lengths which are separated by noncon-
jugated spacers into the polymeric main chain or by nonconju-
gated polymers with fluorescent dyes in the side chains. In
this way, precise adjustment of the color emitted is obtained.
Conjugated polymers, one of the most popular class of EL
materials, are quasi one-dimensional electronic systems with
semiconducting properties that arise from the overlap over
several sites of the p; orbitals originating from the double or
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Figure 3. Schematic representation of the structure of PPV-based
conjugated polymers. Without the side groups R; and R,, this is PPV.
These polymers have semiconductor-like electron configurations, and
their macromolecules contain alternating single- and double-bond
systems. The w-electrons are delocalized over the entire molecular
chain. Variation of the side groups R; and R, changes the chemical,
electrical, and optical properties. For example, for MEH-PPV, R, =
OCH(C,H;)C,Hy and R, = OCH,.

triple bonds. This overlap leads to the formation of well-delo-
calized 7 valence and 7* conduction bands. Their optical band
gap depends on the planarity of the conjugated polymer back-
bone, and the band gap determines color in both emission and
absorption. By substituting side-chains in the main polymer
chain, it is possible to control the electronic, optical, and
chemical characteristics of the conjugated polymer. These
side chains attached to the conjugated polymer main chain
also provide tunability of the band gap. The conductivity of
the conjugated polymers is adjustable, and color tuning is
simpler than with organic metal complexes or molecular or-
ganic materials.

PPV is a m-conjugated polymer with an energy gap be-
tween the 7—7* states of ~2.5 eV, and it produces lumines-
cence in a band below this energy. PPV is an intractable ma-
terial with a rigid-rod microcrystalline structure which gives
rise to excellent mechanical properties with high elastic mod-
ulus and thermal stability. It is infusible and insoluble in
common solvents, and so it is prepared by a precursor route
in which a solution-processable nonconjugated precursor poly-
mer is processed into the desired form and then converted
into the conjugated polymer by thermal treatment. The prop-
erties of the resulting PPV depend on the synthesis of the
material, the conditions of conversion, and how the samples
are stored.

PPVs which are used as the EL material do not have glass
transition temperatures and are stable at more than 400°C.
This thermal stability is considerably higher than that of mo-
lecular organic materials used in OLEDs. The insolubility of
the PPV films means that other layers may be wet processed
without affecting their integrity. They are also hard enough
to withstand sputtering of the final electrode. In addition,
polymer LEDs offer low voltage operation, a large emissive
area, a range of colors, and physical flexibility. For example,
luminescence comparable to television screens (~100 cd/m?)
are routinely obtained at drive voltages less than 5 V.

Figure 4 shows a simple LEP structure. Although not
widely used for major applications, this structure is a good
vehicle for organic semiconductor testing because of its sim-
plicity and the fact that it has only a few interfaces. Single-
layer devices are typically fabricated on glass coated with
ITO. First, the precursor, for example, a PPV polyelectrolyte
precursor consisting of a random copolymer with acetate side
groups and tetrahydrothiophenium groups with bromide
counterions and a water/methanol mixture as the solvent is

spin-coated onto the ITO-coated glass substrate. Polyethylene
terephthalate (plastic overhead transparency) is also used as
a substrate material. Then this spin-coated film is thermally
converted to a dense pinhole-free PPV copolymer film which
consists of conjugated PPV segments and a nonconjugated a-
acetyloxy-p-xyleylene units, by heating at 150°C in pure nitro-
gen for 1 hour to 4 hours. Poly[2-methoxy-5-(2'-ethylhexy-
loxy)-1,4 phenylenevinylene] (MEH-PPV), a semiconductor
with a band gap of 2.1 €V, is also used as the electrolumines-
cent layer. Then calcium cathodes, which degrade rapidly in
air and so must be protected rigorously, or cathodes of an
aluminum alloy of low work function to reduce turn-on volt-
age, are sputter deposited. Sputtering produces pin-hole free
films that have good adhesion and compact, small grain-size
morphology, and it is a high-throughput deposition method.
It can also easily deposit alloys of well-defined composition.

Adding a thin layer of conducting polymer [polyethylene
dioxythiophene/polystyrene sulfonate (PEDOT/PSS)] by spin-
coating between ITO and PPV reduces ITO/PPV precursor in-
teraction and improves the device’s efficiency. The high elec-
troluminescent efficiency results partly from high polymer pu-
rity which is an important factor for long-term stability. Ionic
impurities, which can cause undesired drift effects in the de-
vice or initiate photochemical reactions, are removed to levels
below 10 ppm by dialyzing the precursor, which also removes
low molecular weight compounds. The presence of oxygen in
the films during and after thermal conversion from precursor
to conjugated polymer may cause the formation of carbonyl
groups which may quench luminescence and trigger chain
scission reactions. Water may also enhance photochemical
degradation of the polymer and corrosion of the cathode. Thus
LEPs must be encapsulated.

For single polymer devices, reducing the barrier to electron
injection by using cathodes with a low work function improves
the efficiency, but usually such low work function metals (Ca,
for example) are unstable in air (21). Alternatively, double-
layer polymer structures similar to that shown in Fig. 1 im-
prove the efficiency without using unstable electrodes. Elec-
troluminescence is maximized by balancing the injection of
electrons and holes (determined by the barrier heights at
anode and cathode and carrier mobilities), increasing the like-
lihood of electron/hole capture to form excitons, and lumines-
cent efficiency. The barrier height between ITO and PPV does
not limit hole injection. The LEP’s characteristics in the low
and medium voltage range are determined by the injection
properties of the electrodes. At higher voltages (higher cur-
rent densities), a transition from electron-limited injection to
bulk-limited conduction occurs.
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Figure 4. Schematic diagram of a single-layer light-emitting diode
which works only under forward dc bias for electroluminescence.
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Figure 5. LEP fabricated with a heterostructure of PPV and CN-
PPV of typical total thickness ~100 nm. The band gaps and work
functions of the polymers can be tuned by organic synthesis. Under
forward bias, holes (open circles) are injected from ITO into the high-
est occupied molecular orbital (HOMO) of the PPV layer and then
drift to the heterointerface. Electrons (closed circles) are injected from
the negative electrode into the lowest unoccupied molecular orbital
(LUMO) and are confined to the heterointerface as shown. Thus a
space charge is on either side of the heterojunction, and tunneling
across the lower of the two barriers (holes in this case) leads to elec-
tron-hole capture and electroluminescence.

For a stable elemental cathode, the barrier height to elec-
tron injection should be >1 eV, and this is the limiting factor
to the device’s efficiency. This is overcome with a low work
function alloy of aluminum to maximize electron injection ef-
ficiency and with recombination occurring in the PPV mate-
rial. Using a PPV precursor of high luminescent efficiency, an
ITO protector layer to prevent quenching of the luminescence
due to interaction of conversion by-products with the ITO,
and a low work function stable alloy of Al, devices with >2
Im/W and a peak brightness of >90,000 cd/m? have been pro-
duced.

In many LEP structures, a hole-transport layer is used be-
tween the anode and the EL layer, and an electron-injecting
and transporting layer, such as 2,4-(biphenyl)-5-(4-t-butylphe-
nyl)-1,3,4-oxadiazole (PBD) or poly(phenylene-1,2,3,4-oxadia-
zole-phenylene-hexafluoroisopropylidene) (PPOPH) ~10 nm
thick is used between the EL layer and the metal cathode.
These injecting layers serve the following functions: enhanc-
ing charge carrier injection; avoiding the quenching of radia-
tive recombination near the metal interface, and balancing
charge carrier injection. The net result is a significant in-
crease in quantum efficiency.

Another improved version of the single layer LEP includes
a cyano-PPV (CN-PPV) layer which functions as an electron-
transport layer. In this structure, the electron and hole injec-
tion barriers are similar. The band gap of the CN-PPV film
(~2.1 eV) is lower than the PPV layer (~2.5 eV), so recombi-
nation takes place in the CN-PPV layer. The band structure
for this LEP is shown in Fig. 5. The switching speeds of these
devices are quite fast even though the carrier mobilities in
the 100 nm thick PV are low. With carrier mobilities in the
10~* em?/Vs range and an electric field of 10° to 10% V/cm, drift
times 7 of less than 1 us, given by

B film thickness
"~ carrier mobility - mean electric field

are obtained. These drift times across the thin layers are less
than the RC charging time of the dielectric structure, so the
relatively low mobilities are unimportant.
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Use of conducting polymer polyaniline (PANI) doped with
camphor-sulfonic acid (CSA) spin-casted on top of the indium
tin oxide (work function ~4.1 eV) film enhances the light out-
put and reduces the operating voltage. Further, PANI-CSA
films (~50 nm thick and work function ~4.3 eV) can also be
used as the transparent electrode and an efficient electron
injecting layer, thus simplifying the device’s structure and
fabrication. The main advantages of polymers as the EL ma-
terials in LEDs are easy film deposition by casting and no
crystallization, but purification is sometimes difficult. For ex-
ample (2), ITO/PANI-CSA/MEH-PPV/Ca LEPs have the fol-
lowing brightness characteristics: 100 cd/m? at 2.4 V (the
brightness of a television screen); 4,000 cd/m? at <4 V (the
brightness of a fluorescent lamp); and >10,000 cd/m? at >5V
biases. The external quantum efficiency is 2% to 2.5%
photons/electrons and the luminous efficiency is 3 Im/W to
4.5 Im/W (2).

Adding 3 nm self-assembled monolayers of PPV thin films
at the PPV/aluminum interface improves device efficiency by
as much as a factor of 5 in light-emitting multilayer hetero-
structures. These self-assembled monolayers (SAMs) reduce
the electron metal/organic Schottky barrier height when they
form dipole layers on the metal contacts with the dipole mo-
ment pointing away from the metal substrate (electric field
pointing toward the substrate). These nanometer-sized semi-
conductor particles on top of the hole-conducting polymer
layer also control the color of light emitted by a LED because
the color of light emitted depends on the size of the particles.
More research is needed for LEDs using this technique for
tuning color and enhancing efficiency.

Conjugated polymers should possess suitable ionization po-
tential and electron affinity for energy level matching in the
injection process of charge carriers at the electrode to organic
material and organic material to organic material interfaces
(51). They should form uniform amorphous films without pin-
holes and be morphologically stable without undergoing crys-
tallization. The materials should also be thermally stable
without morphological changes or melting by Joule’s heat
during the device’s operation, and they should be highly fluo-
rescent. Although there has been much progress in ad-
dressing these issues, there is still room for improvement if
these LEDs are to find widespread use as forecasted.

Degradation during electrical stress from an increase in
operating voltage probably due to the motion of ions through
the device, a decrease in quantum efficiency, formation of
dark spots which is greatly accelerated by the presence of wa-
ter and the formation of electrical shorts must be minimized
or eliminated. Power dissipation is very important because it
leads to self-heating of the display. Ability to integrate differ-
ent organic layers for optimum R, G, and B devices for color,
and unbreakable substrates (as opposed to glass) are highly
desirable. Integration of amorphous silicon TFT with a single
organic layer structure OLED on flexible stainless steel foils
for active matrix architecture has been demonstrated. This
yields a display with far higher power efficiency than passive
matrix addressing displays. However, more research is re-
quired to improve fabrication yield.

Polymer Microcavities

Two types of light emitting devices, OLEDs and LEPs, have
been described. However, the spectra of such devices are gen-
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erally very broad because of vibronic side bands and strong
inhomogeneous broadening of the transitions (22). One way
to spectrally narrow and resonantly enhance the broadened
linewidths is to use Fabry—Perot resonant microcavities. A
microcavity can be formed with a silicon dioxide/silicon ni-
tride (or TiO,/Si0O,) distributed Bragg reflector (DBR) and
a metal mirror (4). A cavity structure with the conjugated
polymer poly(2,5-dialkoxy-p-phenylenevinylene) (PDAOPYV)
(22,23) is schematically shown in Fig. 6. Other organic mate-
rials, such as PPV (24,25) and tris(8-hydroxyquinolinol)alumi-
num (Alqs) (26) can also be used.

In this microcavity structure, the aluminum layer on top
of the Si,N, filler layer is semitransparent. It is 13 nm thick,
and it serves as the cathode. ITO can also be used as the
cathode. A gold, aluminum, or indium mirror serves as the
anode. Because the mobility of holes is greater than that of
electrons, most of the electroluminescent emission occurs
near the polymer/Al interface. If the ITO/PDAOPV/AI struc-
ture is used, then a broad spectrum at 592 nm that has a full-
width at half-maximum (FWHM or AA) of 112 nm, as sche-
matically depicted in the upper part of Fig. 7, is obtained.
With the microcavity structure, the EL peak shifts to 634 nm
and the FWHM is 34 nm, as shown in the lower part of Fig.
7. However, there is some angular variation of the emission
color.

Other variations of the cavity structure include a top mir-
ror (aluminum), an organic luminescent material, such as
Alg; on top of a triphenyldiamine derivative (TAD) for the
hole transport layer, a thin semitransparent layer of gold, a
filler layer of transparent polyimide (27), and a quarter-wave
stack of alternating layers of dielectrics (SiO,/Si.N,) of low
and high dielectric refractive indexes on top of a quartz sub-
strate. The filler layer of polyimide is used to control the opti-

Polymer
Al (13 nm)
Cavity
Si,N,
SiO, (M4)
Si;N, (M/4)
- SiO, (M4)
Distributed .
Bragg ) Si,N, (A/4)
reflector SiOy (M4)
Si;N, (M/4)
Glass substrate

Emitted light

Figure 6. Schematic illustration of an electroluminescent microcav-
ity polymer LED structure. In this structure, the wavelength of the
emitted light depends on the viewing angle 6.

Imax

Imax

N

Electroluminescent intensity (arb. units)

Wavelength (nm)

Figure 7. Electroluminescence spectra from a polymer LED (a) with-
out and (b) with a microcavity. The microcavity considerably reduces
the emission linewidth and shifts the emission wavelength. The emis-
sion wavelength depends on the geometrical distance between the
mirrors, the refractive indices of the materials between the mirrors,
the phase shifts at the mirrors, the cavity mode number, and the
observation angle. For example, in (24), for a PPV-based LED, the
bandwidth of the freespace spectrum LED is 150 nm, starting at 500
nm. With the microcavity structure, the peak wavelength was 584
nm and its bandwidth was 4 nm. The quality factor of this microcav-
ity structure was 146.

cal thickness and thus the spectral position of the electromag-
netic cavity modes of the entire cavity without changing the
properties of the luminescent layer. In this way, emission of
red, green, and blue light is obtained by using different thick-
nesses of the filler layers.

Microcavities of high quality factor @ where @ = A,//AAX (see
Fig. 7), have also been used to study the nature of emission
from conjugated polymers, such as PPV (24). It was found
that the main photoexcitation in PPV is an emissive intra-
chain exciton which could be exploited for electrically driven
polymer-based lasers. Because @ depends on the mirror and
DBR reflectivities and the effective mode number of the cav-
ity, then high @’s can be obtained by using highly reflecting
metal and DBR mirrors. With high @ cavities, measured
FWHM were only a few nm, indicating that polymers of high
quality can be used in electrically pumped lasers. By ad-
justing the optical parameters (wavelength and spectral
width) of the cavity, it is possible to tune the color of the cav-
ity emission over the entire polymer’s spectrum. The planar
structure of the polymer device also leads to spatial nar-
rowing of the cavity mode’s emission. Therefore, the micro-
cavity structure allows one to control the process of radiative
recombination in polymer luminescent materials, thereby sig-
nificantly narrowing the spectral and spatial emission and
also enhancing the forward emission intensity. However,
more research into optical cavity designs that produce
strongly directed emission is required.

ORGANIC THIN FILM TRANSISTORS

Work in organic thin-film transistors (OTFTs) (1,5-7,28—42)
has been spurred on by the rapid growth in display technol-
ogy that requires transistors for accessing individual display
elements in the active matrix flat panel liquid crystal or or-
ganic emissive displays and in low-cost electronic applica-
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Substrate Substrate Figure 8. Simple schematic illustration
(a) bottom contact and (b) top contact
OTFT or MISFET. The dots in both fig-
ures indicate the charge carrier flow path
(a) (b) between the source and drain terminals.

tions, such as low-end data storage, smart cards, or smart
inventory or identification tags. These OTFTs or metal-insu-
lator semiconductor field-effect transistors (MISFETSs) pos-
sess the important advantage of being more readily deposited
or spin cast onto rugged substrates, for example, various plas-
tic ones, compared with amorphous and polysilicon TFTs. In
addition, polymeric substrates can be used to make flexible
form-factor displays and the OTFTs could also be manufac-
tured by continuous web processing which dramatically low-
ers production costs.

The organic TFTs can be classified into two main struc-
tures: a bottom contact or a top contact device, as shown in
the Fig. 8. Typical subthreshold characteristics at a constant
drain voltage and drain current-drain voltage curves at vary-
ing gate voltages are shown in Fig. 9. The current voltage
expressions for the TFTs are given by

V;

VT) > VDS and

w
Ing =n-Cox - 57 <(VGS_VT)_

in the linear region (Vgg —

-C w
Ing = % 7 Vos ~Vp)? - (1+4Vpg)

in the saturated region (Vgs — Vi) < Vpg
where u is the carrier field-effect mobility, Cox is the gate ox-
ide capacitance per unit area, and W and L are the channel
width and length, respectively. Vo5 and Vpg are the gate-
source and drain-source biases, A is the channel length modu-
lation factor, and V7; is the “threshold voltage.” These expres-

sions are identical to those for describing inorganic field-
effect transistors.

The top contact device offers simpler processing and re-
sults in higher mobilities because of easier charge injection
from the top contacts. However, the bottom contact devices
are necessary in making integrated circuits. Bottom contact
devices generally have poorer performance which is improved
by depositing the organic semiconductor at higher tempera-
tures, but this degrades film morphology. A better technique
is to use a high temperature deposited layer over which an-
other layer deposited at a lower temperature is placed to im-
prove the performance of bottom contact TFTs. Using stacked
high-temperature and low-temperature layers of pentacene,
record mobilities of 1.5 cm?/Vs are obtained.

Organic insulator to organic semiconductor FETs have also
been fabricated from polymer materials by printing tech-
niques. These MISFETSs are insensitive to deformations, such
as bending or twisting. The substrate, a 25 um thick polymer
film made from poly(p-banic acid) resin (PPA) was used be-
cause of its good mechanical strength. The gate insulator was
cyanoethylpullulan (CYEPL). Gold was used for the gate and
source and drain electrodes and a-hexathienylene («-6T) was
the semiconductor. For this structure with an improved or-
ganic semiconductor to organic insulator interface, field-effect
mobilities as high as 0.43 cm?/Vs and carrier transit times of
5 us are obtained.

Logic gates and ring oscillators with five inverter stages,
made with either pentacene or poly(thienylenevinylene)
(PTV) have been produced, indicating that OTFTs with good
reproducibility for logic circuits can be manufactured (32).
However, for circuits with only 7-channel TFTs, a positive de-
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Figure 10. Schematic illustration of a heterostructure with (a) P-
channel enhancement FET with a negative bias to gate and (b) N-
channel enhancement FET with a positive bias to gate. Here, it is
assumed that the magnitudes of the energy band level discontinuities
at the heterojunction are not affected by the voltage bias. Also, it is
assumed that the interface state densities at both interfaces are quite
low, so little or no band bending of the energy levels occurs.

vice threshold means that a carrier accumulation layer and
current leakage path can exist between circuit wiring ele-
ments. For n-channel devices, copper phthalocyanine and
naphthalene tetracarboxyclic dianhydride (NTCDA) can be
used as the organic semiconductor (35).

Organic heterostructure bottom contact field-effect transis-
tors using «-6T and Cg as the heterostructural layers and
working either as n or p-type devices depending on the gate
bias, as shown in Fig. 10, have been produced (28). The elec-
trical characteristics of these FETs depend mainly on the mo-
lecular orbital energy levels and transport properties of the
two organic semiconductors. As a p-channel transistor, an ac-
cumulation of holes is formed at the «-6T-SiO, interface,
whereas as an n-channel transistor, an accumulation layer of
electrons is formed in Cg near the «-6T interface.

The operation of these heterojunction transistors also
sheds light on the reason that many organic semiconductors
conduct only one type of carrier species efficiently at room
temperature: the other species are trapped in extremely low
mobility states. These heterojunction transistors can be used
to fabricate complementary circuits for low-power digital ap-
plications, such as smart cards or smart inventory tags.

Recent research in OTFTs has focused on small-molecule
organic semiconductors, such as «-6T, metallo-phthalocya-
nines and naphthalene derivatives, and aromatic hydrocar-
bon pentacenes have shown promising electrical performance.
For example, with aromatic hydrocarbon pentacene, mobilit-
ies ~1 ¢cm?/Vs and on/off current ratios ~10% have been ob-
tained (37). However, they have large subthreshold slopes
and large positive threshold voltages (37). One reason for the
large subthreshold slopes may be the tendency of the small-
molecule materials to form molecular crystals, resulting in a
poor gate dielectric semiconducting polymer interface (37).

Table 1 is a summary of various semiconducting polymers
used in TFTs with their mobilities listed for comparison. Ex-
amples of gate electrodes are nickel, aluminum, heavily doped
silicon, and palladium deposited by evaporation or sputtering.
For source and drain terminals, palladium, aluminum, gold,
or chromium deposited by evaporation or sputtering, can be
used. For gate dielectrics, thermally grown or sputtered sili-

con dioxide is typically used, and borosilicate glass, silicon,
or plastic which offers better thermomechanical compatibility
with the organic semiconductor, are used as substrate mate-
rials.

For efficient electronic transport in OTFTs, first, the rela-
tive orientation of the organic molecules on the substrate is
most important. For the most efficient electronic transport,
the direction of the 7—7 molecular overlap should be the same
as the source and drain direction, that is, perpendicular to
the substrate for TFTs. For pentacene and «-6T, this is the
case. Second, the molecules must be packed in the unit cell in
such a way that the 7—7 molecular orbitals overlap. Examples
of this overlap are in polythiophenes where the molecular
chains are coplanar and parallel to one another, so there is
good overlap of their molecular orbitals. In «-6T and other
thiopene-based organic materials, the chain molecules are ar-
ranged in a herringbone pattern, with the molecular chains
parallel to one another. Third, the growth habit of the mole-
cules, which leads to macroscopic crystals and polycrystalline
aggregates, that is, the morphology of the films, is also impor-
tant. Note, however, that the crystal’s growth habit is to a
large extent an inherent characteristic of each organic mate-
rial. The preferable morphology is larger, perfect flat crystals.

One way to accomplish perfect flat crystals might be vac-
uum evaporation onto heated substrates. Solution casting has
also been proposed as a fabrication method for realizing per-
fect flat crystals (41,42). In MISFETS, electrical characteris-
tics are a convolution of the intrinsic transport properties of
the oligomer material, which is related to its molecular stack-
ing with extrinsic influences, the extent of grain boundaries,
and the roughness of the interfaces with the source and drain
contacts, and the gate dielectric layer.

Flash evaporation is used to deposit organic films to avoid
problems with thermal decomposition of material being evap-
orated. However, it results in poor molecular ordering which
leads to poor mobility. Fused-ring, small-molecule aromatic
hydrocarbon pentacenes purified by vacuum gradient subli-
mation and deposited by vacuum evaporation onto substrates
at room temperature or elevated temperatures are used in
making TFTs. Sublimation and solution- or melt-processing
are also easy fabrication techniques that are used. Patterning
of organic materials is problematic because typical photolitho-
graphic processes lead to large changes in device character-
istics.

Table 1. Summary of Various Semiconducting Polymers
Used in MISFETs and Their High Mobilities

Mobility,
Material Used as Semiconductor in MISFET's cm?/Vs
Polythiophene 10
Polyacetylene, poly(3-hexylthiophene) 107
Poly(3-alkylthiophene) (P3AT) 1073
Naphthalene tetracarboxylic dianhydride (NTDCA) 0.01
a-Hexathienylene (a-6T) with SiO, gate insulator 0.01 to 0.03
Copper phthalocyanine (Cu-Pc) 0.02
a,o-Hexathiophene 0.03
Poly(3-hexylthiophene) 0.045
a,w-Dihexylhexathiophene (DH6T) 0.13
Poly(thienylene vinylene) 0.22
ng 0.3
Pentacene 1.3




PHOTOVOLTAIC CELLS, PHOTODIODES, AND METAL/
ORGANIC SEMICONDUCTOR JUNCTIONS

The need to develop inexpensive renewable energy sources
continues to stimulate much research into new approaches to
produce low-cost, energy-efficient photovoltaic devices, capa-
ble of generating a voltage as a result of exposure to radia-
tion. Because of this, much effort is being expended in devel-
oping organic semiconductor-based photovoltaic cells and also
photodiodes. Polymer photodiodes (devices that generates an
electric signal in response to electromagnetic radiation) pos-
sess several attractive features (43). They are relatively in-
sensitive to temperature variations (photosensitivity de-
creases by a factor of 2 from 300 K to 80 K), can be fabricated
in large areas in unusual shapes, for example, on a hemi-
sphere to couple with an optical system, by processing from
solution at room temperature, and they are flexible.

Linear polymer photodiode arrays and image sensors have
been produced. These large area, low-cost sensors can be used
in a variety of applications industrial automation, office and
consumer electronics, and biomedical instruments (44). They
also exhibit a relatively flat response over a broad spectral
range above the energy gap of the active material. Band-gap
engineering in organic semiconductors is relatively easier
than in inorganic semiconductors. For example, the energy
gap of PPV can be tuned from 2.5 eV to 1.7 eV by adding side
chains or functional groups.

Photodiodes can also be made by reverse biasing the LEP
structures, such as Al or Ca/MEH-PPV/ITO or Ca/PPV/ITO
layered thin films. Photovoltaic characteristics of Ca/MEH-
PPV/ITO structures with short-circuit current density Jg; of
6 wA/cm? and open-circuit voltage Ve of 1.6 V at an illumina-
tion of 20 mW/cm? at 430 nm broadband radiation, have been
obtained. At —10V, the photodiode sensitivity is 45 mA/W to
90 mA/W under illumination of 1 wW/cm?, which corresponds
to a quantum yield of ~20%. Using poly(3-octylthiophene)
(P30OT) as the organic semiconductor, higher photosensitivi-
ties of 0.2 are obtained (2).

Photodiodes using the photovoltaic effect have also been
investigated in PPV and MEH-PPV, one of the soluble deriva-
tives of PPV, poly(3-alkylthiophene) (P3AT), tetrathiafulva-
lene (TTF), and buckminsterfullerene Cg. Cg is preferable to
PPV because of its higher mobility, higher electron affinity,
and higher ionization energy (45). A schematic representation
of a photovoltaic cell structure is shown in Fig. 11. With pho-
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Figure 11. Simple schematic diagram of a two-layer (PPV/Cy,) heter-
ojunction photovoltaic diode. The Cq has more favorable electron-
transporting characteristics than PPV, and thus it enhances the pho-
tovoltaic device’s efficiency.
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Figure 12. Simple schematic diagram of a photovoltaic cell fabri-
cated with a blended MEH-PPV: Cy heterojunction material.

toexcitation, excitons are formed in the PPV, and they then
diffuse to the PPV/Cg, interface where they are ionized. The
exciton diffusion range is ~7 nm. The SiO strips define the
active area of the diode and prevent the formation of a short
circuit between the two electrodes when they are contacted to.

The current-voltage characteristics of this heterojunction
photovoltaic device are those of a rectifying contact with a
forward bias (ITO positive) turn-on voltage of 0.9 V. This de-
vice gives a peak quantum efficiency (electrons collected per
incident photon) of 9% under short-circuit conditions and an
illumination of intensity 0.1 mW/cm? The aluminum elec-
trode acts as a reflecting layer for light, so the light reenters
the PPV layer, and the relative phases of the forward and
returning waves depend on the thickness of the Cg layer. By
tuning the thickness of Cg to optimize constructive interfer-
ence at the interface, and also by optimizing the PPV thick-
ness, the quantum yields may be increased.

Photovoltaic cells (46—49) can also be made by blending
a semiconducting polymer (MEH-PPV) as a donor (D) with
buckminsterfullerene Cg as an acceptor (A) to form an inter-
penetrating phase-separated D—A network. Because any part
of the composite is just a few nm from a D—A interface, the
composite is in effect a bulk D—A heterojunction material.
The structure of this photovoltaic cell is shown in Fig. 12.

In reverse bias, these “blended” devices are excellent
broadband photodetectors: at —2 V to —5 V, the sensitivity is
0.2 to 0.3 A/W, and energy conversion efficiency ng is 50 to
80% at 20 mW/ecm? and 430 nm. These results are comparable
to the 0.2 A/W photosensitivity of UV-enhanced silicon photo-
detectors at 430 nm. When operated as a photovoltaic cell, its
characteristics are as follows: carrier collection efficiency
ne ~ 29%; ng of 2.9%; Jg of 2 mA/em? at 20 mW/em? and 430
nm. At lower illumination levels of 10 uW/cm?, n; ~ 45%,
and 7 ~ 3.3%. These results are significantly better that pho-
tovoltaic diodes made with MEH-PPV alone, and they are
close to results from amorphous films of inorganic semicon-
ductors (45).

As with OLEDs and LEPs, care must be taken in depos-
iting semiconducting polymer film as incorporation of molecu-
lar oxygen into the film usually leads to low quantum yields.
This may assist the process of charge separation, with elec-
trons being trapped by the molecular oxygen, leaving holes as
the mobile carriers.

Schottky diodes (50) for possible electronic applications
have been made by evaporating indium contacts on poly(3-
hexylthiophene) (P3HT), and they have rectification ratios of
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1000:1. Other semiconducting polymers used to make
Schottky diodes include polyacetylene, polythiophne (PT),
poly(3-methylthiophene) (P3MT), and poly(3-alkylthiophene)
(P3AT) deposited on ITO-coated glass, for example.

Schottky barrier solar cells using semiconductive polyacet-
ylene (CH), films which can be doped with donors or acceptors
to yield p—n junctions suitable for solar cell devices have been
fabricated. (CH), is very suitable for solar cell applications
because its absorption spectrum is close to the solar spec-
trum, it has a very large absorption coefficient (10° to 10°
cm!), and its band gap is around 1.5 eV, at which optimum
energy conversion efficiency is obtained.

For low-cost solar cells, a Schottky barrier device is prefer-
able to a p—n junction. Its structure is Al/(CH),/Au. Its recti-
fication in the dark for both solar cell or photovoltaic applica-
tions is significantly influenced by the surface condition of
the (CH), film. As a solar cell, incident light intensity of 7
mW/cm? results in an open circuit voltage of 0.32V or a short-
circuit current density of 35 uA/cm? for a conversion efficiency
of ~1.1%. Other results are a power efficiency of 4% under
monochromatic light at 470 nm at low level of 0.8 uwW/cm?.
The power efficiency decreases as the light intensity in-
creases. At low illumination levels, power conversion is a lin-
ear function of the illumination because the primary carrier
generation mechanism is a direct band-to-band process with
a quantum yield of ~1. At higher illumination, a sublinear
dependence of power efficiency is obtained, most likely due to
bimolecular recombinations.

Finally, Schottky barrier diodes with poly(3-methylthio-
phene) have been studied over a range of temperatures and
frequencies. These devices have proven very useful in study-
ing localized states in the polymer band gap. Capacitance-
voltage results suggest the presence of two acceptor states in
the band gap. This is useful in understanding electrical trans-
port in these materials so that improved and optimized de-
vices for target applications can be fabricated.
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