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1. Introduction

Electronic and optoelectronic devices using organic ma-
terials as active elements, for example, organic light-emitting
diodes (OLEDSs), organic photovoltaic devices (OPVs),
organic field-effect transistors (OFETS), organic photore-
fractive devices, and so forth, have recently received a great
deal of attention from the standpoint of potential technolog-
ical applications as well as fundamental sciehdeThe
devices using organic materials are attractive because they
can take advantage of organic materials such as light weight,
potentially low cost, and capability of thin-film, large-area,
flexible device fabrication. Photoreceptors in electrophotog-
raphy using organic photoconducting materials have already
established wide markets of copying and laser printers.

* To whom correspondence should be addressed. Postal address: 3-_6-1,0|-EDS have also found practical applications in small
Gakuen, Fukui City, Fukui 910-8505, Japan. E-mail: shirota@fukui-utac.jp displays such as mobile phones, digital camera finders, and
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car audios and are expected to expand their markets to flat-
panel televisions and lighting in the future.
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Early studies of charge transport in organic materials were
performed on both single crystals and disordered systems,
for example, polymers and molecularly doped polymers,
where small organic molecules are dispersed in a polymer
— binder. In particular, molecularly doped polymers have been
studied extensively in view of their practical applications in
: photoreceptors in electrophotography. The recent develop-
ment of small organic molecules that readily form stable
amorphous glasses, namely, amorphous molecular materials,

has enabled the studies of charge transport in the amorphous
glassy state of small organic molecules without any binder
polymers. Charge carrier mobilities of a number of organic
polycrystals have also been determined from the performance

of OFETs.

. . e _ This review article focuses on charge-transporting molec-

%{asghlko S?'E’ta. grad_uatfed fr%m (Izszﬂ""‘. Unl\./er_3|t31/9|2819|_€|53, and rece_lveg ular materials for use in electronic and optoelectronic devices
is Doctor of Engineering from Osaka University in . He was appointe . -

to be Research Associate at Osaka University in 1968 and promoted to such as OLEDs, OPVs, and OFETS.‘ First, some basic aspects
Associate Professor in 1972 and full Professor in 1986. Since 2003, he of charge transport and the operation processes of OLEDs,
has been Professor Emeritus of Osaka University and Professor at Fukui OPVs, and OFETs are described. Then, discussion is directed
University of Technology. His research interest covers a wide field of to the molecular design concepts of charge-transporting
organic materials science including the synthesis, structures, reactions, molecular materials and their synthesis, properties, and
properties, functions, and device performance of both molecular materials applications in devices. Charge-transporting molecular ma-

and polymers. terials in each device are classified on the basis of their

molecular structures. The device structures and performance
using charge-transporting molecular materials are also de-
scribed. Finally, charge transport in molecular materials is

discussed in relation to their molecular structures and the
performance of devices.

FE

2. Basic Aspects of Charge Transport

This section describes the definition of charge carrier drift
mobility, experimental methods for determining charge
carrier drift mobilities, and a few models proposed for charge
transport in organic disordered systems.

2.1. Charge Carrier Drift Mobility

o — - When a voltage is applied to a sample sandwiched between
Hiroshi Kageyama obtained his B. Eng. (1992), M. Eng. (1994), and Ph.D. two electrodes, charge carriers, that is, holes and electrons,
53%997). ‘1'99?%5 frEmlj)s.aka%Jn]velrgg% Hedvxéas %ppo'”;\ed.t‘z b? gesfearch are transported across the sample under the electric field.
ssociate at Osaka University in and has been Assistant Professor : .
since 2006. He is interested in charge transport in organic disordered g;]?/v?;tlrr]n(é?;ﬂ?dﬂigfnvzlfggrzga{:%?rité?:zegr:rggip?gr\ala;ag and
systems. . ! > | .
The velocity of charge carriers is proportional to the

Organic materials for use in electronic and optoelectronic : P ;
. , . strength of the applied electric field and is expressed as e
devices, in particular, OPVs and OFETs, are often called ;. 9 PP P g

organic semiconductors, which play the role of the charge
carrier transport as well as the charge carrier generation or
injection. In contrast to inorganic semiconductors, organic
semiconductors are essentially electrical insulators. All whereu is the velocity of charge carriers, is the strength
the devices described above involve charge transport aSof electric field, and the proportional constants the drift
an essential operation process and hence, require charge-_ 7 .. ’ . . . .
transporting materials. Therefore, the development of high- mobility of charge carriers, that is, the distance over which

performance, charge-transporting materials is a key issue forcharge carriers are transported per second under the unit

L . . electric field. It should be noted that is dependent upon
the fabrication of rlugh-perform?nct()e d%wcesi Charge- ;0 "electric field for organic disordged sysptems P
transporting materials are mostly based arelectron Th ; P ; y
. . . : e charge carrier mobilities of organic materials greatl
systems,whlch are.ch.arac.:terlzed by properties s_uch as “ghR/ary depengding on the kind of chgrge carriers n%melg//
absorption and emission in the ultraviolet-to-visible wave- ; '

length region, charge-carrier generation and transport, non—\;\':detr?](; etrri]aetlg r?:c?r hhoolleos i?ars elljei?fg?ennst’ tggf%ﬂ%:éﬁ’g#sﬁss’
linear optical properties, and so forth. Organic charge- P gles. P

transporting materials include both small molecules, that is, are operative depending on the aggregation states of materi-

molecular materials, and polymers, the latter of which are als, for example, crystalline and amorphous states.
mainly classified intar-conjugated polymers and noncon- . o
jugated polymers containing pendarvelectron systems. 2.2. Drift Mobility Measurements

Charge transport has been a subject of interest from the The charge carrier drift mobility has been determined by
standpoints of both fundamental science and technology.several methods, which include time-of-flight (TOF) metféd;

v=uF )
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Semitransparent Electrode ------------------- > photocurrent as a function of time. The transit tim i€

Charge Transport Layer ------------- o experimentally determined from the cusp of nondispersive

ggﬂgg dg‘e’_‘f’_'_"‘_t'm Layer photocurrent, as shown in the figure. In contrast to the
H nondispersive photocurrent in Figure 2a, the transient pho-
VT tocurrents observed for polymers and molecularly doped

polymers are often dispersive without any definite cusp as
shown in Figure 2b. In this case,is determined from the
double logarithmic plots of transient photocurrents, according
) to the ScherMontroll theory!4

Oscilloscope The transit time®) is given by eq 2, where s the velocity

of charge carriers and is the sample thickness. When eqs
1 and 2 are combined, the charge carrier drift mobility (

is expressed as eq 3.

pulsed light

’,
Figure 1. Schematic diagram of apparatus for a time-of-fight

method. =7 2)
(b) 2
_&

The measurement of carrier drift mobility by the steady-
state TF-SCLC method is based on the analysis of current
% density 0)—applied voltage\) characteristics in the dark.

log (time) Generally, thel—V characteristics are linear at low drive

voltages, showing ohmic behavior. At high applied voltages,

i theJ—V characteristics become space-charge-limited because
time time of the injection of charge carriers from one electrode. When

Figure 2. Typical transient photocurrents: (a) nondispersive; (b) the (_:ontact between Fhe electrod_e gnd _the organic Iay_er IS

dispersive. inset: double logarithmic plot. ohmic and the current is transport-limited instead of injection-

limited, the space-charge-limited currehis given by eq 4,
analysis of steady-state, trap-free, space-charge limitedwhich is known as the Mott-Gurney equation,
current (steady-state TF-SCLC methéd)analysis of dark

log (Photocurrent)

Photocurrent
Photocurrent

injection space-charge-limited transient current (DI-SCLC 9 9 1.,

method)® analysis of the performance of OFETs (FET J= gt E 0= g’y Fo (4)
method)? measurement of transient electroluminescence (EL)

by the application of step voltage (transient EL method);  \yhere ¢ and d are the permittivity and thickness of the

and pulse radiolysjs time-resolved microwave conductivity sample, and is a factor that considers the presence of charge
(PR-TRMC) techniqué? Among these methods, the TOF  carrier traps, that is, the ratio of the number of free carriers
technique and the analysis of the performance of OFETs havey the total number of carriers. When the current flow is in
been most widely employed to determine the carrier drift agreement with SCLCJ should be proportional to the square
mobility. _ of the electric field F2), which is dependent upon the sample
The TOF method is based on the measurement of thethickness. Wher is equal to 1, the current becomes trap-
carrier transit 'glme1(), namely, the time required for a sheet fee SCLC. The charge carrier mobility can be evaluated
of charge carriers photogenerated near one of the electrodegrom this equation on the basis of the assumption that the
by pulsed light irradiation to drift across the sample to the ¢ontact between the electrode and the organic layer is ohmic
other electrode under an ap_plled ele_ctrlc field. Samples Us_ed\/vithout any energy barrier for charge injection. In case the
for the measurement are either a single charge-transportingmopility data determined by other methods are available, one
layer or double layers consisting of charge carrier generationcan, calculatel. When the experimental value dfis equal
and transport layers (CGL and CTL, respectively) sand- tq the calculated value, the contact between the organic layer
wiched between the two electrodes, one of which is transpar-;d the electrode is regarded to be an ideal ohmic one.
ent. The thickness of samples is usually in the range from 5 Equation 4 applies for materials in which the mobility is
to 20um. The samples are prepared using vacuum evaporandependent of the electric field. Since the charge carrier
tion, solvent cast from solution, or by pressing melt samples mopility of organic disordered systems is usually electric-
with two ITO electrodes. In the case of the double layer fig|q dependent, in agreement with the Peefeenkel effect

structure (Figure 1), irradiated pulsed light is transmitted 55 gescribed in section 2.3, eq 4 is modified as &% 5,
through the transparent CTL and absorbed by the CGL.

Copper phthalocyanine and perylenebis(dicarboximide)s can 9 ual o
be used as CGL materials. One of the charge carriers, either J =g et XPF 2)a Fo ®)
holes or electrons, photogenerated in the CGL is injected

into the CTL and then drifts across the CTL to the electrode. where uo is the mobility whenF = 0. If the mobility is
Alternatively, photogeneration of charge carriers takes placeindependent of the electric fiel@, = 0.

at the interface between the CGL and CTL depending upon In the DI-SCLC method, a step voltage is applied to the
the kind of CGL materials. When charge carriers start to sample sandwiched between two electrodes, one of which
drift, photocurrents flow until the charge carriers arrive at forms an ohmic contact. An ideal transient current for trap-
the other electrode. Figure 2 shows a typical transient free materials is shown in Figure 3. The current increases
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Figure 4. Typical transient emission behavior of OLEDs.

with time, reaches the maximum at timg, and then
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and conduction bands, organic materials in which only weak
intermolecular interactions such as van der Waals forces are
operative usually do not form energy bands. Charge carriers,
that is, hole and electron, for organic materials correspond
to the cation and anion radicals of a molecule. It has generally
been accepted that charge transport in organic disordered
systems, for example, polymers and molecularly dispersed
polymers, takes place by a hopping process. That is, charge
transport in organic disordered systems is understood as a
sequential redox process over molecules; electrons are
sequentially transferred from the anion radical of a molecule
to the neutral molecule through the lowest unoccupied
molecular orbital (LUMO) for electron transport, and elec-
trons are sequentially transferred from a neutral molecule to
its cation radical through the highest occupied molecular
orbital (HOMO) for hole transport.

Charge transport in molecular crystals generally shows the
following characteristicd® one is the mobility value being
ca. 102 to 1 cn? V7! s%, and the other is a small
temperature dependence of the mobilgyl{ T™, 0 < n <
2). Both band and hopping models cannot satisfactorily
explain this transport behavior observed for molecular
crystals. On the other hand, charge transport in organic
disordered systems such as polymers and molecularly
dispersed polymer systems is generally characterized by the
following features’ (a) transient photocurrents are usually
dispersive in contrast to nondispersive photocurrents ob-
served for organic crystalline materials, (b) drift mobilities
are much lower (e.g., 10 cm? V™1 st for poly(N-
vinylcarbazole)’) compared to those of organic crystalsl(
cn? V™1 st for anthracene single crystal), (c) charge
transport is thermally activated, and (d) charge carrier drift
mobilities are electric-field-dependent. It should be noted,
however, that recent studies on amorphous molecular materi-
als have revealed that they exhibit almost nondispersive
photocurrents and much higher drift mobilities (16- 1072
cn? Visl),

A few models have been proposed to explain the temper-
ature and electric-field dependencies of charge carrier drift

gradually decreases to a constant current, which is steady-mobilities of organic disordered systems, which include the

state SCLCz, is related to space-charge-free transit trne

Poole-Frenkel model/*® small-polaron mode¥® and dis-

as expressed by eq 6, and the mobility can be calculatedorder formalisnt®

from eq 7.

7, ~ 0.786, (6)
P d?
“= 0.786x ve, (7)

The transient EL method is based on the measurement of

a time delay between the application of a step voltage and
the onset of emission, as shown in Figure 4. The onset of
emission is determined by the arrival of the slower charge
carrier of the injected carriers at the emission zone.

The determination of charge carrier drift mobilities from
the performance of OFETs is described in section 3.3.

2.3. Models for Charge Transport in Organic
Disordered Systems

Both band and hopping models are available. The mech-

An empirical equation (eq 8), which takes into account
the Poole-Frenkel model, has been presented to explain the
temperature and electric-field dependencies of charge carrier
drift mobilities !’

U=l exf{_

where,Eo, frr F, k, To, anduo are the activation energy in
the absence of electric field, the Poolerenkel coefficient,
electric field, the Boltzmann constant, the temperature at
which the extrapolated data of Arrhenius plots for various
electric fields intersect with one another, and the mobility
at To, respectively. This model shows that the activation
energy for charge transport is lowered By#*2, but does
not provide any physical meanings faw and To. The
experimental results obtained for many organic disordered
systems have been reported to fit this empirical equation well.
The small-polaron theory is based on the idea that charge

E— ﬂPFFllz -1 -1
T , Teg=T =Ty~ (8)

anisms of charge transport in organic materials are different carrier transport takes place via the hopping of small
from those for inorganic semiconductors. While inorganic polarons, that is, charge carriers accompanied by the lattice
semiconductors form energy band structures, namely, valencedeformation, between localized states, and that hopping is
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assisted by phonons. According to this theory, mobility is Emitting
given by eq 9 Anode Layer Cathode
’ : | Electron i
S-S ,--~ Injection __.»
’ E, ! : o4 |
w(F = 0) = (ep/kT)P(w/27) expg — >~ JJIKT ; . \:
€) —

adiabatic regimeP =1

nonadiabatic regimeP < 1 < — |®

where, ew, J, andEp are the elementary charge, a phonon

frequency, the overlap integral, and the polaron binding — 1‘
energy, respectively? represents the probability that charge \

carriers hop once energy coincidence océ@ighe intersite \y@—'?@
distance dependence of activation energy for charge transport In}*eg};m

in molecularly doped polymer systems has been explained

in terms of this model?:2%.22 I:

The disorder formalism assumes that charge transport in
disordered systems takes place by hopping through arigure 5. Operation principles of OLEDSs.
manifold of localized states subject to the fluctuations of both
hopping site energy and intermolecular wavefunction overlap OLEDs are current-driven devices that utilize emissions
and that both the hopping site energy and the intermolecularfrom the electronically excited states of molecules. The
distance follow the Gaussian distributions. The disorder operation of OLEDs involves charge injection from the anode
formalism is given by eq 10, and the cathode into the adjacent organic layers, transport
of injected charge carriers through the organic layers,
u=u, exp{—(&)z] exp{ C[(kz)z _ ZZIFUZ} (10) exothermic recombination of holes and electrons to generate
T electronically excited states of molecules, which are often

3KT)
) . called excitons, followed by their deactivation by the
whereg and} are parameters that characterize the energetic g mjssion of either fluorescence or phosphorescence, which
and positional disorders, respectively,represents a hypo- s taken out of the device as EL (Figure 5).

thetical mpbil_ity in the energetic dis_o_rder-free systéis The luminous power efficiencyL{y) [Im W1 is defined
the electric field, andC is an empirical constarif. The as eq 11,
charge-transport parameters involved in eq 48,0, and
>, have been obtained for a variety of amorphous molecular oL
glasses, as described in section 6. Lett = IV (11)
3. Principles and Operation Processes of whereL is the luminance [cd n?], and J and V are the
Electronic and Optoelectronic Devices Involving current density [A m? and applied voltage [V] needed to
Charge Transport obtain the luminance. The external quantum efficieryq
This section describes the principles and operation pro- °f EIB IS ?‘?f'.nEd g\s r;[he number of pgqtons em|ttedd per
cesses of OLEDs, OPVs, and OFETs. 2;(2 er of injected charge carriers and is expressed as eq
3.1. Organic Light-Emitting Diodes (OLEDs) P
Electroluminescence (EL) in organics was first reported L “he di ]
using single crystals of anthracene in the 1960¢owever, D, = - hc == (12)
the fabricated device required a high drive voltage of 400 V fF'(A)Kmy(l)di €

to obtain blue emission resulting from anthracene. Then, the

use of vacuum-deposited anthracene thin films led to a wherel is the wavelengthe is elementary charge [Ch is
significant reduction of drive voltagé.In 1987, a double-  the Planck constant [J s},is the velocity of light [m s1],
layer OLED using thin films of 1,1-b{g-[di(p-tolyl)amino]- F'(1) is the EL spectrumKy, is the maximum luminous
phenyl cyclohexane (TAPC) as a hole-transporting material efficacy, andy(4) is the normalized photopic spectral
and tris(8-quinolinolato)aluminum (Al as an emitting response function.

material sandwiched between transparent indium tin oxide The main factors that determine,s and ®. are as
(ITO) and an alloy of magnesium and silver was reported to follows: efficiency of charge carrier injection from the anode
exhibit a luminance of over 1000 cdthat a drive voltage  and the cathode at low drive voltage, charge balance, spin
of ca. 10 V2526 Subsequently, a single-layer OLED using a multiplicity of the luminescent state, photoluminescence (PL)
thin film of poly(p-phenylene vinylene), ITO/polymer/Ca, quantum yield, and extraction of the emission out of the
was reported in 1999. These two reports have triggered device. ThereforePey: is understood as the value multiplied
extensive research and development of OLEDs from the by these factors®ey; = a®ePspin®em Wherea is the light
standpoints of both fundamental science and potential extraction factord,. represents the recombination probability
technological applications for full-color, flat-panel displays of injected holes and electrons, namely, the ratio of the
and lighting. Furthermore, the recent finding of triplet number of injected minority charge carriers used for recom-
emitters has led to remarkable improvements in the EL bination to the total number of injected charge carridrg;n
qguantum efficiency®3° OLEDs are characterized by low is the generation probability of either electronically excited
drive voltage, high brightness, full-color emission, rapid singlet or triplet state, which is 0.25 and 0.75 for the singlet
response, and easy fabrication of large-area, thin-film devices.and triplet formation, respectively, an®.n, is the PL



958 Chemical Reviews, 2007, Vol. 107, No. 4

Emitting
Layer

Hole-transport |  Electron-transport
Anode La%/ or Laly or Cathode
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Figure 6. Structure of multilayer OLEDs.

qguantum yield from either the electronically excited singlet
or the triplet state. When fluorescent emitters are employed,

Shirota and Kageyama

specialized needs depending upon the roles that they play
in devices, for example, hole transport, electron transport,
charge blocking, and light emission.

3.2. Organic Photovoltaic Devices (OPVs)

Solar energy has a great potential as a clean and
inexhaustible new energy source. Solar cells are devices that
directly convert light energy into electrical energy. Devices
for such photoelectric conversion with organic photoactive
materials are mainly classified into photoelectrochemical cells
and photovoltaic devices. Photoelectrochemical cells consist
of two electrodes immersed in an electrolyte solution
containing a redox couple. Dye-sensitized organic solar cells
using nanocrystalline, porous Ti(n which an organic dye
is adsorbed, and1/1~ redox species in solution or gels have
been a topic of current intensive research and development
because of the high conversion efficiencies reaching ¥5%o.

Organic solid-state photovoltaic devices (OPVs) consist
of thin films of organic photoactive materials sandwiched
between two metal electrodes. Both Schottky-type pnd
heterojunction cells have been studied. In Schottky-type cells,
a single-layer organic photoactive material is sandwiched
between two dissimilar electrodes to form a Schottky barrier

only 25% of the generated excitons are utilized. However, in the organic layer at the interface with the metal electrode.
when phosphorescent emitters are used, an internal quantun®n the other hanghn-heterojunction cells are typically based

efficiency up to 100% can be achieved in principle since

on the double layers of organic thin films, where the organic/

the phosphorescent emitters, which are usually doped in aorganic interface plays an important role in the performance,

host material, can capture both singlet and triplet excitons
generated by the recombination of injected holes and
electrong’®3?

To attain high quantum efficiency for EL, it is necessary
to achieve efficient charge injection from both the anode and
the cathode into the adjacent organic layers at low drive

the electrodes simply providing ideally ohmic contacts with
the organic layers. Generally, higher quantum yields for the
photogeneration of charge carriers have been attained for
pr-heterojunction cells compared with Schottky-type devices
because of electron doneacceptor interactions between the
two kinds of organic semiconductors, that stype and

voltage, good charge balance, and confinement of the injected-type organic semiconductorB-type andn-type organic

charge carriers within the emitting layer to increase the
probability of the desired emissive recombination. The

semiconductors generally mean electron-donating and -ac-
cepting organic materials, respectively. The main driving

insertion of hole-transport and electron-transport layers force for the photogeneration of charge carrierspim
between the electrodes and the emitting layer reduces theheterojunction devices is the chemical potential at the organic

energy barriers for the injection of charge carriers from the
electrodes into the emitting layer by a stepwise process,
resulting in efficient charge injection and charge balance.

donor/organic acceptor interface.
Studies on OPVs performed before the mid 1980s showed
very low power conversion efficiencies. In 1986, it was

That is, charge carriers injected from the electrodes into the reported that a bilayepn-heterojunction cell consisting of
adjacent charge-transport layers are transported through the€opper phthalocyanine (CuPc) and a perylene pigment

charge-transport layers and then injected into the emitting

sandwiched between the ITO and Ag electrodes gave a power

layer. The hole- and electron-transport layers can also actconversion efficiency as high as 0.95% for simulated AM2

as electron- and hole-blocking layers, respectively, thus,
confining the electrons and holes within the emitting layer

and preventing them from escaping to the adjacent carrier-

transport layers. A structure of multilayer OLEDs consisting
of the emitting and hole- and electron-transport layers

white light at 75 mW cm?.3® Extensive studies have since
been performed on OPVs, resulting in significant improve-
ments in the power conversion efficiency, as described in
section 5.2.

The performance of OPVs is evaluated by power conver-

sandwiched between the ITO anode and the metal cathodesion efficiency §) and fill factor (FF). They are defined as

is shown in Figure 6.

The performance of OLEDs, therefore, depends upon
various materials functioning in specialized roles such as
charge-injection and -transporting, charge-blocking, and
emission. Generally, materials for use in OLEDs should meet
the following requirements: (a) Materials should possess
suitable ionization potentials and electron affinities, that is,
well-matched energy levels for the injection of charge carriers
from the electrodes or the organic layer into the adjacent
organic layers. (b) They should be capable of forming
smooth, uniform thin films without pinholes. (c) They should
be morphologically and thermally stable. (d) In addition to

egs 13 and 14,

V max
n= % (13)
(V)
FF= Voo (14)

wherel, Voc, andJsc are the incident light power, the open
circuit voltage, and the short-circuit current, respectively
(Figure 7). The equivalent circuit of OPVs is shown in Figure

these general requirements, materials should meet furthei8, whereR; is a series resistancBsy is a shunt resistance,
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Figure 7. Typical J-V curves of OPVs: (a) in dark; (b) under
illumination.
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Figure 9. Operation processes pfrheterojunction OPVs.

andly is a photocurrent. The observed currdgiy is given
by eq 15,

q(V — lpR) V=l
lops= lo ’exr{T} —~ 1] + ="
nkT R s

where |y is the reverse saturated dark curregtjs the
elementary chargéd/ is the cell voltagen is the diode ideal
factor, andk is the Boltzmann constant.
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Figure 10. Structures of OFETs: (a) top contact configuration;
(b) bottom contact configuration.

organic layers, and (e) charge collection at both electrodes.
These processes are just the opposite to those of OLEDs,
namely, (a) charge injection from the electrodes into the organ-
ic layers, (b) charge transport through the organic layers,
(c) charge recombination to form excitons, (d) emission from
excitons, and (e) light extraction out of devices.

3.3. Organic Field-Effect Transistors (OFETS)

Organic field-effect transistors (OFETS) are expected to
be a promising technology for large-area, low cost, and
flexible electronics for applications in displays, sensors, and
memories’® In addition, they have an advantage over silicon
FETs in that the processing temperature is lower. Since the
reports on OFETs using polythiophéh@and phthalocya-
nine® appeared, there have been extensive studies on OFETs
using oligothiophenes and other numerous kinds of organic
semiconductors. The recent finding of high performance for
CuPc- and pentacene-based OFETSs has directed the studies
of this field to a new stage of research and development.

OFETSs consist of conductors, that is, source, drain, and
gate electrodes, an insulator, that is, a gate dielectric, and
an organic semiconductor as an active element. The materials
used as the gate dielectric are either inorganic dielectric
materials, for example, SiQor organic dielectric materials
such as insulating organic polymers. Two types of structures,
that is, top-contact and bottom-contact electrode configura-
tions, have been adopted for the fabrication of OFETs (Figure
10). When there is no voltage application to the gate

The mechanisms for the operation of OPVs have been electrode, only small currents flow between the source and
interpreted in terms of the energy band model applied for drain electrodes; this state is referred to as the off-state of
inorganic semiconductor PV devices, which may not be transistor. When negative voltage, for example, is applied
applicable to molecular organic solids with well-localized to the gate electrode, hole carriers in the organic semicon-

energy levels. The basic operation processegrdfetero-

ductor layer become accumulated at the interface with the

junction OPVs are as follows (Figure 9): (a) light absorption gate dielectric, and hence, hole transport takes place from
by organic semiconductors to form excitons, (b) diffusion of the source to the drain electrode; this state corresponds to
excitons, (c) charge carrier generation and separation at thehe on-state of transistor. This type of device is called a
organic/organic interface, (d) charge transport through the p-channel device. Likewise, application of positive voltage
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to the gate electrode causes electron transport in the case of
n-channel devices. Since the so-called organic semiconduc-
tors are essentially electrical insulators, charge carriers in
organic semiconductors are usually supplied by injection
from the source electrode into the organic layer. The current
flow (Isp) can be modulated by the magnitude of both the
gate voltage \(g) and the source/drain voltag¥<p).

The current that flows from the source to the drain
electrode (sp) under a givenvg increases almost linearly
with the increasing/sp and gradually becomes saturated as
shown in Figure 11. The curreniisf) is given by eq 16,

Saturation
Region

. /
Linear '
Region )

Isp

CWatger VSD2
lsp= IT (Ve = Vo)Vsp — 5

(16) Vsp

Figure 11. Schematic ofsp—Vsp curves of OFETsVYg increases

where urer is the field-effect mobility of the charge carrier,
L is the channel lengthV is the channel width(; is the
capacitance per unit area of the gate dielectric,\&nid the
threshold voltage. The currekf in the linear and saturation
regions are given by eqs 17 and 18, respectively.

CiWetger

Isp linear= IT (Ve — Vo)Vsp 17)
CiWitper

lspsa= —— (Vo = Vo)’ (18)

The field-effect mobility ftrer) can be determined from
the slope of the linear plots ofb s5)*/? versusVg, according
to eq 18. The performance of OFETS is evaluateddyt,
Vr, and the on/off ratio ofsp. Not only organic semiconduc-

in the order of (a)— (b) — (c) — (d) — (e).

synthesis of high-performance, charge-transporting materials
are of great importance for the development of high-
performance devices.

4.1.1. Crystalline, Liquid Crystalline, and Amorphous
Materials

Charge-transporting materials with different morphologies
have been used depending upon the kind of devices.
Generally, organic crystalline materials exhibit larger charge
carrier mobilities than those of organic amorphous materials.
Devices using organic single crystals, for example?*Elnd
OFETs?!* have been reported; however, the single-crystal
growth on the plane of a large-area substrate for device
applications is not easy. Polycrystalline materials have been

tors, but also the gate dielectric materials greatly affect the used mostly in OFETs and OPVs. The grain size, grain
device performanc®. boundaries, and molecular orientations affect the device
performance. Amorphous materials have advantages over
crystalline materials in device fabrication because of their
good processability, transparency, and isotropic and homo-
] ) ) ~geneous properties. Amorphous molecular materials have
Charge-transporting materials often function as emitting recently constituted a new class of organic materials for
_materials in OLEDs. Likewise, charge-t(ansporting materi.als use in various applications, in particular, OLE®4 Liquid
in OPVs play a role of the photogeneration of charge carriers crystalline materials have also been studied for emitters or

in addition to charge transport. Thus, a number of charge- 3 host matrix for emitters in OLEDs to obtain polarized
transporting materials have dual functions, for example, emission from the deviced 46

charge transport and light emission in OLEDs, and charge
carrier photogeneration and transport in OPVs. In fact, 4.1.2. Hole-Transporting and Electron-Transporting
materials in OLEDs often function as either hole-transporting Materials

or electron-transporting light emitters.

4. General Aspects of Charge Carrier
Transporting Molecular Materials

Hole-transporting materials are those that accept hole
P - carriers with a positive charge and transport them. Likewise,
4.1. Classifications and Characterization electron-transporting materials are those that accept electron
Both small organic molecules and polymers have been carriers with a negative charge and transport them. Therefore,
used as charge-transporting materials in the devices describedhaterials which have low ionization potentials together with
above. Usually, vacuum deposition and spin-coating methodslow electron affinities usually function as hole-transporting
are used for small molecules and polymers, respectively, formaterials, whereas materials which have high electron
the preparation of thin films. affinities together with high ionization potentials usually
Molecular materials are classified into single crystals, function as electron-transporting materials. In other words,
polycrystals, liquid crystals, and amorphous glasses accordingcharge-transporting materials with electron-donating and
to their organization states. As device performance is highly -accepting properties usually serve as hole- and electron-
dependent on materials’ morphology, control over materials’ transporting materials, respectively. It should be noted,
morphology is of crucial importance in materials science and however, that there are a number of materials that exhibit
practical applications. ambipolar character, that is, materials that can transport both
Charge-transporting materials are classified into hole- and holes and electrons, as described in sections 5 and 6. In
electron-transporting materials depending upon the kind of addition to the role of charge transport, hole- and electron-
charge carriers transported. Since the properties of chargetransporting materials used in OLEDs play a role of
transporting materials used in OLEDs, OPVs, and OFETs facilitating hole and electron injection from the anode and
greatly affect the device performance, the design andthe cathode, respectively, into the emitting layer by a
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Chart 1. Examples of Crystalline Materials for Electronic and Optoelectronic Devices

NRN o 0
CCCCO @jg:@ AR R-g:-R

pentacene (1) metal phthalocyanines oligothiophenes perylene-
2 (CuPc) : M=Cu 4) bis(dicarboximide)s
3 (TiOPc) : M=TiO Q)

stepwise process. Hole- and electron-transporting materialsversus Fc (ferrocene)/Fc(ferrocenium cation) reference
also play the role of blocking electrons and holes, respec- electrode determined by solution-based cyclic voltamnfétry.
tively, from escaping from the emitting layer in OLEDs. Recently, the following relationship between the solid-state
] ionization potential and the oxidation potential (vs F¢/Fc
4.1.3. Role of Hole Blocking Played by reference electrode) has been reportEdowo = —(1.4 +
Electron-Transporting Materials in OLEDs 0.1) x (gVev) — (4.6 £ 0.08) eV#8 The ionization potentials

When materials with hole-transporting properties are used " oxidation potentials of rr_1ater|als give information on the
as emitters in OLEDs, the presence of an electron-transportStréngth of electron-donating properties and how much of
layer with an effective hole-blocking ability is required to the energy bar_rlers eX|st_for the injection of holes fr(_)m the
facilitate electron injection from the cathode into the emitting |T© _&lectrode into an adjacent hole-transport organic layer
layer and to block hole carriers from escaping from the I OLEDs. leeW|§e, th(_a elgctron a}ff|n|t|es or reduction
emitting layer. However, some electron transporters do not Potentials of materials give information on the strength of
necessarily function well as effective hole blockers. P;I%‘2{%2‘%?02%290%0I?reor;[r']e?ha(‘a”‘i;?ﬁozgerg%/ob:z'er_;%retnhte

An effective approach for the fabrication of OLEDs using 'M/€c! : ! !
emitters with hole-transporting properties is the use of an electron transport Iaye( in OLEDs. The HOMO/LUMO.
additional hole-blocking layer inserted between the emitting EN€r9Y 1evels of organic materials are also of essential
and electron-transport layers, where the electron-transporting'mportalnce in (_1|scussmg eff|C|e_nC|_es of the ph_otogeneranon
and hole-blocking layers play the roles of facilitating electron °f €harge carriers and open-circuit voltages in OPVs, and
injection from the cathode and blocking holes from escaping charge injection in OFETSs.
from the emitting layer to confine holes within the emitting
layer, respectively. The materials for use as the hole-blocking
layer in OLEDs should have both weak electron-accepting 4.2.1. Representative Classes of Crystalline Materials
blocking materials : electronlc and optoelectronic devices include polycyc_llc

' aromatic hydrocarbons, macrocycles such as phthalocyanines,
4.1.4. Characterization of Charge-Transporting Materials fused heterocyclic aromatic compounds, oligothiophenes,
oligoarylenes, oligoarylenevinylenes, fullerenes, perylene

The key characteristics of charge-transporting materials pigments, and so forth. Violanthrone, a low-molecular-weight
are charge carrier drift mobility, solid-state ionization model for graphite, was first studied as an electrically
potential or anodic oxidation potential, electron affinity or conducting molecular materi&,and perylene was studied
cathodic reduction potential, and optical band gap. The as an electron donor component for conducting charge-
methods for the measurement of charge carrier drift mobility transfer complexe¥. Pentacenel] and related condensed
are described earlier in section 2.2. The glass-transition aromatic hydrocarbons have recently attracted attention as
temperature (Tg) is also an important factor in evaluating a new class of promising materials for use in OFETEhe
the thermal stability of amorphous molecular materials, which molecular structures of such representative classes of crystal-
can be measured by differential scanning calorimetry (DSC). line materials are shown in Chart 1.

The ionization potential and the electron affinity of organic ~ Metal- and metal-free phthalocyanines, for example, CuPc
materials are determined directly by ultraviolet photoelectron (2), are typicalp-type organic semiconductors for use in
spectroscopy (UPS) and inverse photoelectron spectroscopyOLEDs, OPVs, and OFETs. Phthalocyanines are known to
The ionization potential or oxidation potential and the take up different crystalline morphologies: solvent vapor
electron affinity or reduction potential correspond to the exposure treatment transforms the morphology from one
HOMO and LUMO energy levels of a molecule, respectively. crystalline form into another crystalline form, as exemplified
The LUMO energy level can also be estimated from the by zinc phthalocyanine (ZnP&)and magnesium phthalo-
ionization potential or oxidation potential and the optical cyanine (MgPc}? Titanyl phthalocyanine (TiOPc3J) also
band gap. The oxidation and reduction potentials are assumes several crystalline forms, which has been widely
determined by cyclic voltammetry for solution. The solid- used as a charge carrier generation material in electropho-
state ionization potential, which is lowered by the polarization tographic photoreceptors for laser printers. Perylene pigments
energy (ca. 1.7 eV for organic molecules) relative to the gas- (5) and Gy are typical examples af-type organic semicon-
phase ionization potential, has been correlated with the ductors and have been used for OPVs.
oxidation potential: Eqomo = —(4.8 + qVev), Whereq is Oligothiophenes with well-defined structure$),(which
the elementary charge, angy is the oxidation potential  are highly crystalline in nature, constitute a new class of

4.2. Crystalline Molecular Materials
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Scheme 1. Synthetic Routes of Oligothiophenes
Coupling reactions
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organicr-electron systems for various potential applications. tanediones or butadiynes have also been employed for the
They also serve as model compounds for electrically synthesis of oligothiophené&%° A few synthetic routes of
conducting polythiophenes. A number of unsubstituted and oligothiophenes are described in Scheme 1.
alkyl-substituted oligothiophenes with varying conjugation
lengths have been synthesized. Oligothiophenes with long4.3. Amorphous Molecular Materials
conjugation lengths, for example, 16-, 20-, and 27-mers, are ] )
expected to serve as molecular wib&s® In addition, cyclic Small organic molecules generally tend to crystallize very
oligothiophene¥ and selenium analogues of oligothio- readily, and hence, they usually exist as crystals below their
pheneg&Sg have a|so been Synthesized. Although 0|igothio_ meltlng temperatures. However, recent extensive Stud|eS haVe
phenes are highly crystalline, amorphous molecular materialstevealed that small organic molecules can also form stable
containing oligothiophenes have been designed and synthe@morphous glasses above room temperature if their molecular
sized®-83 There have been extensive studies on the molec- Structures are properly designed. Small organic molecules
ular and crystal structures, and optical, electrochemical, andthat readily form stable amorphous glasses above room
electrical properties of oligothiopherfés’® and their ap- temperature are referred to as gmorphous mqlecular glasses
plications in OPVS/ OLEDs, and OFET&-81 or amorphous molecular matenélsThey constitute a new
Some crystalline materials, for example, polycyclic aro- class of functional organic materials for various ap_pllcatiéﬁs.
matic hydrocarbons and phthalocyanines, form thin films Several new concepts for photo- and electroactive molecular
with amorphous nature by vacuum deposition on substratesmaterials have been presented, which include electrically
kept at moderate to low temperatures. However, theseconductingamorphous molecular materf&photochromic
initially amorphous thin films are readily transformed into amorphous molecular materidfs,amorphous molecular
polycrystalline films upon solvent vapor exposure. The resists}* and amorphous molecular materials for use in a
examples are given by TIOP283perylene pigmerit384tris- variety of electronic, optoelectronic, and photonic devices.
(8-guinolinolato)aluminum (Alg),85 and so forth. These ~Amorphous molecular materials have found successful
amorphous thin films are distinguished from amorphous applications as materials for OLEDs. Photochromic amor-
molecular materials described later in that the definite glass-Phous molecular materials have potential applications for
transition phenomena have not been observed, whereagmage formation and molecular memorPé§?Azoben;ene-
amorphous molecular materials exhibit well-defined Tg's and Pased photochromic amorphous molecular materials have

readily form smooth, uniform amorphous thin films by spin been shown to form photoinduced surface relief gratfigs.
coating from solution as well as vacuum deposition. Amorphous molecular resists have been demonstrated to be

promising candidates for future nanolithogrash§e-1°°
4.2.2. Synthesis of Oligothiophenes

Oligothiophenes with well-defined structures have been
synthesized by the €C coupling reactions of bromo-
substituted oligothiophenes with thiophen-2-yl magnesium  Usually, amorphous molecular materials are obtained as
bromidé®87 or thiophen-2-yl boronic acid in the presence polycrystals by recrystallization from solution. They readily
of transition metal complexes as catalysts. TheQZzoupling form amorphous glasses when the melt samples are cooled
reactions of oligothiophenes usingbutyllithium in the on standing in air or rapidly cooled with liquid nitrogen.
presence of CuGlalso produce oligothiophenes with an Some compounds have been obtained as amorphous glasses
extendedr-conjugatiorf® The cyclization reactions of bu-  despite attempted recrystallization from solution. The forma-

4.3.1. Characteristic Features of Amorphous Molecular
Materials
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Chart 2. Typical Classes of Amorphous Molecular Materials
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tion of amorphous glasses is evidenced by X-ray diffraction, nization states, such as single crystal, polycrystal, isotropic
DSC, and polarizing light microscopy. liquid, supercooled liquid, and amorphous glass. Amorphous

Amorphous molecular materials are characterized by the molecular glasses are in the state of thermodynamic non-
following featurest®d They take up several different orga- equilibrium, and hence, they tend to undergo structural
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Chart 3. Examples of Structural Modifications of TDATA, TDAB, and TDAPB
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relaxation, exhibiting well-defined Tg’'s. Amorphous mo- phous molecular materials preventz stacking ofz-elec-
lecular glasses tend to crystallize on heating above their Tg's,tron systems. These characteristic features of amorphous
frequently exhibiting polymorphisi:19%103 Amorphous molecular materials provide advantages for device applica-
glasses show isotropic and homogeneous properties withoutions.

rain boundaries. They are characterized by the presence of . .
?ree volume and disoBr/der in both moleculgr disFt)ance and 4-3.2. Molecular Design and Representative Classes of
orientation. Like polymers, amorphous molecular materials AMorphous Molecular Materials
readily form uniform amorphous thin films by themselves  Several guidelines for the molecular design of amorphous
by vacuum deposition and spin coating from solution. They molecular materials have been presertedhich include
contrast polymers in that they are pure materials with well- nonplanar molecular structufés® as evidenced by X-ray
defined molecular structures and definite molecular weights crystal structure analysi&% existence of different con-
without any distribution. They can be purified by column formersi®19 incorporation of bulky and heavy substitu-
chromatography, followed by recrystallization from solution entst®*1%and the enlargement of molecular st?&The latter
or by vacuum sublimation. two guidelines also serve as the ones for increasing Tg'’s

The stability of amorphous glasses greatly differ depending and for enhancing the stability of the amorphous glassy state.
on the molecular structures of materials. Certain materials The introduction of structurally rigid moieties to form
form very stable amorphous glasses that do not undergo anynonplanar molecules is another important guideline for
crystallization even upon heating above Tg's. The absenceincreasing Tg'$%1%7
of grain boundaries in amorphous films allows uniform Nonplanar molecular structures are responsible for the
contact between organic/metal electrode and organic/organicglass formation; however, all the compounds with nonplanar
layers. The isotropic and homogeneous properties of amor-molecular structures do not necessarily lead to glass forma-
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Chart 4. Spiro and Related Compounds and Tetraarylmethanes

Scheme 2. Synthesis gf-TTA
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tion. For example, triphenylamine and 1,3,5-triphenylbenzene glasses. One approach for the existence of different conform-
with nonplanar molecular structures instantly crystallize ers is to make nonplanar molecules unsymmetrical by the
instead of forming amorphous glasses even when their meltintroduction of substituents.

samples are rapidly cooled with liquid nitrogen. Likewise, 4.3.2.1. Typical Key Compounds for Amorphous Mo-
1,3,5-tris(diphenylamino)benzene (TDAB) with a nonplanar lecular Glasses.On the basis of the above-mentioned
structure also instantly crystallizes even when its melt sample molecular design concepts, a variety of amorphous molecular
is rapidly cooled with liquid nitroge®* On the other hand, = materials have been created. Typical key compounds that
the incorporation of aryl substituents into the triphenylamine readily form amorphous glasses arelectron starburst mole-

or 1,3,5-triphenylbenzene moiety allows the formation of cules, for example, families of 4,4"-tris(diphenylamino)-
amorphous glasses, as exemplified by tri(biphenyl-4-yl)amine triphenylamine (TDATA 6—09)),°192.1111 3 5-tris(diphenyl-
(TBA),108.10%ri(p-terphenyl-4-yl)amineg- TTA (19)),°¢and amino)benzene (TDAB 10—12)),201112 and 1,3,5-tris[4-
1,3,5-tri(biphenyl-4-yl)benzene (TBBY° The incorporation  (diphenylamino)phenyl]lbenzene (TDAPB3-16)).113 Tris-

of an alkyl or halogeno substituent into TDAB also permits (oligoarylenyl)amines, for example, tri(terphenylyl)amines
the formation of amorphous glassé€s!°They form amor- (o-, m, andp-TTA (17—19)),1°8 and diarylaminophenylal-
phous glasses when the melt samples are rapidly cooled withdehyde arylhydrazones, for example, 4-diphenylaminoben-
liquid nitrogen. These results imply that not only nonplanar zaldehyde diphenylhydrazone (DP2D)),'!* constitute other
molecular structures, but also the existence of different families of amorphous molecular materials. Oligothiophenes
conformers are responsible for the formation of amorphous are very crystalline in nature; however, oligothiophenes end-
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Table 1. Glass-Transition Temperatures (Tg’s), Oxidation Potentials, lonization Potentials (IPs), and Electron Affinities (EAs) of

Representative Classes of Amorphous Molecular Materials

Tg IP EA
compound (°C) oxidation potential (eV) (eV) ref
TDATA Derivatives
6 (TDATA) 89 0.11 V vs Ag/Ag (0.01 mol dn?) in CH.Cl, 91
7 (0-MTDATA) 76 1b
8 (M-MTDATA) 75 0.06 V vs Ag/Ag" (0.01 mol dn®) in CH,Cl, 91
75 51 1.9 111
9 (p-MTDATA) 80 1b
33(TCTA) 151 0.69 V vs Ag/Ad in CH,Cl; (irreversible) 1b, 107
0.69 V vs Fc/Fe- in DMF 5.71 48
34(TPTTA) 141 92
31 169 —0.050 V vs Ag/AgNQ in THF 121
TDAB Derivatives
10(o-MTDAB) 42 0.55 V vs Ag/Ag (0.01 mol dn3) in CH.Cl, (irreversible) 112
11 (m-MTDAB) 49 0.55 V vs Ag/Ag™ (0.01 mol dnt3) in CH,ClI, (irreversible) 112
12 (p-MTDAB) 58 0.50 V vs Ag/Ag" (0.01 mol dnt?) in CH,ClI, (irreversible) 112
37 (p-FTDAB) 54 105
38 (p-CITDAB) 64 105
39 (p-BrTDAB) 72 105
35(a-TPTAB) 38 103
36 (5-TPTAB) 46 103
30(MTBDAB) 134 0.10 V vs Ag/Ag (0.01 mol dnt3) 106
40 80 5.09 1.64 123
TDAPB Derivatives
13(TDAPB) 121 0.67 V vs Ag/Ag (0.01 mol dm®) in CH.Cl, (irreversible) 113
14 (o-MTDAPB) 109 0.72 V vs Ag/Ag (0.01 mol dnt3) in CH,Cl, (irreversible) 113
15(m-MTDAPB) 105 0.66 V vs Ag/Ad (0.01 mol dnt3) in CH,Cl, (irreversible) 113
16 (-MTDAPB) 110 0.64 V vs Ag/Ad (0.01 mol dnt3) in CH,Cl, 113
44 128 5.55 2.13 123
45 121 4.99 1.93 123
Tris(oligoarylenyl)amines
17 (o-TTA) 81 0.61 V vs Ag/Ag (0.01 mol dn13) in CH.Cl, 1b
18(mTTA) 80 0.64 V vs Ag/Ag (0.01 mol dnT®) in CH.Cl, 1b
19 (p-TTA) 132 0.58 V vs Ag/Ad (0.01 mol dm®) in CH,Cl, 108
Arylhydrazones
20 (DPH) 50 114
m-Electron Systems End-Capped with Triarylamines
21 (BMA-1T) 86 0.39 V vs Ag/Ag (0.01 mol dn3) in CH,Cl, 61
86 5.10 115
22 (BMA-2T) 90 0.39 V vs Ag/Ag (0.01 mol dn13) in CH,Cl, 61
90 5.08 115
23 (BMA-3T) 93 0.38 V vs Ag/Ag (0.01 mol dn1®) in CH.Cl, 60, 61
93 5.07 115
24 (BMA-4T) 98 0.35 V vs Ag/Ag (0.01 mol dn13) in CH,Cl, 60, 61
98 5.05 115
Spiro and Related Compounds
25 (Spiro-4D) 184 116
26 (Spiro-8D) 254 116
46 (B3) >200 ~5.6 ~2.54 125
47(T3) >200 5.4-5.5 2.34-2.44 125
48 296 127
Tetraphenylmethane Derivatives
49 142 128
Macrocycles
29 128 118

capped with a triarylamine group,w-bis[bis(4-methylphen-
yl)aminophenyl]oligothiophenes (BMA-nR{—24)), readily
form amorphous glassé%.62115 Spiro compounds, for
example, spiro-® (25), spiro-8b (26), and spiro-1®
(27), 16 tetraarylmethane derivatives, for examyd8,'*” and
macrocycle-based compounds, for examg@!'® are also

of silicon atoms tend to readily crystallize, those with the
odd numbers of silicon atoms form amorphous glad¥es.
The enlargement of molecular size leads to dendrimers with
higher Tg's, as exemplified by 1,3,5-tris[4-bis(4-methylphen-
yl)Jaminophenyl-4-diphenylaminophenylamino]benzene (MT-
BDAB (30)) and 31.106.120.121The structures of these com-

important classes of amorphous molecular materials. Oligo- pounds are shown in Chart 2.
(diphenylsilane)s have also been found to show morphologies 4.3.2.2. Structural Modifications of the Key Com-

with amorphous nature, exhibiting interesting eveild

pounds. A variety of structural modifications of the key

effects; while the oligo(diphenylsilane)s with even number compounds in Chart 2 have been made. One is the replace-
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Scheme 3. Synthesis ah-MTDATA
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amine p-PMTDATA (32)),12? 4,4 ,4"-tri(N-carbazolyl)tri-
phenylamine (TCTAZ3)),2%” and 4,4,4"-tri(N-phenothiazinyl)-
triphenylamine (TPTTAZ34)).%2 The introduction of structur-
ally rigid biphenylyl, carbazolyl, and phenothiazinyl groups
significantly increased Tg'¥:107122The replacement of the
phenyl group in TDAB and TDAPB by the thienyl or pyridyl
group afforded 1,3,5-tris(phenyl-2-thienylamino)benzemne (
TPTAB (35)), 1,3,5-tris(phenyl-3-thienylamino)benzerfk (
TPTAB (36)),1%% 40, and 44.122 The replacement of the

Another is the replacement of the diphenylamino group by benzene core in TDAB and TDAPB by the triazine core gave
the carbazolyl, benzocarbazolyl, or phenothiazinyl group. The 41-43, and4512*2* A few examples of spiro and related
central core structures of triphenylamine, benzene, and 1,3,5compounds, for example, B3¢ and T3 @7),'>2 and
triphenylbenzene have also been replaced by triazine andtetraarylmethanes, for exampkg'>’ and49,'%¢ are shown

1,3,5-triphenyltriazine moieties.

Examples of such structural modifications of the TDATA,
TDAB, and TDAPB families are shown in Chart 3. The
replacement of the diphenylamino group in TDATA by the
biphenylyl, carbazolyl, or phenothiazinyl group afforded
4.4 4'-tris[biphenyl-4-yl(3-methylphenyl)amino]triphenyl-

in Chart 4.

The Tg's, the oxidation potentials determined by cyclic
voltammetry (CV), and the solid-state ionization potentials
(IPs) which are determined by UPS or estimated from the
CV data and the electron affinities (EAs) of the compounds
shown in Chart 24 are listed in Table 1.
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Scheme 7. Synthesis of Tetraphenylmethanes

Pd(OAc),
KZCO3, n-Bu4NBr R

dimethylformamide
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THF, NaHCO3(aq)

Chart 5. Hole Injection Buffer Layer Materials: TDATA Family
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4.3.3. Synthesis of Several Classes of Amorphous The Pd-catalyzed amination reaction between 1,3,5-tribro-
Molecular Materials mobenzene and 3-methylphenyl(phenyl)amine also gives
TDAB® (Scheme 4).

TDAPB has been synthesized by the Ullmann coupling
action of 1,3,5-tris(4-iodophenyl)benzene with diphenyl-
amine in decalin in the presence of copper powder and

Cross-coupling reactions of aromatic compounds, for
example, Grignard coupling reaction, Ullmann coupling re
reaction, Suzuki coupling reaction, and palladium-catalyzed
amination reaction, are frequently emp_loyed for Fhe synthesis potassium hydroxid&® 1,3,5-Tris(4-iodophenyl)benzene has
of n—electron-.based charge-transporting materlals. , been prepared either by the iodonation of 1,3,5-triphenyl-

p-TTA and its analogues have been synthesized either bypenzene with iodine andgds in acetic acid or by the acid-
the Grignard coupling reaction of tris(4-iodophenyl)amine catalyzed cyclization op-iodoacetophenone in methanol/
with a Grignard reagent derived from 4-bromobiphenyl in - gjoxand3! (Scheme 5).

THF in the presence of Nigldppp}® or by the Suzuki Spiro compounds have been synthesized by the reaction
coupling reaction of tris(4-iodophenyl)amine with corre- ot pighenyl-2-yimagnesium bromide with 9-fluorenone,
spondlnz% arylboronic acids in toluene in the presence of Pd 5| iowed by intramolecular dehydration reaction (Scheme
catalyst*® (Scheme 2). _ 6).132 Tetraphenylmethanes have been synthesized by pal-

M-MTDATA has been synthesized by the Ullmann |adium-catalyzed coupling reactions (Schemé??).
coupling reaction between tris(4-iodophenyl)amine and
3-methylphgnylgphenyl)amlﬁéor by the Pd-catalyzed ami- g Charge Carrier Transporting Molecular
nation reactiof’® (Scheme 3). - Materials for Electronic and Optoelectronic

The synthesis of TDAB and its derivatives has been Devices
performed by the reaction of 1,3,5-trihydroxybenzene (phlo-
roglucinol) with aniline in the presence of iodine under reflux ~ While polycrystalline materials have been studied mostly
to give 1,3,5-tris(phenylamino)benzene, followed by the for use in OPVs and OFETs, amorphous molecular glasses
Ulimann coupling reaction with iodobenzenes in decHlin.  have been used in OLEDs.
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Figure 12. Multilayer OLEDs consisting of hole-injection and
-transport layers, electron-transport, and emitting layers.

5.1. Amorphous Molecular Materials for Organic
Light-Emitting Diodes (OLEDs)

Chemical Reviews, 2007, Vol. 107, No. 4 969

Charge-transporting amorphous molecular materials should
have either high electron or hole (or both) drift mobilities to
be capable of transporting charge carriers through them.
Charge carriers, holes and electrons, which correspond to
the cation and anion radicals of molecules, should be stable.
Therefore, hole-transporting materials should undergo revers-
ible anodic oxidation to form stable cation radicals. On the
other hand, electron-transporting materials should undergo
reversible cathodic reduction to form stable anion radicals.
In addition, they should be morphologically and thermally
stable and should not be easily crystallized.

Emitting materials emit either fluorescence or phospho-
rescence. Phosphorescence-based OLEDs attain higher EL
guantum efficiencies than fluorescence-based OLEDs be-
cause the probability of the formation of the electronically
excited triplet state resulting from the recombination of holes
and electrons is 75% as compared with 25% for the formation
of the electronically excited singlet state. Charge-transporting
materials can be commonly used regardless of the kind of
emitters.

5.1.1. Hole-Transporting Materials

An important requirement for high-performance OLEDs
is efficient charge injection from the anode and the cathode
at low drive voltage. A hole-transport layer is used for
attaining efficient hole injection from the anode, which is

Amorphous molecular materials have been proven to be usually a thin, transparent layer of ITO. Hole-transporting
excellent materials for use in OLEDs. They form uniform, materials, namely, materials with relatively low solid-state

smooth amorphous thin films without pinholes, allowing

ionization potentials are used as the hole-transport layer.

uniform contact with the metal electrodes and between Often a double hole-transport layer structure (Figure 12) is
organic layers because of their isotropic and homogeneousemployed to more readily facilitate hole injection from the

properties.

Chart 6. Hole-Transporting Materials: Modified TDATAS
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Chart 7. Hole-Transporting Materials: TDAB Family
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solid-state ionization potentials and higher ionization poten- fonate) (PEDOT:PSS¥’ have been widely used as a hole-
tials are used as the first hole-transport layer (HTL1) in injection buffer layer (HTL1) in OLEDs.
contact with the ITO anode and as the second hole-transport The analysis of the current densityoltage characteristics
layer (HTL2), respectively. Hole carriers are injected in a for the hole-only device using-MTDATA showed that the
stepwise process from the anode to the HTL1, from the m-MTDATA/ITO interface is capable of providing TF-
HTL1 to HTL2, and then from the HTL2 to the emitting SCLC, and thalm-MTDATA forms nearly an ohmic contact
layer. The energy barriers for hole injection are lowered by with the ITO electrodé® 4° The contact between the ITO
the use of this double hole-transport layer structure. The and CuPc has also been understood as ofthithas been
HTL1 is referred as a hole-injection buffer layer. reported that when the energy barrier height is lower than
Most of the hole-transporting materials contains triary- ca. 0.3 eV, the metal/organic interface can be treated as the
lamine moieties in their molecular structures. They are used ohmic contact according to computer simulatiéf!*3It has
either as HTL1 in contact with the ITO electrode or as HTL2, been shown that PEDOT:PSS coated on the ITO layer forms
depending on their ionization potentials or oxidation poten- an ohmic contact withm-MTDATA and a quasi-ohmic
tials. Hole-transporting materials with very low solid-state contact witha-NPD from the analysis aJ—V and DI-SCLC
ionization potentials, for examplerMTDATA ( 8),111:133-135 characteristic$**
CuPc @),1% and an electrically conducting polymer, poly- Numerous hole-transporting amorphous molecular materi-
(3,4-ethylenedioxythiophene) doped with poly(4-styrene sul- als that serve either as HTL1 or as HTL2 have been
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Chart 8. Hole-Transporting Materials: TDAPB Family
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developed. They can be classified into the following cat-
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tri(N-phenoxazinyl)triphenylamine (TPOTA54)),**¢ and

egories on the basis of the structures of the central cores.TDCTA (55).1*° The replacement of the diphenylamino group
Some charge-transporting materials function as host materialsn TDATA by a carbazolyl or a dibenzocarbazolyl group

for phosphorescent emitters.

5.1.1.1. TDATA Family: Star-Shaped Compounds with
a Triphenylamine Central Core. In addition to TDATA
(6) and m-MTDATA (8) in Chart 2, their analogues with
higher Tg’'s have been developed, which inclygt®MT-
DATA (32),1224,4 4"-tris[1-naphthyl(phenyl)amino]triphen-
ylamine (1-TNATA (0)),*3314%and 4,4,4"-tris[2-naphthyl-
(phenyl)amino]triphenylamine (2-TNATAB(1)),*%2 4,4 ,4"'-
tris[bis(4-tert-butylbiphenyl-4-yl)amino]triphenylaminet-(
Bu-TBATA (52)),*6and 4,4,4"-tris[9,9-dimethylfluoren-2-
yl(phenyl)amino]triphenylamine (TFATA 5Q)).14’ These
materials of the TDATA family are characterized by very
low solid-state ionization potentials of ca. 5.1 &¥good
quality of amorphous films, and optical transparency in the
visible light wavelength region. They are thermally more
stable thanm-MTDATA. Like m-MTDATA, these materials

linked at its 9-position raises the ionization potential relative
to the parent TDATA and significantly increases the Tg as
a result of the rigid structure, as exemplifed by TCTI8Y
and TDCTA 65). Other examples of modified TDATAS are
given by 56,10 TPTE(S) £67),%%! 58,10 and 59.1%> TPOTA
functions as HTL1, and other compounds with higher
ionization potentials serve as materials for HTL2. The
structures of these compounds are shown in Chart 6.

TCTA (33) with a relatively large HOMG-LUMO energy
gap has been shown to function not only as a hole-
transporting materidf”-153put also as a good host material
for a green phosphorescent dop#it.

5.1.1.3. TDAB Family: Star-Shaped Compounds with
Benzene as a Central Core.The TDAB family that
functions as hole-transporting amorphous molecular materials
include 60,*%° 61,155 62,155 1,3,5-tri(N-carbazolyl)benzene

have also been proven to function as a thermally stable hole(TCB (63)),1%¢ 1,3,5-trisN-(4-diphenylaminophenyl)phenyl-

injection buffer layer (HTL1) in OLED$334The structures
of these compounds are shown in Chart 5.

5.1.1.2. Structurally Modified TDATAs. The diphenyl-
amino group in TDATA has been replaced by carbazolyl,

amino]benzene ptDPA-TDAB (64)),1%4 1,3,5-trisN-(4'-
methylbiphenyl-4-yl)N-(4-diphenylaminophenyl)amino]ben-
zene (MTDBB 65)),1%¢ 66,120 67,120 68,120 and 1,3,5-tris[2-
(9-ethyl-3-carbazolyl)ethenyllbenzene (TECER)).1> TCB

phenothiazinyl, phenoxazinyl, and dibenzocarbazolyl groups (63) has been further functionalized with the diarylamino

to give TCTA @33)17and TPTTA 84)%in Chart 3, 4,44"'-

group at the 3- and 6-positions of the carbazole ring to give
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Chart 9. Hole-Transporting Materials: Tris(oligoarylenyl)amines
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5.1.1.6. TPD Family: N,N,N',N'-Tetraarylbenzidines.

benzene (MCB) has been used as a host material for blueTPD (86)'%7 dispersed in polycarbonate has been put into

phosphorescent dopaiif.The structures of these compounds
are shown in Chart 7.

5.1.1.4. TDAPB Family: Star-Shaped Compounds with
a 1,3,5-Triphenylbenzene Central CoreCharge-transport-
ing amorphous molecular materials of the TDAPB family
include methyl-substituted TDAPHB4—16),11372,1604 4 4"-
tris[9,9-dimethylfluoren-2-yl(phenyl)amino]triphenylben-
zene (TFAPB 13), 4,4,4"'-tris[9,9-dimethylfluoren-2-yl(4-
methylphenyl)amino]triphenylbenzene (MTFAPE 4),
4,4 4" tris[bis(9,9-dimethylfluoren-2-yl)amino]triphenylben-
zene (TBFAPB 15)),'6! 2,7,12-tris[9,9-dimethylfluoren-2-
yl(phenyl)amino]-5,5,10,10,15,15-hexamethyltruxene (TFATr

(76)),*9and 2,7,12-tris(5,5,10,10,15,15-hexamethyltruxen-2-

yl)-5,5,10,10,15,15-hexamethyltruxene (TTrTi7)).d The

practical use as a CTL for photoreceptors in electrophotog-
raphy. TPD has also been used as a hole transporter i Alg
based OLED468

As TPD lacks thermal and morphological stability and
tends to readily crystalliz&? a variety of structural modi-
fications of TPD have been made by replacing the phenyl
group in the phenyl(3-methylphenyl)amino group in TPD
by the naphthyl, biphenylyl, phenanthryl, fluorenyl, and
carbazolyl groups. The developed materials inclod&PD
(87),13¢ N,N'-di(9-phenanthrylN,N'-diphenyl-[1,1-biphenyl]-
4,4-diamine (PPD 92),'7° 4,4-di(N-carbazolyl)biphenyl
(CBP 91)),*"* N,N'-di(biphenyl-2-yl)N,N'-diphenyl-[1,1-
biphenyl]-4,4-diamine 6-BPD (88)),'*? N,N'-di(biphenyl-
3-yD)-N,N'-diphenyl-[1,1-biphenyl]-4,4-diamine -BPD

structurally rigid truxene-based hole-transporting amorphous (89)),*22 N,N'-di(biphenyl-4-yl)N,N'-diphenyl-[1,1-biphe-

molecular materials, TFATI7@) and TTrTr {7), exhibit very
high Tg’s above 200C 14162They are used as materials for
HTL2.2 The compound2 has been used as a host material
for a phosphorescent dopdft. The structures of these
compounds are shown in Chart 8.

5.1.1.5. Tris(oligoarylenyl)aminesA variety of tris(oligo-
arylenyl)amines have been developed (Chaff®}29.129.163
The compounds BPAPRB4{)54and tris(9,9-dimethylfluoren-
2-yl)amine (TFIA 85))%> are also included in this category
for convenience. Among these, TBAS), p-TTA (19), and
their sulfur and selenium analogu&9,-82, have been found
to exhibit very high hole drift mobilities of~102 cn? V1
s 1163 Other tris(oligoarylenyl)amines have also been syn-

nyl]-4,4-diamine @-BPD (90)),**> N,N,N',N'-tetrakis(9,9-
dimethylfluoren-2-yl)-[1,1-biphenyl]-4,4-diamine (FFD
(93)),*4" and 97 and 98.1%8 The central biphenyl moiety is
also replaced by a fluorenyl moiety to give TFH),">NPF
(95),2andN,N'-bis(9,9-dimethylfluoren-2-yIN,N'-diphen-
yl-9,9-dimethylfluorene-2,7-diamine (PFFAR)).1"3 A dimer-

ic compound of TPD, TPTEYQ),1#and a similar compound
100'"5 have also been developed. CBP has been widely
employed as a host material for phosphorescent
dopantg9154176180TPD ando-NPD emit intense violet-blue
and blue florescence with high quantum efficiencies. Chart
10 shows the structures of these compounds.

5.1.1.7. Oligothiophenes End-Capped with Triaryl-

thesized and used as materials for OPVs, which are describeédmines.Oligothiophenes are crystalline in nature; however,

in section 5.2.p-TTA emits violet-blue to blue fluores-
cencetts

thiophene and oligothiophenes end-capped with triarylamine,
for example, BMA-nT 21—24) in Chart 26061 2 5-bis(2-
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Chart 10. Hole-Transporting Materials: TPD Derivatives
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{4-[bis(4-methylphenyl)amino]pherthiophen-5-yl)furan o-NPA was synthesized from 9,10-dibromoanthracene and
(BMA-TFT (102)),'8* and o,w-bis{ 4-[N,N-bis(9,9-dimeth- N-phenyl-1-naphthylamine iw-xylene in the presence of
ylfluoren-2-yl)amino]phenyloligothiophenes (BFA-nT102, palladium catalyst. The HOMO and LUMO energies of 9,-
103),%2 readily form amorphous glasses. The compounds 10-bis(diarylamino)anthracene are ca.-556 and 3.13.3
of the BMA-nT and BFA-nT families undergo reversible eV, respectively. The diarylamino group has also been
anodic oxidations and cathodic reductions. Noteworthy is replaced by the carbazolyl group to give N-§arbazolyl)-
that the oxidation and ionization potentials of BMA-nT are 4-diarylaminobenzenes (DCRQ8), TCP (09, N,CP (110,
approximately the same regardless of thmeonjugation NsCP (111)),%7* 11288 113 and 1145818 and 122 and
length of oligothiophene®:1*> They function as hole- 1238 The compounds of this family possess relatively low
transporting emitting materials, and the emission color can ionization potentials. The structures of these compounds are
be tuned by varying the conjugation length of oligothio- shown in Chart 12.
phenes$2'8These results indicate that the ionization potential  5.1.1.9. Compounds with a Central Carbazole Core.
is mainly governed by the triarylamine moiety, whereas the The central core structure of triphenylamine in the TDATA
electron affinity is affected by the conjugation length of family can be replaced by carbazole, which can be easily
oligothiophenes. The structures of BMA-nT and BFA-nT are substituted with the aryl and diarylamino groups at its 3-,
shown in Chart 11. 6-, and 9-positions to make amorphous molecular materials.
5.1.1.8N,N,N',N'-Tetraaryl Arylenediamines. Aromatic 3,6-Bis(\N,N-diphenylamino)-9-phenylcarbazold 24) was
and heteroaromatic compounds such as benzene, naphthalensynthesized by the Ulimann coupling reaction of 3,6-diiodo-
anthracene, oligothiophenes, and so forth have been func9-phenylcarbazole with diphenylamine in the presence of
tionalized with bis(diarylamino) groups to giW&naphthyl- anhydrous potassium carbonate, copper powder, and 18-
N,N',N'-triphenyl-1,4-phenylenediamines ([2R (104), TNsP crown-6 ino-dichlorobenzene.
(105), N,N'-dinaphthyIN,N'-diphenyl-1,4-phenylenediamines The incorporation of the arylamino group attached to the
(NoNuP (106), NsNyP (107), 1,5-bis(diarylamino)naphtha-  3- and 6-positions of the central carbazole ring enables glass
lene derivatives 115),'82 9,10-bis(diarylamino)anthracenes formation and significantly reduces the ionization potential
(PPA (116), TPA (117), a-NPA (118), -NPA (119),***and through sr-conjugation, as exemplified by the compounds
o,w-diarylaminooligothiophenes (A-nT1R0), 121).185187 124-12718190The amorphous molecular materials with the
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Chart 11. Hole-Transporting Materials: z-Electron Systems End-Capped with Triarylamines
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central carbazole cord,26 and 127, are characterized by phous molecular materials shown in Charts1%5 are
high Tg's of ca. 180C. The structures of these compounds summarized in Table 2211

are shown in Chart 13. . . .
5.1.1.10. Aryl HydrazonesArylaldehyde and arylketone 5.1.2. Electron-Transporting and Hole-Blocking Materials

SN 5

hydrazones, for example, DPRQ), 4-diphenylaminoac- Like the hole-transport layer, the electron-transport layer
etophenone diphenylhydrazone {N\DPH (128)), 4-diphen- is used for attaining efficient electron injection from the metal
ylaminobenzaldehyde methylphenylhydrazone (DPNIBB)), cathode, which is usually low work-function metals such as

9-ethylcarbazole-3-carbaldehyde diphenylhydrazone (ECH calcium, magnesium, and aluminum. As was described in
(130), 3-acetyl-9-ethylcarbazole diphenylhydrazone (M- section 5.1, electron-transporting materials for use in the
ECH (131)), and 9-ethylcarbazole-3-carbaldehyde meth- electron-transport layer in OLEDs should fulfill several
ylphenylhydrazone (ECMH132), constitute one class of requirements. They should have high electron drift mobilities
amorphous molecular materials which are capable of trans-to transport electrons. They should meet the energy level
porting holes!* The stability of the amorphous glassy state matching the electron injection from the cathode. The
is greatly dependent on their molecular structdté®©ther cathodic reduction processes of electron-transporting materi-
aryl hydrazone compounds includ83—136'°* and 137,192 als should be reversible to form stable anion radicals. In
where arylhydrazone moieties are incorporated into the addition, they should form homogeneous thin films with
central triphenylamine core or 1,3-dicarbazolylcyclobutane morphological and thermal stability. The electron-transport
core (Chart 14). layer in OLEDs plays a role in hole blocking as well as
5.1.1.11. Spiro CompoundsExamples of spiro com-  acceptance and transport of electrons.
pounds that function as hole-transporting amorphous mo- In case electron-transporting materials lack effective hole-
lecular materials are provided W38 1399 spiro-TAD blocking ability, an independent hole-blocking material is
(140),*°* spirom-TTB (141),*°* OMeTAD (142),1%>1% and used together with a suitable electron transporter that
spiro-CARB (143).11% 9-Fluorene-type trispirocyclic com-  facilitates electron injection from the cathode. Hole-blocking
pound (TX-F6S 144)) have also been synthesized and used materials should fulfill several requirements. They should
as thermally stable hole-transporting materials in OLEDs  have weak electron-accepting and -transporting properties.
(Chart 15). Their anion radicals should be stable. They should possess
5.1.1.12. Other Hole-Transporting Materials. Com- proper energy levels of HOMO and LUMO to be able to
pounds without the diarylamino or the carbazolyl group, for block holes from escaping from the emitting layer into the
example, HPCzI145),'%8 1461%° 147,*%° and PF6 {48),19%:2% electron-transport layer but to pass on electrons from the
have also been shown to play a role in hole transport in electron-transport layer to the emitting layer. In other words,
OLEDs (Chart 16). the difference in the HOMO energy levels between the
The Tg's, oxidation potentials, solid-state ionization emitting material and the hole-blocking material should be
potentials, and electron affinities of hole-transporting amor- much larger than that in their LUMO energy levels. In
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Chart 12. Hole-Transporting Materials: N,N,N’,N'-Tetraaryl Arylenediamine
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Chart 13. Hole-Transporting Materials: Compounds with a
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withdrawing dimesitylboryl group can be incorporated into
other z-conjugated systems to create a different class of
electron-transporting amorphous molecular materials.

Recent advances in electron-transporting materials have
been reviewed!? 24 Here, electron-transporting materials
are classified into the following categories on the basis of
the central structural units.

5.1.2.1. Tris(8-quinolinolato)aluminum (Algs) and Boron-
Containing Complexes.Alqgs (156 in Chart 18), which is
well-known as a green emitter, has been widely used as an
excellent electron transporter and as a host material for green

addition, they should not form any exciplexes with emitting to red fluorescence-emissive dopants in OLEDs. It has been

materials having electron-donating properties.

reported that Alg takes up different polymorpt#s. The

Electron-transporting materials contain electron-withdraw- vacuum-deposited Alghin films are of amorphous natuf&,
ing moieties in the molecule. Heteroaromatic rings, for however, the initially amorphous thin film of Adgreadily

example, pyridine X49), triazine (50, 1,3,4-oxadiazole
(152), triazole (L52), and silacyclopentadiene (silol&53)),
dimesitylboranes1(54), and triarylboranes165 comprise

crystallizes on exposure to solvent vagoRoron-containing
complexes such as BRh (157) and B(2-benzothienyj
(158 have also been reported as candidates for electron

electron-withdrawing moieties in electron-transporting ma- transporterg®’ They emit fluorescence, but form exci-

terials (Chart 17). Therefore, a definite concept for the Plexes witha-NP

D 216,217

molecular design of electron-transporting amorphous mo- 5.1.2.2. Oxadiazole-Containing Oligo(arylene)s and
lecular materials is to incorporate these electron-withdrawing Oligo(arylenevinylene)s. 2-(Biphenyl-4-yl)-5-(4tert-bu-
moieties at the 1,3,5-positions of the central benzene coretylphenyl)-1,3,4-oxadiazolet8u—PBD (159) has been

or at theo-, m-, or p-position of the central 1,3,5-triphenyl-

widely used as an electron transporter in OLE&$iowever,

benzene core to form nonplanar molecules. An electron- this compound readily crystallizes. Other oxadiazole-contain-
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Chart 14. Hole-Transporting Materials: Compounds with Aryl Hydrazone Moieties
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Chart 15. Hole-Transporting Materials: Spiro Compounds
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Chart 16. Hole-Transporting Materials without Diarylamino
Groups

2 ¢

147

148 (PF6)

ing compounds include 3-bis[5-(#+t-butylphenyl)-1,3,4-
oxadiazol-2-yllbenzene (OXD-7160)),%! 161, and 16228
A 2,5-diaryl-1,3,4-triazole derivative (TAZLEJ) has also
been reported to serve as an electron transptitet,7-
Diphenyl-1,10-phenanthroline (BPhed6d)) doped with

£92
Boog

143 (spiro-CARB)

e N
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<

133 : R=CH3;

134 : R=Ph

135 : R=1-naphthyl
136 : R=2-naphthyl

R=H

144 (TX-F68S)

the incorporation of electron-withdrawing pyridine, oxadia-
zole, quinoxaline, and benzimidazole at the 1,3,5-positions
of the central benzene core, the following compounds have
been synthesized and used as electron transporters in OLEDs.
They include 1,3,5-tris(dert-butylphenyl-1,3,4-oxadizolyl)-
benzene (TPOBI(5)),1332242251 3, 5-tris(3-phenylquinoxa-
lin-2-yl)benzene (TPQ166)),%%¢ and a benzimidazole de-
rivative (TPBI (167)).2?" 1,3,5-Tris(9,9-dimethylfluoren-2-
yl)benzene (TFB168) acts as a hole-blocking mater?af.
The central benzene core has also been replaced by a triazine
central core to give 2,4,6-tris[di(2-pyridyl)amino]-1,3,5-
triazine (L69'%® and TRZ2-4 (170-1722%° (Chart 19).
5.1.2.4. Compounds with a 1,3,5-Triphenylbenzene or
2,4,6-Triphenyltriazine Central Core. Electron-transporting
amorphous molecular materials with a central core of 1,3,5-
triphenylbenzene or 2,4,6-triphenyltriazine have been devel-
oped. The examples are provided by 1,3,5(&igdi(2-
pyridyl)amino]phenylbenzene 44),*23 2,4,6-tri§ 4-[di(2-
pyridyl)amino]phenyi-1,3,5-triazine 45),1%3 173230 1,3,5-
tris[5-(dimesitylboryl)thiophen-2-yllbenzene  (TMB-TB
(174),23t  1,3,5-tri(4-biphenylyl)benzene (TBB 175),
1,3,5-tris(4-fluorobiphenyl-4yl)benzene (F-TBB 176)),
1,3,5-tris[4-(9,9-dimethylfluoren-2-yl)phenyllbenzene (TFPB
(177)),2282321782% and 179 (Chart 20).

lithium has been reported to serve as an electron transport- TMB-TB functions as an electron transporter with better

er20-223 (Chart 18).

5.1.2.3. Compounds with a Benzene or Triazine Central

hole-blocking character than that of Altf* The materials
of the 1,3,5-triarylbenzene family, TBR 75, F-TBB (176),

Core. In accordance with the molecular design concept of TFPB (177), 178 and179, act as hole-blocking materials in
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Table 2. Glass-Transition Temperatures (Tg's), Oxidation Potentials, lonization Potentials (IPs), and Electron Affinities (EAs) of Hole
Transporting Amorphous Molecular Materials

Tg IP EA
compound (°C) oxidation potential (eV) (eVv) ref
Modified TDATA Derivatives
50 (1-TNATA) 113 0.08 V vs Ag/Ad (0.01 mol dm®) in CH,Cl, 1b
113 51 133
51(2-TNATA) 110 0.11V vs Ag/Ad (0.01 mol dm®) in CH,Cl, 1b
110 51 133
52 (t-Bu-TBATA) 203 0.09 V vs Ag/Ag (0.01 mol dnv3) in CH,Cl, 146
53(TFATA) 131 0.08 V vs Ag/Ag (0.01 mol dn?) 147
54 (TPOTA) 145 0.46 V vs Ag/Ag (0.01 mol dn1®) in CH.Cl, 148
55(TDCTA) 212 0.92 V vs Ag/Ag (0.01 mol dn13) (irreversible) 149
56 143 0.25 V vs Fc/Ftin CH,Cl, 150
57 (TPTE(S)) 106 151
58 160 0.34 V vs Fc/Ftin CH,Cl, 150
59 1.2V vs Ag/Ag™ 152
Star-Shaped Compounds with Benzene as a Central Core
60 54 0.27 V vs Fc/Ft 5.07 155
61 85 0.31Vvs Fc/Ft 5.11 155
62 123 0.36 V vs Fc/Ft 5.16 155
63(TCB) 122 1.29 V vs Ag/Ag (0.01 mol dnt3) (irreversible) 156
64 (p-DPA-TDAB) 108 0.23 V vs Ag/Ad (0.01 mol dm3) in CH,Cl, 104
65 (MTDBB) 128 0.23 V vs Ag/Ag (0.01 mol dnv?) in CH.Cl, 106
66 93 0.02 V vs Fc/Ftin CH:CN 4.82 120
67 141 0.14 V vs Fc/Ftin CH;CN 4.94 120
68 105 120
69 189 0.590 V vs Fc/Fcin CH.Cl, 5.07 212 158
70 189 0.559 V vs Fc/Ftin CH.Cl, 5.04 2.07 158
71(TECEB) 130 5.2 2.8 157
73(TFAPB) 150 0.61V vs Ag/Ag 161
74 (MTFAPB) 154 0.54 V vs Ag/Ag 161
75 (TBFAPB) 189 0.53 V vs Ag/Ag 161
76 (TFATTY) 208 1d
77(TTrTr) 358 1d
Tris(oligoarylenyl)amines
78(TBA) 76 0.61 V vs Ag/Ag (0.01 mol dnt3) in CH,Cl, 108
79(TTPA) 70 0.57 V vs Ag/Ad (0.01 mol dmi®) in CH,Cl, 201
80 (TSePA) 80 163
81(TPTPA) 83 163
82 (TPSePA) 106 163
83 96 129
84 (BPAPF) 167 0.95 V vs Ag/AY 164
85(TFIA) 125 165
Tetraphenylbenzidines
86 (TPD) 5.5 24 111
60 151
65 5.50 2.30 170
60 0.733 V vs Ag/AgCl 171
5.38 202
5.2 203
87 (a-NPD) 95 5.1 136
95 5.70 2.60 170
100 0.767 V vs Ag/AgCl 171
55 2.4 204
5.2 205
55 2.4 206
0.38 V vs Fc/F¢ in DMF 5.3 48
88(0-BPD) 75 0.48 V vs Ag/Ad (0.01 mol dnm3) in CH,Cl, 122, 207
89 (m-BPD) 81 0.51 V vs Ag/Ad (0.01 mol dn13) in CH,Cl, 122, 207
90 (p-BPD) 102 0.50 V vs Ag/Ag (0.01 mol dnt3) in CH,Cl, 122, 207
91 (CBP) —a 0.975 V vs Ag/AgCI 171
6.3 3.2 204
6.3 3.2 206
92 (PPD) 152 170
93 (FFD) 165 0.40 V vs Ag/Ag (0.01 mol dnr3) 147
94 (TPF) 78 0.626 V vs Ag/AgCl 172
95 (NPF) 118 0.658 V vs Ag/AgCl 172
96 (PFFA) 135 0.31 V vs Ag/Ag (0.01 mol dnr3) 173
97 185 0.420 V vs Ag/Ad 5.00 1.73 158
98 154 0.401 V vs Ag/Ag 4.99 1.77 158
99 (TPTE) 130 174
100 163 175
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Table 2 (Continued)

Tg 1P EA
compound °C) oxidation potential (eVv) (eV) ref
m-Electron Systems End-Capped with Triarylamines
101 (BMA-TFT) 93 0.35V vs Ag/AgNQ (0.01 mol dm®) 181
102 (BFA-1T)° 158 0.39 V vs Ag/Ad (0.01 mol dnt3) 182a
103(BFA-2T) 165 0.43 V vs Ag/AgNQ@ (0.01 mol dnm3) in CH,Cl, 182b
N,N,N',N'-Tetraarylenyl Arylenediamines
104(DN,P) 62 0.611 V vs Ag/AgCl 171
105(TNqP) 62 0.595 V vs Ag/AgCl 171
106 (NoNoP) 70 0.625 V vs Ag/AgCl 171
66.5 208
107 (NgN.P) 81 0.616 V vs Ag/AgCl 171
108(DCP) 61 0.965 V vs Ag/AgCl 171
109(TCP) 54 0.950 V vs Ag/AgCl 171
110(N,CP) 88 0.945 V vs Ag/AgCl 171
111(N4CP) 83 0.947 V vs Ag/AgCl 171
112 141 0.796 V vs Ag/AgCl in CKLCl, 5.15 1.64 188
113 157 0.744 V vs Ag/AgClin CECl; 5.10 1.74 188
114 146 0.428 V vs Ag/Ag in CH.Cl, 5.01 2.08 158
115 131 5.14 211 183
116 (PPA) —a 5.64 3.18 184
117(TPA) 103 551 3.05 184
118(a-NPA) 166 5.54 3.31 184
119(5-NPA) 138 5.54 3.11 184
120(A-2T) —a —0.01 V vs Fc/F¢ in benzonitrile 186
5.07 187
120(A-6T) —a 0.13 V vs Fc/Fe- in benzonitrile 186
121 —23 0.82 V vs SCE (irreversible) 185
122 158 0.569 V vs Fc/Fcin CH.Cl, 5.01 2.07 158
123 188 0.560 V vs Fc/Ftin CH.Cl, 5.04 2.10 158
Compounds with Central Carbazole Core
124 111 5.34 189
125 105 5.28 189
126 180 0.167 V vs Fc/Fc 190
127 184 0.111 V vs Fc/Fc 190
Aryl Hydrazones
128(M-DPH) 35 114
129(DPMH) 30 209
133 74 0.17 V vs Fc/Ft in CH.Cl, 191
134 81 0.22 V vs Fc/Ft in CH,Cl, 191
135 86 0.23 V vs Fc/Ftin CHyCl, 191
136 87 0.23 V vs Fc/Ftin CH,Cl, 191
137 136 5.47 192
Spiro Compounds
138 111 0.62 V vs Ag/AgClin CHCI, 193
139 122 0.60 V vs Ag/AgCl in CHCI, 193
140(spiro-TAD) 133 116
133 194
133 0.230 V vs Fc/Fcin CHyCl, 210
133 0.203 V vs Fc/Ftin CH.Cl, 211
141 (spirom-TTB) 119 194
142(OMeTAD) 120 195
144 170 0.42 V vs Ag/AgCl in CHCI, 197
Others
145(HPCzl) 5.1 2.2 198
146 88 0.548 V vs Fc/Ftin CH.Cl, 5.35 2.45 199
147 23 0.550 V vs Fc/Ftin CHyCl, 5.35 2.34 199
148(PF6) 96 0.645 V vs Fc/Fan CH.Cl, 5.45 251 199
96 5.3v5.4 ~2.6 200

2 These compounds do not form amorphous glagsBeduction potentials of these compounds are as follows: BFA-DT47 V vs Ag/AgNQ
(0.01 mol dn73) in THF); BFA-2T (—2.26 V vs Ag/AgNQ (0.01 mol dnt?) in THF).

Chart 17. Electron-Withdrawing Moieties in Electron-Transporting Materials

H H H H A
N o 2 N si B Y
S N-N b W Ar’ Ar
149 150 151 (1,3,4- 152 153 154(dimesityl 155
(pyridine) (triazine)  oxiadiazole)  (triazole) (silacyclopent borane) (triaryl-
adiene, silole) borane)

combination with other electron-transporting materials, for emissior??¢232 The compoundgl4 and 45 with electron-
example, Alg, in OLEDs, permitting blue or blue-violet  transporting properties serve as blue-emitting matetfals.
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Chart 18. Electron-Transporting Materials: Alq s, 2,5-Diaryl-1,3,4-oxadiazoles, and Triazoles
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Chart 19. Electron-Transporting Materials with a Benzene or Triazine Central Core
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They have been prepared by the Ullmann coupling reation 5.1.2.6.z-Electron Systems End-Capped with a Di-

of 1,3,5-tris(4-bromophenyl)benzene or 2,4,6-tris(4-bro- mesitylboryl Group. Boron-containing oligothiophenes such

mophenyl)-1,3,5-triazine with di(2-pyridyl)amine in the as 2,5-bis(dimesitylboryl)thiophene (BMB-11§3), 5,5-

presence of potassium carbonate and copper suffate. bis(dimesitylboryl)-2,2bithiophene (BMB-2T 184)), and
5.1.2.5. Compounds with a Tetraphenylmethane Cen-  5,5'-bis(dimesitylboryl)-2,25',2"-terthiophene (BMB-3T

tral Core. Electron-transporting amorphous molecular ma- (185) have been synthesized. BMB-2T and -3T undergo

terials with four 1,3,4-oxadiazolyl groups attached to the reversible cathodic reductions, exhibiting two sequential

tetraphenylmethane central core, OMEOXIB(), CROXD cathodic and the corresponding anodic waves to generate

(181), and TBUOXD (182,234 have been developed (Chart the radical anion and dianion spect3hey have also been

21). characterized by UP8%235BMB-nT (n= 1, 2, and 3) have
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Chart 20. Electron-Transporting Materials: Compounds with a 1,3,5-Triphenylbenzene or 2,4,6-Triphenyltriazine Central Core
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stronger electron-accepting properties than those affAlép23>
Electron-transporting BMB-2T emits intense blue emis-
sion191t also functions as a host matrix for emitté?&The
compoundl86is also an electron-transporting emitter, and
bright white light emission has been obtained from a single
layer of its spin-coated film3” The structures of these
compounds are shown in Chart 22.

5.1.2.7. Triarylboranes.The compounds of a triarylborane
family, tris(2,3,5,6-tetramethylphenyl)borane (TPHBT)),
tris(2,3,5,6-tetramethylbiphenyl-4-yl)borane (TBPHB®)),
tris(2,3,5.6-tetramethyl-1;4',1"-terphenyl-4-yl)borane (TTPhB

®

176 (F-TBB)

SRS

L0 L0
r@ @\

N

45

Q

179

(189), and tris[2,3,5,6-tetramethyl-4-(1;3,1"'-terphenyl-
5'-yl)phenyl]borane (TTPhPhBLO0), have been developed
and used as hole-blocking materials in combination with Alg
as an electron transportét (Chart 23).

5.1.2.8. Silole DerivativesSilacyclopentadiene derivatives
have constituted an important class of electron-transporting
materials, which include 2,5-di(2-pyridyl)-1,1-dimethyl-3,4-
diphenylsilacyclopentadiene (PySPy9()),23%:240 2,5-di-
(biphenyl-3-yl)-1,1-dimethyl-3,4-diphenylsilacyclopentadi-
ene (PPSPPL102),2412422 5-bis(6-phenylpyridin-2-yl)-1,1-
dimethyl-3,4-diphenylsilacyclopentadiene (PPySPyg3)),240



Charge Carrier Transporting Molecular Materials Chemical Reviews, 2007, Vol. 107, No. 4 981

Chart 21. Electron-Transporting Materials: Compounds with a Tetraphenylmethane Central Core

OCH,4
j3-ocr-|3 CF3
N= N= N=
Ng .

H
O°N o O"N
=N =N =N
H300§jL Fgcd
HsCO
180 (OMEOXD) 181 (CF;0XD) 182 (TBUOXD)
Chart 22. Electron-Transporting Materials: z-Electron amorphous molecular materials shown in Charts 28 are
Systems End-Capped with Two Dimesitylboryl Groups listed in Table 3.

Q AQ Q _Q 5.1.3. Ambipolar Charge-Transporting Materials

As will be discussed in sections 5.3 and 6, charge-

\ /
gj, Ad §j _%3 transporting materials are suggested to have the properties
of ambipolar transport in nature so long as they accept both
183 (BMB-1T) : n=1 hole and electron carriers. Generally, hole- and electron-
184 (BMB-2T) : n=2 transporting materials readily accept holes and electrons,
185 (BMB-3T) : n=3 respectively, but do not readily accept electrons and holes,

respectively. However, molecules containing both the electron-
2,5-bis[3-(2-pyridyl)phenyl]-1,1-dimethyl-3,4-diphenylsila- donating and -accepting moieties exhibit ambipolar character,

cyclopentadiene (PyPSPPYI4),?4° 2,5-bis(2,2-bipyridin- readily accepting both holes and electrons. These materials
6-yl)-1,1-dimethyl-3,4-diphenylsilacyclopentadiene (PyPySPy- usually function as materials for the emitting layer in OLEDs.
Py (199),24%243 and 9-silafluorene-9-spiro-12',3,4',5- Since the emitting layer in OLEDs acts as the recombination

tetraphenyl)-1H-silacyclopentadiene (ASPL96)).242 They center for holes and electrons injected from the anode and
also function as good emitters. PyPySPyPy has beencathode, respectively, materials for use in the emitting layer
characterized by UP3% 246 Molecular orbital calculations  should accept both hole and electron carriers, and transport
has been performed di®91, 192, and19524’ The structures  them. That is, the emitting materials should have bipolar

of these compounds are shown in Chart 24. character, permitting the formation of both stable cation and
5.1.2.9. X-Shaped Compounds with a 1,2,4,5-Tetraphen- anion radicals. The emitting materials should have high
ylbenzene Core.X-Branched oligophenylened497—202, luminescence quantum efficiencies. In addition to these

have been synthesized by the palladium-catalyzed Suzukirequirements, they should be capable of forming smooth,
cross-coupling reaction of 1,2,4,5-tetragig¢dophenyl)ben- uniform thin films with thermal and morphological stability.
zene with the corresponding phenylboronic acid. The HOMO The use of emitting materials that fulfill these requirements
and LUMO energy levels of these X-branched oligophe- is expected to lead to enhanced performance and improved
nylenes were estimated to be in the range of-68% and durability of devices.
2.4-3.3 eV, respectively?® These compounds have been = BMA-nT (21—24)80-62181252gnd BFA-nT (02 103)8
used as hole-blocking materials for obtaining blue emission. in Chart 11 have ambipolar character and function as good
Like BMB-nT, 2,3,5,6-tetra(2-pyridyl)pyrazine (TPRQ3) emitters in OLEDs. These compounds undergo reversible
serves as an electron injection material in OLBHsThe anodic oxidations and cathodic reductions. The central oligo-
structures of these compounds are shown in Chart 25. thiophenes in BMA-nT are thought to play a role in electron
5.1.2.10. Spiro Compounds and Others.Electron- acceptance. The HOMO energy levels of BMA-ni €
transporting amorphous molecular materials with a spiro 1~4) were almost the same regardless of the conjugation
center,204—207, have been reported (Chart 269:218250.251 length of oligothiophene, as determined by cyclic voltam-
TBPSF Q04) functions as an emitter. metry and UPS!® The z-conjugation length of oligoth-
The Tg's, reduction potentials, solid-state ionization iophenes mainly affected the LUMO energy levels, tuning
potentials, and electron affinities of electron-transporting the emission color from blue to green, yellow, and orange.

Chart 23. Electron-Transporting Materials: Triarylboranes
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Chart 24. Electron-Transporting Materials: Silole

Derivatives

195 (PyPySPyPy) 196 (ASP)

2,6-Big[4-[N,N-bis(9,9-dimethylfluoren-2-yl)amino]-
pheny}pyridine (BFA-Py @08)),%53 4,7-big 4-[bis(9,9-di-
methylfluoren-2-yl)amino]pheny#2,1,3-benzothiadiazole
(BFA-BT (209)),192539,10-big 4-[N,N-bis(9,9-dimethylfluo-
ren-2-yl)amino]phenylanthracene (BFA-AnX10),14?>3and
a-{4-[bis(9,9-dimethylfluoren-2-yl)amino]pherw-(di-
mesitylboryl)oligothiophenes (FIAMB-nT2(L1—214))?54255

Shirota and Kageyama

materials that meet all the requirements described above. All
these compounds were found to readily form stable amor-
phous glasses with well-defined Tg’s, as characterized by
DSC, XRD, and IR and Raman spectroscé?>’ They
exhibited intense fluorescence with relatively high fluores-
cence quantum yields. They undergo both reversible anodic
oxidations and cathodic reductions to permit the formation
of stable cation and anion radicals. The results of cyclic
voltammetry of the FIAMB-nT i§ = 0~3) family showed
that the oxidation potentials gradually decreased and the
reduction potentials became increasingly more positive with
the increasing conjugation length of the central thiophene
unit. Theszr-conjugation length of the central oligothiophenes
finely control the HOMO and LUMO energy gap and hence
the emission color. The HOMO and LUMO energy levels
of the BFA family greatly depended on the kinds of the
centralr-electron system. The emission color of the materials
of the BFA family changed from blue to red, depending upon
the kind of the centrafr-electron system.

The compounds, AODR2(16)%°® and CzOxa217),>>° are
examples of materials containing an electron-withdrawing
1,3,4-oxadiazole group and an electron-donating dimethyl-
amino orN-phenylcarbazolyl group. Bis(4N¢(1-naphthyl)-
phenylamino)phenyl)fumaronitrile (NPAFN218)%%° and
N-methyl-big 4-[N-(1-naphthyl)N-phenylamino]phenyt
maleimide (NPAMLMe 219)?%! with electron donor
acceptor moieties provide the examples of red-emitting
amorphous molecular materials. Emissive derexceptor
molecules based on phenoxazine and quinoline as donor and

have also provided definite examples of ambipolar emitting acceptor moieties, 10-methyl-3,7-bis(4-phenylquinolin-2-yl)-

Chart 25. Electron-Transporting Materials: Compounds with a 1,2,4,5-Tetraphenylbenzene Core
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Chart 26. Electron-Transporting Materials: Spiro Compounds
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Table 3. Glass-Transition Temperatures (Tg's), Reduction Potentials, lonization Potentials (IPs), and Electron Affinities (EAs) of

Electron-Transporting Amorphous Molecular Materials

Tg P EA
compound (°C) reduction potential (eV) (eV) ref
Algs, 2,5-Diaryl-1,3,4-oxadiazoles, and Triazoles
156 (Algz)2© 5.8 3.1 111
5.93 202
6.1 3.4 204
5.7 205
5.8 3.1 206
5.65 48
159(t-Bu-PBD} 6.3 24 47
160(OXD-7)? ~6.5 ~2.8 31
Electron-Transporting Materials with a Central Benzene Core
40 80 5.09 1.64 123
165(TPOB) 142 224
137 133
166(TPQ) 151 226
167(TPBI) 6.2 2.7 227
168(TFB)° 133 228
16% 5.07 1.35 123
170(TRZ2) 6.0 2.6 229
171(TRZ3) 5.8 2.3 229
172(TRZ4) 113 5.8 2.2 229
Compounds with a 1,3,5-Triphenylbenzene Central Core
173 248 230
174(TMB-TB) 160 —1.98 V vs Ag/Ag- (0.01 mol dn73) in THF 231
175(TBB)° 88 228
176 (F-TBB)° 87 228
177(TFPBY 149 228
178(CF-Y) 135 —2.24 V vs FclF¢ 233
179 125 —2.56 V vs Fc/F¢ 233
Compounds with a Tetraphenylmethane Central Core
180(OMEOXD) 97 ~ —2.50V vs Fc/F¢ 234
181 (CROXD) 125 —2.30 V vs Fc/Ft 234
182(TBUOXD) 175 —2.40~ —2.45 V vs Fc/F¢ 234
m-Electron Systems End-Capped with Dimesitylboryl Groups
183(BMB-1T) 71 6.81 3.61 115
184(BMB-2T) 107 —1.76 V vs Ag/Agdf (0.01 mol dnt3) in THF 63
107 6.25 3.45 115
185(BMB-3T) 115 —1.76 V vs Ag/Ag" (0.01mol dm3) in THF 63
115 5.85 3.25 115
Compounds with a Triarylborane Central Core
187(TPhB) 63 —2.5V vs Ag/Ag' (0.01 mol dn1®) in THF 6.1 2.6 238
188(TBPhB) 127 —2.5V vs Ag/Ag" (0.01 mol dm3) in THF 6.1 2.6 238
189(TTBPhB) 163 —2.5V vs Ag/Ag" (0.01 mol dni3) in THF 6.1 2.6 238
190(TTPhPhB) 183 —2.5V vs Ag/Ag" (0.01 mol dn13) in THF 6.1 2.6 238
Silole Derivatives
191 (PySPy} 240
192(PPSPP) ~5.9 ~3.1 241, 242
193(PPySPyP) 81 240
194 (PyPSPPy) 81 240
195(PyPySPyPy) 77 240
~5.9 ~3.2 242
X-Shaped Compounds with a 1,2,4,5-Tetraphenylbenzene Core
197 (X-OPP(3)-k) —b 6.20 3.27 248
198(X-OPP(5)-H) —b 5.90 2.40 248
199(X-OPP(5)-F) —b 6.48 2.87 248
200(X-OPP(5)-k) —b 6.47 2.93 248
201(X-OPP(5)-k) —b 6.50 2.96 248
202 (X-OPP(5)-Ck) —b 6.40 2.87 248
203(TPP) >6.8 249
Spiro Compounds and Others
204 (spiro-PBD) 163 —2.46 V vs Fc/F¢ in THF 210
205(TBPSF) 195 ~6.1 ~3 250
206 —2.48 V vs Fc/F¢ in DMF 251
207 5.64 2.04 218

2 These compounds do not form amorphous glagsBEsese compounds do not show glass transition phenomena, but form smooth @lrigation
potentials of these compounds are as follows: ;A@75 V vs Fc/F¢ in DMF),*8 TFB (1.25 V vs Ag/Ag (0.01 mol dnt3) in CH,Cl,),??¢ TBB
(1.32 V vs Ag/Ag (0.01 mol dn?®) in CH,Cl,),2?6 F-TBB (1.29 V vs Ag/Ad (0.01 mol dm®) in CH,Cl,),?*2and TFPB (1.25 V vs Ag/Ag (0.01

mol dn3) in CH,Cl,).??8

10H-phenoxazine (BPQ-MP@20) and 10-phenyl-3,7-bis-
(4-phenylquinolin-2-yl)-1681-phenoxazine (BPQ-PPQZ1)),
have also been synthesizZ&8Single-layer OLEDs have been

developed using ambipolar materials, such as a dibenzo-
thiophene SS-dioxide derivative containing a diphenyl-
aminophenyl group2222%2 and a boron-containing com-
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Chart 27. Compounds Containing Electron-Donating and Electron-Accepting Moieties
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pound containing hole-transporting, electron-transporting, (91),2%154176180 TCTA (33),'>* and compound’2,'%° have
and emitting components ((dppy)BTP&23)).26 A novel been used as host materials for phosphorescent dopants. The
class of amorphous molecular materials, spirosilabifluorenes,host material in the emitting layer serves as a recombination
224227, forms transparent and stable amorphous glassescenter for holes and electrons to generate the electronically
with high Tg's above 200°C. The electronic absorption excited states, followed by both singtetinglet and triplet
spectra of these compounds show a significant bathochromictriplet excitation energy transfer from the host to the dopant,
shift relative to those of the corresponding carbon analoguesand hence, host materials possess ambipolar transport
as a result ob* —z* conjugation. They exhibit violet-blue  properties.
emission peaking at 39815 nm?26° The molecular structures of ambipolar charge-transporting
In phosphorescence-based OLEDs, charge-transportingmaterials are shown in Chart 27, and the Tg's, oxidation
materials with large optical band gaps, such as CBP and reduction potentials, solid-state ionization potentials, and
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Table 4. Glass-Transition Temperatures (Tg's), Oxidation and Reduction Potentials, lonization Potentials (IPs), and Electron Affinities
(EAs) of Ambipolar Charge-Transporting Amorphous Molecular Materials

Tg IP EA
compound (°C) oxidation potential reduction potential (eV) (eV) ref
Compounds Containing Electron-Donating and Electron-Accepting Moieties

208 (BFA-Py) 173 0.57 V vs Ag/AgN@(0.01 mol —2.61V vs Ag/AgNQ (0.01 mol 253
dm™3) in CH.Cl, dm=3)in THF

209 (BFA-BT) 145  0.56 V vs Ag/AgNG(0.01 mol —1.72 V vs Ag/AgNG (0.01 mol 253
dm=3)in THF dm=3)in THF

210(BFA-An) 185 0.56 V vs Ag/AgNQ@(0.01 mol —2.26 V vs Ag/AgNQ (0.01 mol 253
dm™3) in CH,Cl, dm™3) in THF

211(FIAMB-0T) 129 0.36 V vs Fc/Ftin CH.Cl, —2.51V vs Fc/Ft in THF 255

212(FIAMB-1T) 124 0.31V vs Fc/Ftin CH.Cl, —2.17 V vs Fc/F¢ in THF 255

213(FIAMB-2T) 127 0.28 V vs Fc/Ftin CH.Cl, —2.11 V vs Fc/F¢ in THF 255

214(FIAMB-3T) 131 0.27 V vs Fc/Ftin CH.Cl, —2.03 V vs Fc/F¢ in THF 255

215 157 0.592 V vs Fc/Fcin CHyCl, 5.07 2.18 158

217(CzOxa) 6.22 3.13 259

218(NPAFN) 109 260

219(NPAMLMe) 120 5.8 3.7~38 261

220(BPQ-MPO) 137 0.71V vs SCE ingHg/CH;CN —2.02 V vs SCE in @Hg/CHs;CN 5.1 24 262

221(BPQ-PPO) 149 0.79 V vs SCE in8s/CH;CN —2.00 V vs SCE in @Hs/CHs;CN 5.2 24 262

222 123 0.553 V vs Fc/Ft in CH,Cl,/DMF —1.935V vs Fc/Fé- in CH.Cl,/DMF 5.35 2.61 263

223((dppy)BTPA) 5.3 2.9 264

224 203 1.09 V vs Ag/AgCl (0.01 mol dn#) 5.79 265
in CH:CN:THF

225 203 1.17 V vs Ag/AgCI (0.01 mol dn#) —2.24 V vs Ag/AgCl (0.01 mol dmd) 5.87 2.46 265
in CHsCN:THF in CHsCN:THF

226 228 1.11 V vs Ag/AgCI (0.01 mol dn#) —2.42 V vs Ag/AgCl (0.01 mol dm?) 5.81 2.28 265
in CH;CN:THF in CH3;CN:THF

electron affinities of ambipolar charge-transporting amor- ©hart 28. Emitting Materials Described in Section 5.1.5.

phous molecular materials are summarized in Table 4. &y O
5.1.4. Interactions at the Interface between the ® ® ®
Hole-Transport Layer and the Electron-Transport Layer Me‘H
Electron donoracceptor interactions between hole- and Cotlrs LD
electron-transporting layers in multilayer OLEDs sometimes W
lead to the for_mation _of exciplex_es at the solid interface S &)
between organic/organic layers. Since amorphous molecular 228 (THPF) 229 (2PSP)

materials form homogeneous thin films without any grain
boundaries, they are suitable for studying solid-state exciplex
formation.

The direct contact between the hole-transporting materials
of the TDATA family and electron-transporting emitter Alq
results in the formation of exciplexes at the interfa®es’
OLEDs consisting of the two layers aftMTDATA or 5.1.5. Device Structures and Performance
2-TNATA and Algs emit yellow light at low drive voltages Multilayer OLEDs using Alg with or without emissive
and green light at high drive voltages. While the green dopants as an emitting layer and various kinds of charge-
emission originates from Alg the yellow emission results  transporting materials as charge-transport layers have been
from the contribution of the exciplex emission. Thus, the fabricated, and their performance has been examined. Typical
two emission colors can be reversibly switched by varying device structures are as follows: ITO/HTL/Almetal and
the drive voltagé®® Exciplex formation in OLEDs has been  |TO/HTL1/HTL2/Algs/metal. An alloy of magnesium and
observed for a number of combinations of hole- and electron- sjlver or aluminum is often employed as the cathode. When
transporting amorphous molecular materfgfs:!2>9.268270 aluminum is used as the cathode, a very thin layer m)

The intensity of the exciplex emission is usually lower of lithium fluoride (LiF) is inserted between the cathode and
than that of the single component emission. From the view- the electron-transport layer to facilitate electron injection
point of the EL efficiency, formation of exciplexes should from the Al cathodé&?’
be avoided, and hence, attention has been directed to avoid Multilayer OLEDs consisting of an emitting layer of Alqg
exciplex formation in organic EL devices. The exciplex form- a hole-injection layer (HTL1) om-MTDATA, and a hole-
ation can be prevented by the insertion of a thin layer of a transport layer (HTL2) of TPD oa-NPD exhibited higher
suitable material between the two layers that form an exci- luminous efficiency and significantly enhanced operational
plex110270The other way is to use the material as a dopént.  stability than those of the corresponding double-layer devices

On the other hand, the utilization of intense exciplex without the hole-injection layer (HTL1)1133135 The in-
emission is one approach for obtaining desired emission crease in the electrical conductivity of a hole-injection buffer
color?59:28% Highly efficient exciplex emission has been layer materialm-MTDATA by doping with iodine or 2,3,5,6-
observed from OLEDs based on hole-transportayPD tetrafluoro-7,7,8,8-tetracyanoquinodimethand BNQ) has
or TPD and electron-transporting silole derivatives, PPSPP been shown to lead to significant reductions of drive voltage
or PyPySPyP¥* A luminance of 100 cd n? has been  and the enhancement of external quantum efficiency fog-Alq
obtained at a drive voltage of 4.5 V, and an EL quantum based OLEDSs relative to the corresponding device using the

efficiency of 3.4% has been achieved at 100 A?rfor the
combination of PPSPP arndNPD 24! Exciplexes have also
been exploited to tune the emission cé®F®¢-*%and to
obtain white light72-276
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Table 5. Examples of Performance of OLEDs

Shirota and Kageyama

color turn-on maximum power current external quantum
wavelength voltage luminance efficiency efficiency efficiency
device chromaticity %) (cd n1?) (Im w1 (cd A™Y (%) ref
Non-Doped Systems

ITO/m-MTDATA (40 nm)/ blue-violet 3.4 2600 0.33 0.71 1.5 238
TPD (20 nm)/TTPhPhB (10 404 nm (11v) (300 cd n?) (300 cd m?) (300 cd m?)
nm)/Algs (30 nm)/LiF (0.5 -
nm)/Al
ITO/TCTA (40 nm)/THPF blue 1.27 1.8 282
(40 nm)/BCP (10 nm)/Alg 404, 424 nm
(20 nm)/ LiF/Al (0.18, 0.09)
ITO/spiro-TAD (40 nm)/ blue 2.7 500 116
spiro-PBD (40 nm)/Al:Mg - 5V)
ITO/PEDOT:PSS (30 nm)/  blue ~2.4 18500 0.75 1.4 0.9 200
PF6 (40 nm)/BCP (10 nm)/ - (13.5V)
Algs (50 nm)/LiF (0.5 nm)/Al -
(150 nm)
ITO/PEDOT:PSS/TCTA (40 blue ~2.5 ~14000 1.53 5.3 153
nm)/T3 (30 nm)/TPBI (30 -
nm)/LiF/Al (0.158, 0.041)
ITO/mMTDATA (40 nm)/ blue 3.2 9100 1.0 2.0 25 238
o-NPD (20 nm)/TTPhPhB 444 nm (11v) (300 cd nm?) (300 cd m?) (300 cd m?)
(20 nm)/Algs (30 nm)/LiF -
(0.5 nm)/Al
ITO/o-NPD (50 nm)/PPSPP - 7325 3.4 241
(50 nm) /PyPySPyPy (10 495 nm a2v) (100 A n12
nm)/MgAg (100 nm) - 1000 cd m?)
ITO/TPD (50 nm)/2PSP (20  blue-green 25 1400 12 4.8 289
nm)/PyPySPyPy (30 nm)/ 500 nm 6.5V, (10 cd n1?, (0.01~1mA cnT?)
MgAg (100 nm) - 15 mA cnT?) 3.25V)
ITO/222(80 nm)/LiF (1 nm)/ - 2.2 37699 7.2 7.7 31 263
Al (150 nm) 496 nm (at12.5V) (maximum) (maximum) (maximum)

(0.16, 0.44)
ITO/TAPC (75 nm)/Alg (60  green 2.5 >1000 25
nm)/MgAg 550 nm (less than 10 V)
ITO/MmMTDATA (60 nm)/ green 24000 2.3 111
TPD (10 nm)/Alg (50 nm)/ - (at 15V)
MgAg -
ITO/2-TNATA (46 nm)/TPD  green 55 22200 25 133
(7 nm)/Algs (57 nm)/MgAg - (14 V) (300 cd n1?)
ITO/TECEB (70 nm)/Alg green 3.5 9680 3.27 157
(60 nm)/MgAg 530 nm (20 V) (230 mA cn1?)
ITO/TX-F6S (60 nm)/Alg green 3 37000 3.4 197
(60)nm)/LiF (0.5 nm)/Al (150 530 nm (14 V)
nm -
ITO/HPCzI (70 nm)/Alg (70  green 3.8 1.25 35 198
nm)/MgAg 532 nm (20 mA cnT?, (20 mA cnT?,

- 8.8V) 8.8V)
ITO/113(40 nm)/Alg; (60 green 3.2 15739 2.56 4.79 188
nm)/LiF/Al - (16 V)
ITO/113(40 nm)/Algs (40 green 3.4 27,341 1.8 1.3 158
nm)/MgAg (50 nm) 524 nm (100 mA cn1?) (100 mA cn1?)

(0.31, 0.56)
ITO/97 (40 nm)/Algs (40 green 3.3 26,567 1.7 1.0 158
nm)/MgAg (50 nm) 518 nm (100 mA cn?) (100 mA cn?)

(0.30, 0.55)
ITO/TDCTA (14 nm)/Algs green 2.9~3.4 0.6~0.7 149
(60 nm)/LiF—Al alloy (12 -
nm)/Al (150 nm) -
ITO/TPTE(S) (70 nm)/Alg green 3.0 10000 1.0 0.87 151
(70 nm)/MgAg (180 nm) 530 nm (0.lcdnt® (<1Acm? (100 cd n1?) (100 cd n1?)
ITO/62 (100 nm)/Alg; (40 green 5.0 155
nm)/Al -
ITO/TPTE (70 nm)/Alg (70 - 3.1 11000 174
nm)/MgAg (180 nm) - (14 V)
ITO/PEDOT:PSSV46Alqs/ - 2.0 30400 3.6 15 199
LiF/Al 535 nm
ITO/TPD (50 nm)/Alg (15 green 820 1.9 239
nm)/PySPy (35 nm)/MgAg 520 nm 5Vv) (100 cd m?)
ITO/o-NPD (40 nm)/Alg (5 green 7~8 0.75~1 234
nm)/CROXD (40 nm)/MgAg 515 nm 8Vv)
ITO/m-MTDATA (50 nm)/ green 26900 3.1 2.0 255
FIAMB-1T (20 nm)/BMB-2T 509 nm (12.0V) (300 cd n1?) (300 cd n1?)
(20 nm)/Alg; (10 nm)/LiF (0.24,0.61)

(0.5 nm)/Al
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color turn-on maximum power current external quantum
wavelength voltage luminance efficiency efficiency efficiency
device chromaticity V) (cd nT?) (Im w1 (cd A™Y (%) ref
Non-Doped Systems
ITO/PEDOT:PSS/TAPC (35 green 3.0 9,510 3.42 1.10 262
nm)/BPQ-PPO (45 nm)/LiF/ 504 nm at 6580 cd m?
Al (0.20, 0.58)
ITO/m-MTDATA (20 nm)/ green 4.4 42915 5.54 10.60 2.93 184
PPA (40 nm)/TPBI (50 nm)/ 518 nm (15.5V) 4.5V) (8.0V) 8.0V)
MgAg (0.33,0.59)
ITO/mMTDATA (20 nm)/ green 4.6 65129 5.12 12.05 3.07 184
a-NPA (40 nm)/TPBI (50 522 nm (13.5V) (7.0V) (7.5V) (7.5V)
nm)/MgAg (0.24,0.69)
ITO/126 (40 nm)/TPBI (40 green 5 38000 2.5 15 190
nm)/MgAg (50 nm)/Ag (100 530 nm (13.5V) (5BV) (5BV)
nm) -
ITO/a-NPB (50 nm)/ASP - 7000~10000 5.2 3.8 242
(40~50 nm)/PyPySPyPy 525 nm azv) (100 cd n1?) (100 cd n1?)
(10~20 nm)/MgAg -
ITO/(dppy)BTPA (100 nm)/ yellow 3.8 2,654 3.6 5.2 264
LiF (1 nm)/Al (200 nm) - (maximum) (maximum)
ITO/PEDOT:PSSI8GLIF/AI white 3,800 0.35 237
(0.31,0.42)
Doped Systems (Fluorescence)
ITO/1-TNATA (40 nm)/NPB 7.6 2.2 145
(10 nm)/Algs+quinacridone (100 mA cm’?, (10 mA cnT?)
(35 nm) /Algs (35 nm)/MgAg 90°C)
ITO/BPAPF (60 nm)/ 140000 10.0 13.7 4.1 164
Algst+quinacridone (0.5%) (15V) 3.5V) (5.5V) (5.5V)
(20 nm)/Algs (30 nm)/Al
ITO/PEDOT:PSS/2a (40 nm)/ - 2.0 182800 10.1 2.8 199
Algz+quinacridone (0.5%) 542,578 nm (20 mA cnt?, (20 mA cnt?,
(20 nm)/Algs (40 nm)/LiF - 18V) 18V)
(0.5 nm)/Al (150 nm)
Doped Systems (Phosphorescence)

ITO/a-NPD (40 nm)/ green 100,000 31 28 8 29
CBP+ 6% Ir(ppy) (20 nm)/ 510 nm
BCP (6 nm)/Alg3 (20 nm)/ (0.27,0.63)
MgAg
ITO/a-NPD (40 nm)/ - 24 6000~12000 71.8 64.1 > 15 154
TCTA + 6.2 mol % Ir(ppy) 511 nm (10~20 mA cn?) (2.8V) (2.8V)
(20 nm)/CF-Y (20 nm)/Alg -
(30 nm)/LiF (0.5 nm)/Al (150
nm
ITO/PEDOT:PSS (40 nm)/ white 30000 3.6 6.1 3.8 179
a-NPD (30 nm)/CBP+ Flrpic - (13.4V)
(6 wt %) (20 nm)/BCP (3 (0.35, 0.36)

nm)/CBP+ Btp,lr(acac) (10
nm)/BCP (40 nm)/LiF/Al

undoped hole-injection buffer layéf®-28 The results show

injection layer resulted in ca. 1.3 times higher luminous

that the hole current dominates in these devices and that theefficiency?3® A high current density of 100 mA cm at less

use of dopedn-MTDATA facilitates not only hole injection
from the ITO electrode, but also electron injection from the
cathode into Alg probably due to the formation of a steeper
electric field in the Alg layer?8°

Likewise, BMB-nT (183—-185), TPP @03, and PySPy
(197) function as an electron-injection layer that facilitates
electron injection from the MgAg cathode into the Algyer.
Multilayer OLEDs using BMB-2T or BMB-3T as an
electron-transporting material, Algs an electron-transport-
ing emissive material, ant-MTDATA and a-NPD as hole-
transporting materials, IT@-FMTDATA (30 nm)/a-NPD (20
nm)/Algs (30 nm)/BMB-nT g = 2 and 3) (20 nm)/MgAg,
emitted bright green light originating from Adgexhibiting
approximately 1.+1.2 times higher luminous and quantum
efficiencies and 1.61.8 times higher maximum luminance
than those of the corresponding OLED without the BMB-
nT layer, ITOM-MTDATA (30 nm)/a-NPD (20 nm)/Alg
(50 nm)/MgAg® The comparison of the performance
between two devices, ITO/TPD (50 nm)/AlIL.5 nm)/PySPy
(197) (30 nm)/MgAg and ITO/TPD (50 nm)/Alg(50 nm)/
MgAg, showed that the use of PySPA() as the electron-

than 10 V and the external quantum efficiency of 1.0% have
been obtained for a device usiogNPD as a hole-transport
layer, Algs as an electron-transporting emitting layer, and a
thin layer (10 nm) of TPP203) as an electron-injection layer
sandwiched between ITO and MgAg electrodes, I-WPD

(50 nm)/Alg (50 nm)/TPP (10 nm)/MgAg*°

As was described earlier, various kinds of thermally stable

charge-transporting amorphous molecular materials have
been developed. In the 1990s, charge-transporting materials
with Tg’s over 130°C have been created. The examples are
provided by TCTA 83),1°” TPTTA (34),%? Spiro-8D (26),'16
t-Bu-TBATA (52),26 TPOTA (54),14¢ 173230 and so forth.

In the 2000s, materials with Tg’s above 200 have been
created, as exemplified by B31§),*?> T3 (47),'%° 48?7
TDCTA (55),%° TFATr (76),* TTrTr (77),19 224~226255

and so forth. The use of charge-transporting materials with
high Tg's permitted the fabrication of thermally stable, Alq
based OLED§97'133’145'146'281

When materials other than Adcdhave been used as an

emitting layer, Alg (156) and TPBI (67) have been used
frequently as an electron-transport layer. OLEDs using BMA-
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Chart 29. Representative Materials for OPVs
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nT and FIAMB-nT as emitters and Adgas an electron  MTDATA (50 nm)/TPD (20 nm)/F-TBB (10 nm)/Alg(20
transporter gave multicolor emission depending on the nm)/MgAg, exhibited blue violet emission with a turn-on
conjugation length of the central oligothiophe®é®® The voltage of 4.0 V and an external quantum efficiency of
compounds T3 47) and THPF 228 emit intense blue  1.40%232 BMB-2T (184) with a larger ionization potential
fluorescence. An OLED, ITO/TCTA33) (40 nm)/THPF than that of Alg has also been used as an effective hole-
(228 (40 nm)/BCP (10 nm)/Alg (20 nm)/LiF/Al, has been  blocking materiaf® Tetraarylsilanes have been reported to
reported to emit pure blue EL with chromaticity coordinates function as effective hole-blocking materials or host materials
at (0.18, 0.09) and a maximum efficiency of 1.27 cd*A8? for phosphorescent doparii§. 288 9,9-Diaryl-4,5-diazafluo-
Some devices exhibit external EL quantum efficiencies close rene has also been reported to act as a hole-blocking electron-
to or over the theoretical limit (5%) for a fluorescent emitter transporting materigk*

with a PL quantum yield close to unity. High-performance =~ Some electron-transporting materials, for example, BMB-
blue EL (external quantum efficiency of 5.3%, luminance 2T (184),° compoundl862%” silole derivatives#2?8%and so

of ~14 000 cd m?) has been reported for a device ITO/ forth, exhibit intense photoluminescence, serving also as
PEDOT:PSS/TCTAZ3) (40 nm)/T3 é7) (30 nm)/TPBI (30 emitting materials in OLEDs. It has been reported that a
nm)/LiF/Al.153 An OLED using3-NPA (119 as an emitter;  device, ITO/TPD (50 nm)/2PSP (20 nm)/PyPySPyPy (30
ITO/MMTDATA (20 nm)/3-NPA (40 nm)/TPBI (50 nm)/ nm)/MgAg (100 nm), exhibits blue-green emission with an
MgAg, has been reported to emit green light at 530 nm and external EL quantum efficiency of 4.8%%

exhibit high performance with a maximum external quantum  Host materials for phosphorescent dopants in phospho-
efficiency of 3.68%, a current efficiency of 14.79 cd’Aa rescence-based OLEDs usually function as the recombination
power efficiency of 7.76 Im WA, and a maximum brightness  center for holes and electrons. In some systems, phospho-
of 64991 cd m21%* A double-layer device using hole- rescent dopants directly accept holes and electrons from the
transporting emitted 26 and TPBI as an electron-transport adjacent organic layer. A device usilgMTDATA as a hole
layer emitted green light with a turn-on voltage of 5V, and injection buffer layer and CBP doped witiac-tris(2-phenyl-

an external quantum efficiency of 1.5% & V and a pyridine)iridium (Ir(ppys)) has been reported to exhibit peak
luminous efficiency of 2.5 Im W* at 5 V10 external quantum and power efficiencies of 12:00.6%

An electron-transporting material with better hole-blocking and 454 2 Im W1, respectively. It is shown that Ir(ppy)
ability than that of Alg, TPOB (165), enabled blue emission  directly accept holes from thexMTDATA layer and that
from BMA-1T in OLEDs®? The use of electron transporter electrons are injected into and transported by the CBP layer.
with a better hole-blocking ability, TMB-TB 1(74), also Thus, the Ir(ppy):CBP layer exhibits ambipolar transpétt.
permitted blue emission frop-TTA in OLEDs?3! In case There are a few reports stating that high performance of
electron transporters do not function well as hole blockers, OLEDs stems from high charge carrier drift mobilities. A
hole-blocking materials are inserted between the electron-device using 2PSP2R9) as an emitting layer, TPDB6) as
transport layer and the emitting layer. Bathocuproine (BCP) a hole-transport layer, and PyPySPyR9%) as an electron-
has been reported to function as a hole-blocking matéfial. transport layer emits blue-green light originating from 2PSP,
BCP has also been used as an exciton-blocking layer inexhibiting very high performance, as described above. A
OLEDs?®* However, it forms exciplexes with a number of significant reduction of drive voltage for this device relative
hole-transporting materials to give new emissions at longer to the corresponding device using Alin place of Py-
wavelength region&® PySPyPy, ITO/TPD/2PSP/AlMgAg, has been attributed

The compounds of the triarylbenzene fanfd§232 tri- to a higher mobility of PyPySPyPy relative to Al¢f° An
arylborane$2® fluoro-substituted phenylene compounds, and OLED consisting ofa-NPD (87) as a hole-transport layer,
X-shaped compounds with a 1,2,4,5-tetraphenylbenzenePPSPP192) as an emissive layer, and PyPySPyP95) as
core?*®have been shown to serve as effective hole-blocking an electron-transport layer, IT®ONPD/PPSPP/PyPySPyPy/
materials. High-performance blue- and blue-violet-emitting MgAg, exhibits efficient exciplex emission formed between
organic EL devices have been developed by the use of thesex-NPD and PPSPP. A higher performance of this device than
hole-blocking materials and TPD,N-bis(9,9-dimethylfluo- that of a device without the PyPySPyPy layer, I&EMPD/
ren-2-yhaniline (EPA), p-TTA, anda-NPD as blue-violet ~ PPSPP/MgAg, is attributed to a higher electron mobility of
and blue emitter&8232238Fgr example, a device, IT@¢ PyPySPyPy compared to that of PPSPPIt has been
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reported that doping of & in a hole-transport layer using for the undoped TDAPB derivative to 54 104 cm? V!
TDAPB derivative 72) resulted in efficient hole injection  s™! for the TDAPB derivative:g is responsible for the
and low drive voltage at high luminance for a phosphores- enhancement of performantg.

cence-based OLED using CBP as a host material. The The performance of OLEDs depends on the combination
increase in the hole mobility from 1.8 104 cn?V-1s? of materials. Combinatorial fabrication of OLEDs has been

Chart 30. Reported Materials for OPVs
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Chart 30. (Continued)
n-Type Organic Semiconductors
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244
shown to be a powerful tool for screening materials and polymer and electron-accepting small moleé#fte®® or
configurations, and for studying their basic propertf8s. electron-donating and -accepting small molectétés® The

The molecular structures of emitting materials used for enhancements of doneacceptor interactions that result in
the fabrication of OLEDs described above, THRPR§?®2 the increase in charge carrier generation efficiencies and the
and 2PSP2329),242%%gre shown in Chart 28. Table 5 lists formation of the transport paths for holes and electrons are
the performance of OLEDs. important requirements for the attainment of high power
conversion efficiencies. Therefore, morphology control to

5.2. Molecular Materials for Organic Photovoltaic permit hole and electron transport is of essential importance
Devices (OPVs) in bulk pr-heterojunction device®¥23%30ther strategies for

OPVs have been a focus of considerable research in the"créasing power conversion efficiencies include the insertion

last two decades because of their light weight, large-area,Of @1 €xciton-blocking layer to prevent exciton quenching at
flexible device fabrication, potentially low cost, and the ease the metal cathode and at the same time to prevent damages of

of materials design based on the molecular level. To developthe photoactive layer caused by the evaporation of metal cath-

high-performance OPVs, it is necessary to overcome Severalpde53,°4’3°5doping for reducing the bulk resistivities of mater-

. - . 306,307 i ; 309
problems encountered with organic materials, such as small'als’ and the introduction of tandem cell structufé’s:

exciton diffusion lengths, low quantum yields for photoge- 'g‘ tandemhstructureh with a th_'n Iaylelr Ofl Sllveg |?dserte(/d
neration of charge carriers, low charge carrier drift mobilities, PE€tWeen the twarrheterojunction cells, electrode/donor.

and high bulk resistance. Early studies on OPVs afforded 2cCepPtor/Ag/donor/acceptor/electrode, exhibits ‘."‘doum’.%d
poor power conversion efficiencies, but significant improve- "€lative to the corresponding single-heterojunction cef!
ments in the power conversion efficiency of OPVs have been Both small organic molecules and polymers have been
achieved in the last several years by the use of suitablestudied for use as photoactive materials in OPVs. As for
materials and the implementation of new device structtifes. small organic molecules, polycrystalline materials have been
One is gon-heterojunction structure consisting of the double preferentially used in OPVs. Among small molecules,
layers ofp-type andn-type organic semiconductors, that is, phthalocyanines, for example, CuF®),(asp-type organic
electron-donating and -accepting organic materials, sand-semiconductors, fullerenes,s£(231) and [6,6]-PCBM
wiched between two electrod®&sThis device structure favors  (232),2°43%and perylene tetracarboxylic diimides, for ex-
photogeneration of charge carriers by electron denor ample5and PTCBI 230, asn-type organic semiconductors,
acceptor interactions at the interface betwgetype and have been found to be most promising candidates for
n-type organic semiconductors. This concept has beenmolecular materials for the fabrication of high-performance
extended to bullpr-heterojunction structures, namely, the pn-heterojunction photovoltaic cells (Chart 29). BCP has
incorporation of a mixed layer of either electron-donating been used as an exciton blocker in QP05
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Table 6. Glass-Transition Temperatures (Tg's), Oxidation and Reduction Potentials, lonization Potentials (IPs), and Electron Affinities
(EAs) of Crystalline and Amorphous Molecular Materials for OPVs

compound Tg1C) oxidation potential reduction potential IP(eV) EA(eV) ref

2 (CuPc) 0.98 V vs SCE 325
1.22 V vs NHE —0.6 Vvs NHE 326

4.7 136

5.0 3.3 204

4.8 205

5.2 3.6 206

5.3 3.6 315

5(R=CHy) 6.8 4.6 327
6.1 328

230(PTCBI) 6.2 4.2 206
6.2 45 308

231(Ceo) 6.2 45 324
6.2 45 315

6.2 4.5 321

6.38 3.78 329

6.1 45 330

232([6,6]-PCBM) 6.1 3.7 331
239(MNTDATA) 134 0.31V vs Ag/Ad (0.01 mol dm®) 319
240(MB-TTPA) 161 0.66 V vs Ag/Ag (0.01 mol dm3) 319
233 n=1 0.29 V vs Fc/F¢ in CHyCl, —1.43 V vs Fc/F¢ in CH.Cl, 311

n=2 0.24 V vs Fc/Ft in CH,Cl, —1.44 V vs Fc/Ft in CH.Cl,
n=3 0.22 V vs Fc/FE in CH.Cl, —1.43 V vs Fc/F¢ in CH.Cl,

234 0.53 V vs Ag/AgCl in CHCI, 312
235 0.47 V vs Ag/AgClin CHCI, 312
236 0.62 V vs Ag/AgCl in CHCI, 313
237 0.87 V vs Ag/AgCl in CHCI, —1.25V vs Ag/AgCl in CHCI, 313
238 0.93 V vs Ag/AgCl in CHCI, 314
242 —0.88 V vs Ag/Ag in CH;CN 332

243(PDI-C9) 76 —1.11 V vs Fc/Ft in CH.Cl, 5.82 3.69 333

Many other compounds have been developed for use inbands extending to the wavelength of visible ligltThe
OPVs (Chart 30). One family of photoactive organic materi- structural modification of BMA-nT 21—24) gives 241,
als isp-TTA derivatives, for example233—-237311313 A where the thiophene unit is replaced by an benzothiophene
new z-conjugated system in which three linear oligothio- group®?® The electronic absorption of this compound is
phene chains are connected to a central planar and rigidexpanded to the visible wavelength region. A high-
trithienobenzene cor@88) has also been synthesized (Chart performancen-heterojunction device using-NPD 87) and
30) 3 The search for new materials that respond to near-IR Cgo (231), ITO/PEDOT:PSS (30 nmy+NPD (10 nm)/Go
wavelength light remains to be a subject of challeHg§& (48 nm)/MgAg (170 nm), has recently been reported to
photovoltaic cell using amorphous TiOPc and a perylene exhibit a conversion efficiency of 1% under AM1.5 il-
pigment (PTCBI) as photoactive materials, ITO/PTCBI/ lumination at 97 mW cm?.32!
TiOPc/Au, exhibited lower performance than that of the At present, high-conversion efficiencies of 25.0%
corresponding device using polycrystalline CdPdjowever, under AML1.5 illumination have been attained for the cells
the cell usinga-crystalline TiOPc obtained from the amor-  using CuPc and £.3%4395322A power conversion efficiency
phous phase upon exposure to solvent vapor responded t@f 5.0% has been reported for the device, ITO/CuPc (15 nm)/
near-IR light316 CuPc:Gp (10 nm) mixture/Go (35 nm)/BCP (10 nm)/Ag

Amorphous molecular materials have also been studied (100 nm)#? Polycyclic aromatic compounds such as tet-
for materials in OPVs. A Schottkey-type device using racene and pentacene have also been reported to serve as
mMTDATA (8) sandwiched between the ITO and aluminum P-type organic semiconductors for OPf&rHeterojunction
electrodes has been reporfédA bilayer device using  devices using tetracene and pentacebea p-type semi-
m-MTDATA (8) as an electron donor and Al¢L56) as an conductors and & (231) as ann-type semiconductor, ITO/
electron acceptor showed both PV and EL propeffiet. PEDOT:PSS/tetracene (80 nmg30 nm)/BCP (8 nm)/Al
was found that PV performance was significantly enhanced (100 nm) and ITO/pentacene (45 nmgC50 nm)/BCP (10
for a trilayer device with a thin layer of a mixture of NM)/Al, have been reported to exhibit power conversion
m-MTDATA and Algs inserted between the two layers. It is efficiencies of 2.3 and_ 2.7% under AM1.5 illumination at
shown that strong exciplex emission in an OLED is a good 100 MW cn7?, respectively?*32*
indicator of efficient charge transfer at the organic interface.  The Tg’s, oxidation and reduction potentials, ionization
m-MTDATA doped with FTCNQ has been used as a hole- potentials and electron affinities of materials for OPVs are
transport layer in bulk heterojunction OPVs based on CuPc listed in Table 62533 The performance of OPVs with
and ZnPc and & asp-type andn-type organic semiconduc-  various cell structures and molecular materials is summarized
tors309318As m-MTDATA responds only to near-UV light,  in Table 7334335
photosensitivity is extended to visible light by the introduc-  Hole-transporting amorphous molecular materials have
tion of intramolecular charge transfer. 44-Tris[4-nitro- been used in dye-sensitized, organic solar cells using
phenyl(4-methylphenyl)amino]triphenylamine (MNTDATA  nanocrystalline Ti@to transport hole carriers from the dye
(239) and 4,4,4"-tris[5-(dimesitylboryl)thiophen-2-ylJtriph-  cation radical to the counter electrode instead of using the
enylamine (MB-TTPA 240)) show electronic absorption 137/I~ redox specie&>3%6
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Table 7. Examples of Performance of OPV&

intensity of
incident light Jsc Voc n
device light source (MW cn1?) (mA cm™) V) FF (%) ref
Planarpn Heterojunction Devices
ITO/CuPc (30 nm)/PV (50 nm)/Ag AM2 75 2.3 0.45 0.65 0.95 35
ITO/PEDOT:PS$238(20 nm)/Perylene dye w 7 1.35 0.86 051 0.77 314
(20 nm)/LiF/Al
ITO/239(MNTDATA)/PV/Ag Xe 100 0.1 319
ITO/240(MB-TTPA)/PV/Ag Xe 100 0.07 319
ITO/PEDOT:PSS (60 nm2B7/Cgi/Al (60 AM1.5 100 3.65 0.89 0.36 1.17 313
nm)
ITO/CuPc (15 nm)/PTCBI (6 nm)/ AM1.5 100 1 304
BCP:PTCBI (80 nm)/Ag
ITO (150 nm)/CuPc (20 nm)/#g (40 nm)/ AM1.5 >440 061 4.2 305
BCP (10 nm)/Ag (100 nm)
ITO /PEDOT:PSS/tetracene (80 nmy4C30 AM1.5 100 7.0 0.58 057 23 323
nm)/BCP (8 nm)/Al (100 nm)
ITO /pentacene (45 nm)&g(50 nm)/BCP AM1.5 100 15 0.363 050 2.7 324
(20 nm)/Al
ITO /PEDOT:PSS (30 nm)-NPD (10 nm)/ AM1.5 97 0.85 1 321

Ceo (48 nm)/MgAg (170 nm)
Bulk pn Heterojunction Devices

ITO/PEDOT:PS$233[6,6]-PCBM (1:4)/Al AM1.5 100 1.4 0.60 0.29 0.25 311
ITO/PEDOT:PSS234.Cg (spin coated)/ AM1.5 100 1.7 0.67 0.3 0.32 312
Cs/Al

ITO/PEDOT:PS235 Cg (spin coated)/ AM1.5 100 15 0.32 0.3 0.14 312
Cso/Al

ITO/PEDOT:PSS (60 nmB86PCBM AM1.5 100 2.43 0.60 0.28 041 313
(2:3)/Al (60 nm)

ITO/CuPc:Go (1:1) (33 nm)/Go (10 nm)/ AM1.5 100 15.4 0.50 046 35 298
BCP (7.5 nm)/Ag

ITO/CuPc (15 nm)/CuPc4g(1:1, 10 nm)/ AM1.5 5.0 322
Cso (35 nm)/ BCP (10 nm)/Ag (100 nm)

ITO/PEDOT:PSS242P3HTI/LIF/Al Halogen 75 1.2 0.65 0.17 332
ITO/PEDOT:PSS (40 nm)/ AM1.5 80 9.5 0.63 068 5 334

P3HT:[6,6]-PCBM (1:0.8)/Al (100 nm)

(annealed at 15€C)

ITO/P3HT243(1:4, 70 nm)/LiF/Al AM1.5 100 1.32 0.36 0.38 0.182 333
ITO/m-MTDATA (50 nm)/m-MTDATA:Alq 3 365 nm 1.27 0.40 317
(5 nm)/Algs (60 nm)/MgAg

Tandem Devices
ITO/CuPc (10 nm)/CuPcis (18 nm)/Go (2 AM1.5 1.2 (10suns) 5.4 (0.34suns) 309
nm)/PTCBI (5 nm)/Ag (0.5 nm)/
M-MTDATA:F4+TCNQ (5mol%, 5 nm)/CuPc
(2 nm)/CuPc:G (13 nm)/Go (25 nm)/BCP
(7.5 nm)/Ag
ITO/p-doped TPD (30 nm)/ZnPcig(1:2) AM1.5 130 10.8 0.99 0.47 3.80 307
(60 nm)h-doped Go (20 nm)/Au (0.5 nm)/
p-doped TPD (125 nm)/ZnPcg(1:2) (50
nm)i-doped Go (20 nm)/Al (100 nm)

Single Component Device
ITO/PEDOT:PSS244(100~150 nm)/LiF/Al White 80 0.2 0.32 0.26  0.02 335

aP3HT: poly(3-hexylthiophene).

5.3. Molecular Materials for Organic Field-Effect respectively, in OFETSs. In cases where materials can allow
Transistors (OFETS) efficient injection of both holes and electrons from the source
5.3.1. Molecular Materials for OFETs and Device electrode, they exhibit ambipolar character.

Performance Crystalline materials, single crystals and polycrystals, have

OFETs using a variety of organic semiconductors have been used m_ostly for OFETs. The representative materials
been fabricated, and their performance has been examinedrecently studied for the fabrication of OFETs are CuB (
The target performance for practical applications should be and pentacenel]. Transistor performance is highly depend-
similar to or over the performance of amorphous silicon- €nt on the morphology of CuP€! The urer values of
based FETs. That is, field-effect mobilities-£7) should be  polycrystalline CuPc have been determined to-d®> cn?
greater than~1 cn? V-1 s7%, and the on/off ratio should V~'s .33733¥Theurer values determined for single crystals
be larger than 10 Since organic semiconductors are es- Of CuPc are 10'~1 cn? V~1 571337341 On the other hand,
sentially electronic insulators as already described in sectionthe urer value of a nonplanar metal phthalocyanine, for
1, holes and electrons are generally injected from the sourceexample, TiOPc, has been reported to be?t? V-1 571,342
electrode into th@- andn-type organic semiconductors and which is 3~5 orders of magnitude smaller than those of
transported toward the drain electrode. Organic materials with planar CuPc. Notably, TiOPc acts asmehannel material
electron-donating and -accepting properties, thapisgnd in vacuo and as p-channel material in the aipfer = 9 x
n-type organic semiconductors, formx and n-channels, 108 cn? V-1 st for electronsurer = 1 x 105 cn? V1
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Chart 31. Reported Materials for OFETs
a. Oligothiophenes and their analogues
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Chart 31. (Continued)
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Chart 31. (Continued)
f. Macrocycles
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Chart 31. (Continued)
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Chart 31. (Continued)
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s1 for holes)?*? The uger of laterally grown nonplanar  5.3.2. Organic Light-Emitting Field-Effect Transistors
vanadyl phthalocyanoine (VOPc) has been reported to be (OLETS)
ca. 5x 103 cn? V! s13 OFETs using crystalline
pentacene have been reported to exhibit very high mobilities  Very recently, OLETs have been developed. OLETSs are
of ~1.0 cn? V-1 571 and high on/off ratios of ca. 6t A a novel c_:Iass of t_nfunctlonal ‘organic optc_)electromc de-
urervalue of 20 crAV-1s! has been obtained for an OFET  ViCes Whl(;h com'bln'e the svyltchlng functlon' of OEETS
using a single crystal of rubrei. and the light-emission function of OLEDs in a single
A number of organic compounds have been studied for device. The progress in -Ol-'ETS has been reviefeBoth ;
use in OFETSs. Thgy are cIasF;ified into oligothiophenes and holes and electron_s are_lnjected from_ the source and drain
their analogue53 phenylene-thienylene oligomero-364 electrO(_jes, respect_lvely, into the organic semiconductor p_Iane
oIigoaryleneviriylene%‘}Er367 oligofluorenes’®® ponC),/cIic ?r: the k:n;[re] rface ng-] thf dle:ce_c'grlctt% %erlleratedanl extmton
aromatic compoundd;344:36%385 macrocycle§s 337343386390 L-r?::g A .recofm na 'O%c&Eﬂec ° d oes a? tede cfrons.
fullerenes’®402 perylene dye4%3-4% fused heterocyclic dlg- ermission from an t ;v?st emons r?e tor”_a
aromatic compound§’-#14tetrathiafulvalene derivativé®; 4" f_ewce HsSing vacuum-evapora’ed tetracene polycrystanne
S 18 g 312 ilm as an organic semiconductor, gold as the source and
a thiadiazole derivativé}® tris(oligoarylenyl)amines: . drain electrodes, and Sj@s a dielectric. The light emission
compounds with Ig 1,365_'trgiy|bednzer_‘e central dé?(%%l was localized near the drain electrode due to unipolar
Miost of hose compounds act pEhanncl materale, The  Cjoracter, of tetiacene, namely, beter hole transporting
P channel materil,for xampl, CLIG,Gonvers e OrGnal e e e mon /et onssing of he coevapo-
p-channel to gm-chqnnel material. Generally, OFETSs using transporting material an,N'-ditridecylperylene-3,4,9,10-
p-type organic semiconductors are much more stable thanteytracarboxylic diimide (P13) as an electron-transporting
those usingr-type organic semiconductors. material2® OLETs based on two-component layered struc-
The structures of compounds for OFETs are shown in tures have also been realized, which consist of &'5,5
Chart 31. The performance of OFETSs using these materialsdihexyl-a-quaterthiophene (DH4T) layer in contact with the
are summarized in Tables-80. dielectric and a P13 layer on the DH4T layer. Balanced
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Table 8. Examples of Performance of OFETs Using-Type Organic Semiconductor$

Shirota and Kageyama

threshold
gate electrode preparation u on/off voltage
compound morphology configuration  dielectric metal of sample (cmPV—is) ratio V) ref
Oligothiophenes and Their Analogues
245(a-6T) crystal bottom  Si@ Au vap.depo. 0.0%0.03 >10° 348
single crystal top PMMA Au sublimation 0.075 >10* 6.4 40
246 (DEt-a-6T) crystal top PVP Au vap.depo. 1.1 10 3.9 353
247 crystal top HMDS- Au vap.depo. 0.012 >10° ~0 359
treated SiQ
248 polycrystal top SiQ Au vap.depo. 0.011 >10 352
Teuw=55°C
249 polycrystal top SiQ Au vap.depo. 0.03 X 10° 357
Teu=80°C
250 polycrystal top SiQ Au vap.depo. 0.17 & 10° 357
Teuw=130°C
251 polycrystal top SiQ Au precursor 0.03 >10° 356
255 polycrystal top SiQ Au vap.depo. 3.6< 102 59
Tsu=60°C
256 crystal top SiQ Au vap.depo. 0.07 >10° —45 350
Teu=200°C
Phenylene-thienylene Oligomers
257 polycrystal top HMDS- Au vap.depo. 0.054 >610 360
treated SiQ Tsun=50°C
258 polycrystal top HMDS- Au vap.depo. 0.018 610 360
treated SiQ Tsun=50°C
259 polycrystal top SiQ Au vap.depo. 7.% 1073 361
Tsw= 150°C
260 polycrystal top SiQ Au vap.depo. 1.% 101 361
Tsu=200°C
261 polycrystal top SiQ Au vap.depo. 5.5¢ 1072 361
Teuww= 150°C
262 polycrystal top HMDS- Au vap.depo. 0.6%.06 6.3x 10* —19 363
treated SiQ Tsuw= 150°C
264 crystal bottom  Si@ Au vap.depo. 0.4 0 -13 364
Oligoarylenevinylenes
265 crystal top PMMA Au vap.depo. (1-21.4) x 1073 365
Tsu=25°C
266 crystal top HMDS- Au vap.depo. 0.066 >10° —22 366
treated SiQ
267 polycrystal top oTS- Au vap.depo. 0.093 710 —24 367
treated SiQ Tsuww= 150°C
268 polycrystal top oTS- Au vap.depo. 0.024 610 -20 367
treated SiQ Teu=125°C
Oligofluorenes
269 glassy nematic liquid crystal ~ top parylene Au spin coating X J03 368
270 glassy nematic liquid crystal  top parylene Au spin coating 0.012 410 -43 368
Polycyclic Aromatic Compounds
271 single crystal bottom Sio Au sublimation 0.4 10 374
1 polycrystal top SiQ Au vap.depo. 0.7 >10° 51
Teu= 50~120°C
crystal top SiQ Au vap.depo. 13 369
Teup= 60~90°C
crystal bottom HMDS- Au precursor 0.42 X 10 371
treated SiQ
polycrystal top OTS- Au vap.depo. 1.6 80 372
treated SiQ Tsu=40°C
polycrystal bottom SigPS FDT- vap.depo. 0.440 -1.3 385
treated Au
crystal top Cross- Au vap.depo. 3.0 0 -5 373
linked PVP
polycrystal top AlQ NiOy vap.depo. 0.9 5106 -7 379
polycrystal top SIGPMMA Au vap.depo. 1.4 10 -12 380
272 polycrystal top OTS- Au vap.depo. 0.4 %0 375
treated SiQ Tsuw=90°C
273 polycrystal bottom  Si@ Au vap.depo. 0.09 370
Tsu=85°C
275 polycrystal top SiQ Au vap.depo. 4.5 103 10 —40 382
Teu=20°C
276 single crystal top parylene Ag sublimation 8 376
single crystal bottom  free-space Au sublimation 10.7 3.6 377
single crystal bottom  free-space Au sublimation 20 344
277 polycrystal top Ta0s Au vap.depo. 0.22 ¥0 -6 378
Tsu=70°C
278 columnar alignment top HMDS-treated Si@u drop casting 5¢ 1073 10 —15 383
Macrocycles
2 (CuPc) polycrystal bottom  SiO Au vap.depo. 0.0%0.02 4x 106 —10 337,338
Teu= 125~175°C
polycrystal bottom  Si@ Au vap.depo. (0.941.3)x 102 388
single crystal bottom  parylene colloidal graphite sublimation 1 >10¢ —6 340
single crystal top Sio Au sublimation 0.2+0.2 —2.4~—29 341
281(VOPc) crystal bottom (96Y0.3)203 ITO MBE ~5x 1073 ~10° -3 343
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Table 8 (Continued)
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threshold
gate electrode preparation u on/off voltage
compound morphology configuration  dielectric metal of sample (cnPV—tsT) ratio V) ref
Macrocycles
279 (H,Pc) crystal bottom SiQ Au precursor 0.017 X 106 -34 389
284 (PtOEP) crystal top Si9 Au MBE 2.2x 10 10~10° 387
Tsu=50°C
Fused Heterocyclic Aromatic Compounds
293 crystal bottom SiQ Au vap.depo. 0.020.05 16 <5 407
Tsuw= 100°C
294 polycrystal bottom MPTMS- Au vap.depo. ~0.02 ~10° ~—10 412
treated SiQ
295 crystal top oTS- Au vap.depo. 0.42 510° —234 413
treated SiQ Tsuwp=70°C
296 crystal top oTS- Au vap.depo. 0.12 510° —20.2 413
treated SiQ Tsu=70°C
polycrystal top PVA Au vap.deop. 0.4 % 10 -0.36 414
297 polycrystal bottom SiQ Au vap.depo. 0.04 —24 408
Tsw= 100°C
298 polycrystal top SiQ Au vap.depo. (23) x 10 409
299 polycrystal top HMDS- Au vap.depo. 0.68.09 7.3x 10 —22 363
treated SiQ Tsun= 150°C
300 polycrystal top HMDS- Au vap.depo. 0.69.06 7x 10* —24 363
treated SiQ Tsup= 150°C
301 crystal top SiQ Au vap.depo. 0.17 0 410
Tsu=60°C
302 polycrystal top oTS- Au vap.depo. 0.0%0.12 10~10 411
treated SiQ
Tetrathiafulvalene Derivatives
303 single crystal bottom Sip Au solvent cast 041 10 417
304 single crystal bottom Sio Au solvent cast 14 % 10° 0.4 416
305 single crystal bottom PET Au sublimation 0.027 415
A Thiadiazole Derivative
306 polycrystal top oTS- Au 0.044 16 418
coated SNx
Tris(oligoarylenyl)amines
234 crystal top SiQ Au vap.depo. 0.011 170200 —18~-20 312
235 amorphous solid top Si0 Au spin coating 10° 312
83 amorphous solid bottom SiO Au drop casting Ix 104 1 -1 129
307 amorphous solid bottom SiO Au drop casting Ix 104 10° -3 129
308 amorphous solid bottom Si0 Au drop casting Ix 104 10t -2 129
309 amorphous solid bottom S0 Au drop casting 3x 10 10t -5 129
Compounds with a 1,3,5-Triarylbenzene Central Core
310 polycrystal bottom SiQ Au spin coating 2< 104 419
311 polycrystal top SiQ Au spin coating 1.0% 103 <10 420
312 semicrystalline top Sio Au spin coating 6.5¢< 1074 1 420
313 amorphous solid top S0 Au spin coating 2.2 10* <1 420
N,N,N,N-Tetraarylbenzidines
314(DDB) amorphous solid bottom HMDS- Au vap.depo. 6.% 10°° 211
treated SiQ
86 (TPD) amorphous solid bottom HMDS- Au vap.depo. 8.% 10°° 211
treated SiQ
315(TTB) amorphous solid bottom HMDS- Au vap.depo. 1.8 10° 211
treated SiQ
87 (a-NPD) amorphous solid bottom HMDS- Au vap.depo. 6.1x 10 211
treated SiQ
Spiro Compounds
140(spiro-TAD) amorphous solid bottom HMDS- Au vap.depo. 6.% 10°° 211
treated SiQ
316(spiro-TPD) amorphous solid bottom HMDS- Au vap.depo. 6.9% 10°° 211
treated SiQ
141 (spirom-TTB) amorphous solid bottom HMDS- Au vap.depo. 5.% 10°° 211
treated SiQ
317(spiro-a-NPD) amorphous solid bottom HMDS- Au vap.depo. 4.4 10°° 211
treated SiQ

aPMMA, poly(methylmethacylate); PVP, poly(vinylphenol); HMDS, hexamethyldisilazane; OTS, octadecyltrichlorosilane; P$;- poly(
methylstylene); MPTMS, (3-mercaptopropyl)trimethoxysilane; PVA, poly(vinylalcohol); PET, poly(ethylene terephthalate); FDT, 3,3,4,4,5,5,
6,6,7,7,8,8,9,9,10,10,10-heptadecafluoro-1-decanethiol; MBE, molecular beam epitaxial growth; OMBD, organic molecular beam deposition;
precursor, a method for preparing thin films via precursor films.

ambipolar transport and mobility values as large as B0
cn? V-1 s have been achieved for the latter devitk.

Ceo single crystal have been reported to be 1.7 ¥m! st

for holes and 0.5 ciV~! s7* for electrons, as determined

by the TOF method?® The mobility values tend to increase

with increasing purity of materials. Very high mobilities of

400 and 20 cV 1 s 1 for holes and electrons, respectively,
Charge transport is greatly affected by the organization as determ_|r_1ed by the TOF methOd’ have been reported for a

state of molecular materials. The charge carrier drift mobili- MNghly purified naphthalene single crystal.

ties of organic single crystals, for example, anthracene, are Charge carrier drift mobilites of a number of polycrys-

in the range from 1@ to 1 cn? V-1 s7%, depending on the  talline molecular materials have been determined from the

transport direction in a single cryst&P. The mobilities of a performance of OFETS, as listed in Tablesi®. They are

6. Charge Transport in Molecular Materials
6.1. General Aspects
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Table 9. Examples of Performance of OFETs Usingn-Type Organic Semiconductors

Shirota and Kageyama

threshold
gate electrode preparation u on/off voltage
compound morphology  configuration dielectric metal of sample (cm?V-1s) ratio V) ref
Oligothiophenes and Their Analogues
252 polycrystal top HMDS- Au vap.depo. 0.048 %10 25~30 354
treated SiQ Tsup=70°C
254 polycrystal bottom SiQ Au vap.depo. 0.2 >100 11 355
Tsub= 130°C
Phenylene-thienylene Oligomers
263 crystal top HMDS- Au vap.depo. 0.074 »610° 55 362
treated SiQ@ Tsup=110°C
Polycyclic Aromatic Compounds
274 polycrystal top SiQ Au vap.depo. 3.4 1073 10t 75 382
Tsub=20°C
Macrocycles
283 (F16CuPc) polycrystal bottom Si0 Au vap.depo. 0.03 X 10° 386
Tsub= 125°C
polycrystal bottom oTS- Au vap.depo. 0.01 50 390
treated SiQ@
Fullerenes
Cso bottom SiQ Au vap.depo. 4 1075 391
Tew=r.1.
bottom SiQ Au vap.depo. 21073 393
bottom SiQ Au vap.depo. 0.08 10 15 392
nanowire bottom Si@ Au LLIP 0.02 402
crystal bottom SiQ Au vap.depo. 0.5 400
Tsub=80°C
Caa bottom SiQ Au vap.depo. 1.% 103 —42 395
Cas crystal bottom HMDS- Au vap.depo. 2.5¢10°3 ~7 —142 401
treated SiQ@
232([6,6]-PCBM) top organicresin  Ca spin coating 451073 41 394
top PVA Cr spin coating 0.09 0} 397
top Cross- Ca spin coating 0.1 331
linked PVP
285 crystal bottom SiQ Au vap.depo. 3.8 104 108 13.2 398
Perylene Pigments
288 bottom PMMA Au vap.depo. 1.5 10°° 403
289 crystal bottom SiQ Au vap.depo. 0.6 >10° 75 405
290 polycrystal top SiQ Au vap.depo. 1.% 10 1% 357
Tsub= 125°C
291 bottom HMDS- ODT- vap.depo. 0.14 1.2 10° 1.6 406
treated SiQ  treated Au
292 polycrystal bottom SiQ Au vap.depo. (#3) x 1078 404
Tsub=55°C

aHMDS, hexamethyldisilazane; OTS, octadecyltrichlorosilane; PVA, poly(vinylalcohol); PVP, poly(vinylphenol); ODT, 1l-octadodecanethiol,
LLIP, liquid-liquid interfacial precipitation method.

in the range from 10 to 1 cn? V~! sL. Studies of charge = method!** Room-temperature mobilities of OMeTAR42)
transport in liquid crystalline materials have recently measured by three independent methods, TOF, DI-SCLC,
advanced, and drift mobilities up tel cn? V~1 st have and steady-state TF-SCLC methods, have been shown to
been attained*?843 As will be described in section 6:2. agree well over a range of sample thicknesses frarm4o
6.5., charge carrier drift mobilities of amorphous molecular 135 nm!% The plots of the logarithm of electron mobilities
materials, which have been determined mainly by the TOF of Alq; measured by the transient EL and TOF methods as
method, are in the range from 10to 102 cn? V-1 s, a function of the square root of the electric field have been
. - shown to be on the same line, and hence, the results measured

6.2. Comparison of Mobilities Measured by by the two methods are in good agreement with each 6ther.
Different Methods Comparison of the hole mobility data of CuPc by the TOF

As is described in section 2.2., several methods are and FET methods shows that they gave almost the same
available for the measurement of carrier drift mobilities. The results;urer = (0.94-1.3) x 103 cn? V! st andutor =
thickness of samples for the measurement is different depend{1.5-2.0) x 1073 cn? V1 57138 | ikewise, mobility data
ing upon the method. The question is whether these differentfor mMTDATA determined by the TOF and FET methods
methods give almost the same mobility values. It has beenwere almost the sanfé? On the other handyrer values of
reported that mobility values are different depending on the TPTPA @1), TTB (315, TPD, and o-NPD were ap-
thickness of samples especially for low-mobility dispersive proximately 2 orders of magnitude smaller than those
materialsi®431Comparative studies of charge transport using determined by the TOF meth&tf.#32
different techniques have been made for certain classes o
materials, for examplan-MTDATA, 1381444320 MeTAD 19 !
a-NPD 144211 Alq 3,433 CuPc8 and so forth. Materials

The hole mobilities ofm-MTDATA and a-NPD deter- Drift mobilities of a number of hole-transporting amor-
mined by the DI-SCLC method have been shown to be in phous molecular materials have been determined by the TOF
excellent agreement with those determined by the TOF techniquet1d43243443%Amorphous molecular glasses have

f :
6.3. Hole Transport in Amorphous Molecular
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Table 10. Examples of Performance of OFETs Using Ambipolar Materiald
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threshold
gate electrode preparation u on/off voltage
compound morphology configuration dielectric metal of sample (cmPV-1s1h ratio V) ref
Oligothiophenes and Their Analogues
253 crystal top HMDS- Au vap.depo. 0.6 (e) >107 358
treated SiQ Tsub= 25~90°C
vap.depo. ~1073 (h)
Tsub=70~90°C
Polycyclic Aromatic Compounds
1 polycrystal top PVA Au vap.depo. 0.5 (h) —27.57 (h,e) 381
Tsun=50°C 0.2 (e)
276 amorphous solid bottom Sio Au vap.depo. 8.0« 1076 (h) —36 (h) 384
2.2x 108 (e) —30 (e)
Macrocycles
2 (CuPc) single crystal bottom Sio Au sublimation 0.3 (h) 339
<1073 (e)
280(FePc) single crystal bottom SiO Au sublimation 103~0.3 (h) 339
5 x 1074~0.03 (e)
282(TiOPc)  crystal bottom Sifs) Au vap.depo. (.lx 1()T5 (h) 342
in air
9 x 1076 (e)
(in vacuum)
Fullerenes
286 polycrystal top SiQ Au spin coating 166 (h) 1® (h, e) 399
4 x 1075 (e)
287 crystal bottom SiQ Au spin coating 1.1x 1075 (h) 1® (h, e) 396
4.3x 10°5(e)

aHMDS, hexamethyldisilazane; PVA, poly(vinylalcohol).

been found to exhibit mostly nondispersive transient pho-
tocurrents. Their hole drift mobilities greatly vary from 0

to 1072 cn? V! st depending upon molecular structures.

It should also be noted that charge carrier drift mobilities

highest mobilities of 1.0< 1072 cn? V~! s7* at an electric
field of 1.0 x 1P V cm™! at room temperaturs

The hole mobility of the TDAPB family, 1,3,5-tris[;N'-
bis(4,5-methoxyphenyl)aminophenyl]benzene, has been shown

depend upon the purity of samples, generally increasing with to increase when & was doped3® The hole mobility of

increasing purity.

Materials of the family of arylhydrazones, for example,
DPH (20), M-DPH (128, DPMH (129, ECH (130, M-ECH
(131, and ECMH (32, have been reported to exhibit
room-temperature hole drift mobilities in the range from
10%to 10* cn? V™1 st at an electric field of ca. OV
cm 1114,209.434,436.430ne order of magnitude difference in
the hole drift mobility has been observed between DPH
(22 x 10%cm? Vst and ECH (3.7x 10°cm? V1
S—1)_434

Materials of the TDATA family, which have been proven
to serve as good hole-injection buffer layer in multilayer
OLEDs, for examplem-MTDATA, °1.111.133 1_TNATA, 133
p-PMTDATA (32),*22and TFATA7 exhibit relatively low
hole drift mobilities of the order of I cn? V1 571,122.138,147

The drift mobilities of TPD 86) anda-NPD (87), which

Ceo-doped TDAPB was 9.6 104 cn? V! st compared
with 1.0 x 104 cn? V~ts7* for nondoped TDAPB. A furan-
containing oligoarylene (PFGL48 in Chart 16) has been
reported to exhibit a room-temperature hole mobility over
108 cn? V-1 s under high electric field®

Table 11 lists charge carrier mobilities of hole-transporting
amorphous molecular materigf§-443

6.4. Electron Transport in Amorphous Molecular
Materials

As compared with extensive studies on hole transport,
there have been fewer studies on electron transport. While
hole-transporting amorphous molecular materials shaw
values up to 1% cn? V1 s71, the mobilities of electron-
transporting amorphous molecular materials are usually

have been widely used as good hole-transporting materialsorders of magnitude lower. The electron-transporting materi-

in OLEDs, have been reported to be %0102 and 8.8x
104 cn? V15 1167438The TPD analogues with higher Tg's
above 100°C, for examplep-BPD (90),%°” PFFA ©6),172
and FFD 03),**"173also exhibit high mobilities of 1.0«
108 cn? V-1 st or greatei?”:173.207

A new class of hole-transporting amorphous molecular
materialsN,N-bis(9,9-dimethylfluoren-2-yl)aniline gPA) 2?8
4-[bis(9,9-dimethylfluoren-2-yl)amino]biphenyl {BPA),65
and TFIA 85),1%5 functions as good hole-transporting materi-
als. RPA also functions as a good host material for a
phosphorescent iridium complex in OLEE¥8 These materi-
als of the triarylamine family exhibit high mobilities exceed-
ing 5.0x 108 cn? V- 1g 142

als often exhibit dispersive transient photocurrents due to
extrinsic carrier trapping.

Electron transport in amorphous films of Algave been
studied in detail by the TOF methdtf446 Nondispersive
photocurrent transients have been observed for carefully
prepared Alg films; however, exposure of the films to an
ambient atmosphere or oxygen resulted in highly dispersive
transport!44446 |t was concluded that oxygen acts as an
extrinsic dopant and induces electron traps in ;Af§
Transient photocurrents became dispersive when Wis
exposed to KD vapor, but when the #D-treated sample
was annealed, a nondispersive TOF signal was recovéred.
The mobility has been found to obey the Poolgenkel

Among amorphous molecular materials, thiophene- and model*** The reported electron drift mobilities are in the

selenophene-containing tris(oligoarylenylamine)s, TTP®,(
TSePA 80), TPTPA 81), and TPSePAg2), exhibit the

range from 1.2« 10°6t0 6.7 x 10 5cnm? V-1 s The hole
mobilities of Algs has been shown to be at least 2 orders of
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Table 11. Examples of Charge Carrier Mobilities of Hole-Transporting Amorphous Molecular Materials

compound mobility (crhV—1s™) temp. (K) electric field (V cm?) method ref
TDATA Derivatives
8 (M-MTDATA) 3 x 10° 100 TOF 138
(2~5) x 10752 rt (2.5~6) x 10 DI-SCLC 440
2.7x 10 293 1.0x 10° TOF 432
50 (1-TNATA) 1.9x 10°° 293 1.0x 10° TOF 432
51 (2-TNATA) (3~8) x 1075 (h) 290 (0.4-8) x 10 TOF 442
(1~3) x 1074 (e)
53 (TFATA) 1.7x 10°° TOF 147
TDAB Derivatives
10 (o-MTDAB) 3.0x 107 293 2.0x 1° TOF 1b
30(MTBDAB) 25x10° 293 2.0x 10° TOF 1b
64 (p-DPA-TDAB) 1.4x 10 293 2.0x 10 TOF 1b
71(TECEB) ~104 EL 157
TDAPB Derivatives
73 (TFAPB) 6.4x 103 TOF 161
Tris(oligoarylenyl)amines
78 (TBA) 8.6 x 1073 293 1.0x 10° TOF 163
79(TTPA) 1.1x 1072 293 1.0x 10° TOF 163
80(TSePA) 1.5x 1072 293 1.0x 10° TOF 163
17 (o-TTA) 7.9x 104 293 1.0x 10° TOF 432,441
18(mTTA) 23x10° 293 1.0x 10° TOF 432
19(p-TTA) 6.9 x 10°3 293 1.0x 10° TOF 432
81(TPTPA) 1.0x 102 293 1.0x 1P TOF 163
82 (TPSePA) 1.1x 1072 293 1.0x 10° TOF 163
85 (TFIA) 8.1x 10°° 293 1.0x 10° TOF 432
Tetraphenylbenzidines
86 (TPD) (0.7~2) x 10732 295 (0.44) x 10° TOF 167
(0.7~2) x 10732 297 (0.4~1.6) x 10° TOF 443
1.1x10°3 293 1.0x 10° TOF 173
87 (a-NPD) (7.8+9.9) x 1074 (0.76~1.4) x 108 EL 198
8.8x 10 rt 2.3x 10° TOF 438
(3~5) x 1074 (hy? 290 (0.4-8) x 10° TOF 442
(6~9) x 10 (e)
88 (0-BPD) 6.5x 104 293 1.0x 10° TOF 122, 207
89 (m-BPD) 5.3x 10°° 293 1.0x 1P TOF 122, 207
90 (p-BPD) 1.0x 1073 293 1.0x 10° TOF 122, 207
93 (FFD) 4.1x 1073 293 1.0x 10° TOF 147
96 (PFFA) 1.1x 108 293 1.0x 10° TOF 173
Arylhydrazones
20 (DPH) 2.2x 10 293 2.0x 10° TOF 114
129(DPMH) 49x 105 293 2.0x 10° TOF 437
130(ECH) 3.7x 10°° rt ~10° TOF 434
131(M-ECH) 4.4x% 10°° rt ~10° TOF 434
132(ECMH) 2.6x 108 rt ~10° TOF 434
137 1x10°8 1x10° TOF 192
n-Electron Systems End-Capped with Triarylamines
23 (BMA-3T) 2.8x 10°° 295 1.0x 10° TOF 60, 61
24 (BMA-4T) 1.0x 105 295 1.0x 10 TOF 60, 61
102 (BFA-1T) 1.1x 103 293 1.0x 10° TOF 182
N,N,N,N'-Tetraarylenyl Arylenediamines
106 (NuNP) 1.6x 10 296 5.0x 10° TOF 208
112 1.74x 10°8 TOF 188
113 2.47x 10°® TOF 188
124 45x 104 rt 3.6x 10° TOF 189
125 8.5x 104 rt 3.6x 10° TOF 189
Spiro Compounds
46 (B3) (2~4) x 1073 (hy rt (0.7~4) x 1° TOF 125
(4~6) x 1074 (ef rt (4~7) x 10 TOF 125
140(spiro-TAD) (2~4) x 10742 295 (0.6-3) x 10° TOF 194
141 (spirom-TTB) (3~4) x 104 a 295 (0.9-3) x 10° TOF 194
142(OMeTAD) 2x 104 300 2.6x 10° TOF 196
Others
145(HPCzI) (4.3+6.0) x 105 (0.76~1.4) x 108 EL 198
148(PF6) 3.36x 104 300 2x 1P TOF 200

a Estimated from the figures.
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Table 12. Examples of Charge Carrier Mobilites of Electron-Transporting Amorphous Molecular Materials

mobility temp. electric field
compound (cm?PV~1s71) (K) (Vem—1) method ref
Algs, 2,5-Diaryl-1,3,4-oxadiazoles, and Triazoles

156 (Algs) 5x 1075 1x 10 EL 9
2 x 1078 (h) 293 4x 10° TOF 448
1.4x 10
(0.3~2) x 1042 (2.5~5) x 1P TOF 449
(0.04~1) x 10752 294 (0.5~ 1.4) x 1¢° TOF 444
6.7x 1075 rt 2.3x 10° TOF 438
(0.5~1) x 10752 (0.4~1.2) x 10° EL 12
1.2x10° 5.5x 10° TOF 243
4.7x 1078 1x 10° SCLC 450

159(t-Bu-PBD) 1.9x 1075 1x10° SCLC 450
19x 10° rt 7.5x 1P TOF 451
(50 wt % in PC)
2~4 x 10752 (1~1.7) x 108 EL 452

160(OXD-7) 2.1x10°° 1x10° SCLC 450

Electron-Transporting Materials with a Central Benzene Core

165(TPOB) 1.2x 106 273 7x 10° TOF 453
(50 wt % in PC)

167(TPBI) (0.25~1.7) x 10752 (0.5~1.2) x 10¢ EL 12

Silole Derivatives
195(PyPySPyPy) 2.k 104 6.4x 10° TOF 243
Fullerene
232([6,6]-PCBM) 2.0x 1077 rt SCLC 454

a Estimated from the figures.

Chart 32. Phosphorescent Emitters with Ambipolar 6.6. Relationship between Charge Carrier
Transport Mobilities and Molecular Structures

S
_ Q Q_f@ Although many papers on charge transport have appeared
F 2 o o in recent years, there have been few reports that discuss the
O ) ,N°;’j/ correlation between molecular structures and carrier drift
F mobilities.

319 It is useful to discuss charge-transport parameters, which
. . _ . have been obtained by the analysis of the electric-field and
magnitude less than electron mobility under identical prepa- temperature dependencies of charge carrier drift mobilities
ration and measurement conditici$BPhen (64) shows in terms of the disorder formalism. The charge transport
an electron mobility of 2.4 10 cn¥V-*s*atanelectric  harameters based on the disorder formalism are summarized

filed of 3 x 10° V. cm™.2% A silole derivative, PyPySPYPY iy Taple 13. With regard to the materials of the TDATA
(199, has been reported to exhibit nondispersive and air- tamjly, which exhibit mobilities of 105 cm? V-1 s

318

stable electron transport with a high mobility of 2010~ of the order of 103 cn?V-1s1 andg is in the randeﬂ?r(l)sm
cny Vot st 0.097 to 0.092 eV. For DPH with a mobility of 10cm?
Charge carrier mobilities of electron-transporting V=1 s, uo was still of the order of 1 cnm? V-1 s7%, buto
material§12243:438,444.448154 gre |isted in Table 12. decreased to 0.079 eV. For the materials of the triarylamine
and tris(oligoarylenyl)amine families with mobilities greater
6.5. Ambipolar Transport in Amorphous than 5.0x 103 cn? V™1 s7%, uo was found to be of the
Molecular Materials order of 10! cn? V™! s71, ando was in the range from

0.075 to 0.063 eV. These results clearly show that the
Charge-transporting materials are thought to possesssignificant increase in, accompanied by the decreasesin
ambipolar transport character if they can readily accept bothis responsible for high mobilities.
holes and electrons. Usually, unipolar transport, namely, The substitution position of a phenyl group in tri(terphenyl-
either hole or electron transport, has been observed for a4-yf)amine ¢-, m, andp-TTA (17, 18, 19)) and N,N'-di-
number of charge-transporting materials in the measuremenipiphenylyl)N,N'-diphenyl-[1,1-biphenyl]-4,4-diamines ¢-,
of carrier drift mobilities. m-, and p-BPD (88, 89, 90)) has been found to exert a
Both hole and electron mobilities have been determined significant influence on the hole drift mobili?? The
for some materials. Phosphorescent emitters sui&and mobilities of p-substituted molecule{TTA and p-BPD)
319 (Chart 32) have been reported to show ambipolar are more than 1 order of magnitude higher than those of the
transport with higher hole mobilities than electron mobili- m-substituted moleculesm¢TTA and m-BPD). Charge-
ties?%> The compounds B346) and T3 &7) exhibit hole transport parameters reveal that the energetic disordiar
and electron transport. These materials show nondispersivehe p-isomers is smaller than that for thm-isomers. It is
transients even in air for both hole and electron transport thought that a smaller conformational change due to bond
and a high electron mobility of over 1®cn? V! s for rotation for thep-isomers results in a smaller energetic
T3 (47) and a high hole mobility of 4« 103 cnm? V-1 st disorder. These results suggest that reducing the conforma-
for B3 (46).12>126 tional change resulting from bond rotation serves as a
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Table 13. Examples of Charge-Transport Parameters Based on the Disorder Formalism

Ho o
material (cm?V-1s) (eVv) = C((cm V1)1?) ref

Hole-Transporting Materials

TDATA Family: Star-Shaped Compounds with a Triphenylamine Central Core

8 (M-MTDATA) 1.74 x 1072 0.111 3.23 4.23 10+ 440

5.3x 1078 0.092 2.0 2.3x 10 432

50 (1-TNATA) 6.1x 1073 0.097 15 2.0x 10 432

53(TFATA) 7.4x 1073 0.096 1.9 2.2 10 432

32 (p-PMTDATA) 79x 103 0.097 2.0 2.8< 104 432

Tris(oligoarylenyl)amines

79(TTPA) 1.1x 101 0.064 11 3.3x 104 163

80(TSePA) 1.6x 101 0.063 1.8 3.6< 104 163

17 (o-TTA) 9.7x 1073 0.059 2.4 4.4¢ 1074 441

18(mTTA) 5.3x 10°° 0.093 2.6 3.0x 104 432

19 (p-TTA) 1.3x 10! 0.071 15 1.1x 10 432

81(TPTPA) 1.8x 101 0.075 1.3 4.1x 104 163

82 (TPSePA) 1.1x 10 0.067 1.0 3.7 104 163

85(TFIA) 1.5x 101 0.069 1.8 1.2« 10 432

TPD Family: N,N,N,N'-Tetraarylbenzidines

86 (TPD) 3.5x 1072 0.074 1.2 456

3.2x 1072 0.077 1.6 2.6x 1074 443

3.9%x 1072 0.078 1.9 2.8x 10 173

87 (a-NPD) 3.5x 10! 0.073 2.0 457

88 (0-BPD) 1.4x 1072 0.071 15 2.6< 104 207

89 (m-BPD) 5.4x 1072 0.105 2.7 2.6< 104 207

90 (p-BPD) 2.9x 1072 0.075 1.8 2.4x 104 207

93 (FFD) 8.7x 1072 0.073 1.6 3.3 104 173

96 (PFFA) 4.5% 1072 0.078 15 2.3« 10 173

N,N,N,N'-Tetraarylenyl Arylenediamines

106 (NoN«P) 2.8x 1072 0.098 208
Arylhydrazones

20 (DPH) 3.3x 1073 0.079 1.8 3.9« 104 432

Spiro Compounds

140(spiro-TAD) 1.6x 10?2 0.08 2.3 194

141 (spirom-TTB) 1.0x 102 0.08 1.2 194

142(OMeTAD) 4.7x 102 0.101 2.3 3.4x 1074 196
Other Materials

148(PF6) 2.86x 10t 0.0943 2.6 4.56¢< 1074 200

Electron-Transporting Materials
232([6,6]-PCBM) 0.073 454

molecular design concept for higher mobility. A significant properties are discussed. Both the basic aspects of charge
difference in the hole drift mobility between triphenylamine transport and the operation processes of the above-mentioned
andN-ethylcarbazole moieties has been found for DPH and devices are also described.

ECH? Control of materials morphology is of essential importance
in materials science and practical applications. Like crystals
7 Outlook and liquid crystals, amorphous molecular gllasses _have
' recently constituted an important class of organic functional
Organic electronics and optoelectronics are newly emerg- matena]s. The relat!on between matepals morpholog_les and
properties and device performance is a subject of interest

ing fields of science and technology that cover chemistry, for furth dies. A sionifi has b q
physics, and materials science. Electronic and optoelectronic 0" TUrther studies. A significant progress has been made on

devices using organic materials are attractive because of the?arge ransport in amorphous molecular materials, but the
materials characteristics of light weight, potentially low cost, relationship between molecular structures and charge carrier
and capability of large-area, flexible device fabrication. Such drift mobilities remains to be investigated. The materials
devices as OLEDs, OPVs, and OFETs involve charge Which have been put to practical applications are few in
transport as a main process in their operation processes, anflumber. For practical applications in devices, not only the
therefore, require high-performance charge-transporting ma-Performance, but also other factors, for example, facile
terials. synthesis, purifications, low cost, stability, toxicity, device
This review article focuses on charge-transporting molec- durability, and so forth, have to be solved.
ular materials for use in OLEDs, OPVs, and OFETs. We A future progress will be directed toward a deeper
have tried to arrange a vast number of charge-transportingunderstanding of materials chemistry and device physics,
materials in order by classifying them on the basis of their development of new devices including memories and sensors,
molecular structures. Molecular design concepts for charge-fabrication of flexible devices, and integration of mulifunc-
transporting molecular materials and their charge-transporttions in a single device.
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