B R S RN O W S L R ST

Design and Application of
Electron-Transporting Organic Materials

Marko Strukelj,* Fotis Papadimitrakopoulos, Timothy M. Miller,*
Lewis J. Rothberg -

Operating lifetime is the main problem that complicates the use of polymeric light-emitting
diodes (LEDs). A class of electron transport (ET) polymers [poly(aryl acrylate) and poly(aryl
ether)s] is reported in which moieties with high electron affinities are covalently attached
to stable polymer backbones. Devices based on poly(p-phenylenevinylene) (PPV) pre-
pared with these materials exhibited a 30-fold improvement in stability and, in one case,
dramatically lower (10 volts versus about 30 volts) operating voltage relative to those
having conventional ET layers. The current-carrying capacity of indium tin oxide-PPV-
polymeric ET layer-aluminum LEDs was also increased by a factor of 30. These im-
provements lead to an enhancement in power efficiency of nearly an order of magnitude.
Choosing polymers with high glass transition temperatures increases device lifetime.

Polymeric LEDs have gained considerable
attention since 1990, when a group at Cam-
bridge University (1) reported that PPV de-
vices exhibit electroluminescence (2-10).
Interest in organic LEDs is fueled by the
large market for indicators and flat panel
displays. In principle, such displays might be
simpler to design and manufacture than ac-
tive matrix liquid-crystal displays and are
intrinsically emissive, which is attractive to
users. LEDs in which polymeric active layers
are used might have several advantages over
those that use evaporated films, which have
been under development for some time (11).
These advantages include high thermal sta-
bility, simplicity of manufacture, and the
ability to prepare large areas. Organic LEDs
require the injection of holes and electrons
into the emitter layer and depend on their
recombination to yield singlet excitons
whose radiative decay produces visible light.
A sandwich geometry is generally used in
which indium tin oxide (ITO) serves as a
transparent anode and a metal with a low
work function (&) such as Ca, Mg-Ag alloy,
or Al serves as the cathode (Fig. 1). Efficient
devices (with efficiency measured in terms
of the number of photons per electron) re-
quire balanced injection of holes and elec-
trons, because unipolar charge injection
(that is, only electrons or only holes) cannot
lead to exciton formation (7).

For conjugated polymers such as PPV
and its derivatives, electron injection has
been said to limit device efficiency when
the anode is ITO (2, 4, 8). Lowering the
work function of the cathode by changing
from Al (¢ = 4.3 eV) toCa (b = 2.9 eV)
has improved the quantum efficiency of
PPV devices (photon emitted per injected
electron) from 0.002 to 0.1% (7). Unfortu-
nately, Ca reacts extremely rapidly with
moisture and is therefore unattractive for
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this purpose. Incorporation of an ET mate-
rial between the cathode and PPV (4) fur-
ther improves quantum efficiency by con-
fining holes to the emissive PPV layer and
preventing unipolar current flow. The ET
layer also improves power efficiency by fa-
cilitating electron injection from the cath-
ode, thereby permitting the use of more
stable metals such as Al without dramati-
cally reducing the quantum efficiency. The
ET layer also diminishes exciton quenching
near the metal electrode by acting as a
spacer.

One widely used ET material is 2-(4-
biphenylyl)-5-(4-tert-butylphenyl)-1,3,4-
oxadiazole (PBD) (Fig. 2) (12). This com-
pound crystallizes readily in thin film form
(500 A), and, as a result, it is generally
dissolved in an inert amorphous polymer
matrix [for instance, poly(methyl metha-
crylate) (PMMA)] (4). However, there are
drawbacks to this approach. Dilution of the
active species by the polymer diminishes
the conductivity (13) and increases the op-
erating voltage of the device. The achiev-
able loading is limited by solubility (for
PBD-PMMA it is 3:1 by weight or 46 mol
% of PBD), and eventual macroscopic
phase separation after film preparation of-
ten results in device failure. Recently, it has
been reported that 3-(4-biphenylyl)-4-phe-
nyl-5-(4-tert-butylphenyl)-1,2,4-triazole
(TAZ) (Fig. 2) also transports electrons
and, in addition, appears to block holes
better than PBD (14); the morphology of
TAZ films was not discussed. Organic ma-
terials tend to be p-type (that is, preferen-
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tially transport holes), presumably because
of their low electron affinities, and the
majority of emitters therefore require n-type
ET companion layers which, for the same
reason, are difficult to design.

In this report, we describe the synthesis
and use of a series of electron-deficient
oxadiazole-, triazole-, quinoxaline-, and tri-
azine-containing materials as ET layers in
PPV-based LEDs. Two were used directly as
thin monomeric films containing 100%
electroactive species, whereas the others
were covalently incorporated in high con-
centration in high molecular weight poly-
mers. The materials were designed to be
amorphous so as to minimize potential
problems due to crystallization. They were
also designed to have a variety of electro-
active components as well as ranges of glass-
transition temperatures (T}’s), lowest unoc-
cupied molecular orbital (LUMO or con-
duction level) energy levels, and a variety of
concentrations of electroactive groups. Fi-
nally, we required the polymers to have
good solubility in common solvents. The
resulting range of observed performance en-
ables us to reach several important conclu-
sions about the relative importance of band
offsets (difference between the LUMO en-
ergy level and the cathode ¢) and transport
properties on the performance and stability
of ET materials. In particular, we show that
with these materials stability can be vastly
improved relative to PBD, and operating
voltage (hence power consumption) can be
reduced by a factor of at least 4.

The substituted 2,3-diphenylquinoxaline
1 (Fig. 2) was prepared from the correspond-
ing benzil (15) by reaction with o-phe-
nylenediamine, and the triazine 2 is com-
mercially available. Poly(methacrylate) 3
was prepared by conventional free-radical
polymerization of the monomer (Fig. 3). We
prepared the poly(aryl ether)s 4 to 6 from
the appropriate biphenol (7 or 8) and acti-
vated aromatic difluoride (9 or 10), yielding
high molecular weight linear polymers (16)
by using a dipolar aprotic solvent and anhy-
drous potassium carbonate (K,COj;) as the
base (Fig. 3). The 3,5-di-tert-butyl-substitut-
ed phenolate pendant groups of 1 and the
meta substitution of the substituted triazine
moieties at the pyridine group of 2 were
chosen to introduce disorder and deter crys-
tallization of the evaporated films. Similarly,
the meta substitution of the O linking group
in the poly(aryl ether)s ensures high solubil-

Fig. 1. Structure of the LED devices.
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ity and suppresses crystallization. These ET
materials appear to be amorphous, as deter-
mined by differential scanning calorimetry;
no crystallization exotherm was detectable.
The T,’s for compounds 1 and 2 are 77° and
109°C, respectively, whereas those of poly-
mers 3 to 6 ranged from 153° to 186°C
(Table 1). Adherent, smooth, thin films of
these materials could be easily deposited on
various substrates. A solution (0.060 g of
PBD and 0.020 g of PMMA) was prepared in
the melt to compare the T,’s of the new
materials to that of PBD-PMMA. On cool-
ing, a transparent and essentially colorless
glassy solid was obtained. However, heating
(10°C/min) from 30° to 120°C resulted in
the formation at 59°C of an opaque solid due
to PBD crystallization, indicating that this
composite is unstable to mild heating that
might be encountered during device fabrica-
tion or operation.

All of the devices tested were composed
of two thin layers of organic material sand-
wiched between ITO and Al electrodes
(Fig. 1). One layer was the emitter PPV
(~1100 A), and the other was the electron
transporter (500 to 600 A). Compounds 1
and 2 and polymers 3 to 6 were used as ET
layers. The former were deposited by vacu-
um evaporation (~107° torr), whereas the
latter were spin-coated. In addition, devices
were prepared exactly as previously de-
scribed with PBD-PMMA in order to per-
mit comparison with reported LED perfor-
mance (4). In these devices, the PBD-
PMMA layer was thinner (~250 A). The
PPV was prepared by thermal conversion of
the sulfonium precursor polymer at 200°C

Fig. 2. Monomeric ET compounds
and model compounds.

under an atmosphere of 15% H, in N, (17)
and was deposited as two successive 550
A layers (Fig. 1). We found that this
procedure substantially reduces pinholes
in PPV and yields reproducible device
behavior.

The LEDs were 1 mm? in area and were
driven with direct currents up to 5 Afcm?,
which required biases of ~10 to 60 V.
Internal quantum efficiencies (photons per
electron) were evaluated with a calibrated
Si photodiode (18). We found that the
quantum efficiencies of our LEDs were es-
sentially independent of the ET layer when
driven in the current range O to 25 mA/cm?
and were .similar to those reported (up to
0.002%) (7). If each of the ET materials
prevents unipolar current flow and all of the
electrons recombine with holes in the PPV
layer, the quantum efficiency should be de-
termined by the probability of making emis-
sive excitons and their radiative efficiency
in PPV (19).

The critical parameter in the practical
design of devices is, however, the power
efficiency, and this varies widely with
choice of ET. Because the quantum effi-
ciency is roughly constant, it is desirable to
achieve the largest possible current at the
minimum voltage. In this respect, the low
turn-on voltage (6 to 10 V) of devices with
polymer 5 represents a dramatic improve-
ment over the turn-on voltages of the other
devices, which were in the range from 18 to
32V (Fig. 4). These LEDs are consequently
about four times as power-efficient. The low
operating voltage is in the range for PPV
(~6 V) devices without an ET layer (4)
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while at the same time retaining the high
quantum efficiency obtainable with ET lay-
ers where unipolar current is blocked.
Greenham et al. (6) recently reported
that the energy level of the LUMO (con-
duction level) of the electron transporter
and emitter poly(cyanoterephthalylidene)s
is 0.9 eV lower than the energy level of the
LUMO of PPV. This energy level provides
a closer match to the work function of Al to
give quantum efficiencies that were report-
ed to be the same for devices with Al or Ca
cathodes (6). We used cyclic voltammetric
reduction potential values as a surrogate for
LUMO energy levels. Reductions of poly-
mers 3 to 6 in solution were irreversible,
presumably because of polymer precipita-
tion, in polyanionic form, onto the elec-
trode upon reduction, and as a result model
compounds 11 to 15 (Fig. 2) were prepared
and evaluated instead (20). The reduction
potentials of 11 to 15, and of 1 and 2, are
compiled in Table 1. Although reduction
potentials range from —1.27 V for 4,4'-
dimethoxybenzil (14) to —2.16 V for 12,
there appears to be no correlation between
these values and either the efficiency or the
turn-on voltages of the corresponding de-
vices. One might expect. that, because the
reduction potentials of 1, 2, and 6 were
significantly higher than those of PBD and
3 through 5, electron injection from the
cathode should be improved. Apparently
electron injection is not improved by reduc-
ing the band offsets, and we conclude that
the determining factor in increasing cur-
rents must therefore be the space charge
limit imposed by the mobility of the ET
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Fig. 3. Polymeric ET materials.
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that incorporation of these moieties into

passing <0.5 C/cm? at currents of O to 25
amorphous polymers should mitigate this

layer (21). This result is in contrast to the
results of studies of LEDs fabricated without ~ mA/cm?. Devices made with polymers 3 to
ET layers where the band offset for the 6 showed no change in performance even  problem (23).
majority carrier regulates the current (8).  after 2 months of storage, and the films In terms of stability during operation for
The vast improvement in current-carrying  themselves remained clear and homoge-  polymeric ET materials, devices prepared
capacity afforded by the devices incorporat-  neous (22). The LEDs prepared with films  with 3 and 5 were the least and most stable,
ing ET layers leads to crossover into aspace ~ of PBD-PMMA changed most rapidly on  respectively. Diodes prepared with polymer
charge-limited current regime. storage. The films became cloudy, and the 5 passed as much as 3 £ 0.5 A/cm? before
We also found that the most important  devices were less stable within days of prep-  failure, whereas those prepared with 3 failed
factor in determining diode stability and  aration. This response may be attributable =~ when driven with 0.2 + 0.03 A/cm? (Table
yield was the electron transporter used. De-  to partial crystallization of the PBD and 1) (24). When PBD-PMMA was the elec-
vices made with the polymeric electron illustrates the importance of designing ma-  tron transporter, devices failed when 0.1 =
transporters 4 to 6 exhibited smooth and  terials that have high T,’s and covalently ~ 0.01 Al/cm? was exceeded. For the polymers,
reproducible current-voltage (I-V) charac-  attached electroactive components for im-  this response may be correlated with the
teristics with virtually no change in shape  proving device longevity by suppressing ag-  operating voltages, which were the highest
after passing more than 5 to 10 C/cm? at  gregation and phase separation. Thin films  for 3 and the lowest for 5. The substantially
currents from 0 to 25 mA/cm? (Fig. 4), of the electron-deficient triazine or qui-  higher current-carrying capacity of LEDs
whereas devices prepared from PBD-  noxaline heterocyclics (1 and 2) were also  containing 5 must be related to the elec-
PMMA and monomeric 1 and 2 were stable ~ much less stable than polymers 3 to 6 and  tronic structure and nature of traps incor-
in the current regime from 0 to 10 mA/cm®  exhibited erratic I-V characteristics after 2 porated in the polymer, because the T,'s
but failed (generally were shorted) after  months of storage. By analogy, we conclude ~ and morphologies (that is, amorphous na-
ture) of 3 to 6 are similar.
We believe that the improvements in
both stability and power efficiency demon-

Table 1. Summary of the properties of the ET materials and the LEDs containing them
strated here show the promise of this ap-

Electron Tyt Reduction Jnax Tum-on Stability '
transporter C) potentialt (V) (Aem?)’ voltage (V) (C/cm?)  proach to the rational molecular design of
" organic materials for electronics. Because
PBD'E;MMA 7 :1 g‘;’ 0.1+ 0.01 181_823 :1 the conductivity in most organic materials
5 109 132 and o7 1 is p-type, this new class of electron trans--
~151 porters should also be useful with other
3 153 11§; —2.08 0.2 + 0.03 28-31 ~1 emitters and in other types of devices (25).
4 176 12§; —2.16 0.2 +0.03 22-30 >5
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compounds from Fig. 2.

Fig. 4. Current-voltage (-V) 30 1
characteristics of LEDs as a 1
function of the ET layer.
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High-Pressure Elasticity of Iron and Anisotropy
of Earth’s Inner Core

Lars Stixrude*t and R. E. Cohen

A first principles theoretical approach shows that, at the density of the inner core, both
hexagonal [hexagonal close-packed (hcp)] and cubic [face-centered-cubic (fcc)] phases
of iron are substantially elastically anisotropic. A forward model of the inner core based
on the predicted elastic constants and the assumption that the inner core consists of a
nearly perfectly aligned aggregate of hcp crystals shows good agreement with seismic
travel time anomalies that have been attributed to inner core anisotropy. A cylindrically
averaged aggregate of fcc crystals disagrees with the seismic observations.

There is a growing body of seismic evi-
dence that Earth’s inner core, a 1200-km
solid iron-alloy sphere at the center of our
planet, is elastically anisotropic. This obser-
vation promises to shed new light on a
number of geophysical problems including
the crystalline structure of the inner core, its
formation by the freezing of the overlying
outer core (a process that is thought to be a
major energy source driving the fluid mo-
tions that produce the geomagnetic field),
and the influence of the inner core on the
geometry of the geomagnetic field itself.
The seismological data consist of the
anomalous splitting of free oscillation fre-
quencies (I, 2) and travel time observa-
tions (3-9), which show that compres-
sional waves that traverse the inner core
(PKIKP) travel 3 to 4% faster along
Earth’s spin axis than in the equatorial
plane. Most studies agree that the data can
be accounted for in terms of cylindrically
symmetric elastic anisotropy in the inner
core nearly aligned with Earth’s spin axis.
In detail, inversions of the data are inher-
ently nonunique, and there are important
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differences among models regarding the
magnitude of the anisotropy, its depth de-
pendence, and its degree of alignment
with the spin axis. In particular, models
based on free oscillation data and those
based on ttavel time observations have
been mutually inconsistent. These incon-
sistencies have led to some doubt about
whether the inner core is the source of the
anomalous observations (10). A recent
model (2) has been shown to underesti-
mate substantially travel time anomalies
along near-antipodal paths (8, 11). These
inconsistencies, together with our lack of
knowledge of the elastic properties of solid
iron at inner core pressures (330 to 360
GPa) and temperatures (4000 to 8000 K),
have made the seismological observations
difficult to interpret in terms of physical
models of the origin of inner core anisot-
ropy (12, 13).

Here we investigate whether the physi-
cal properties of iron are consistent with
anisotropy in Earth’s inner core. We de-
scribe forward models of the inner core
based on predictions of the elasticity of iron
at high pressure from solid-state theoretical
methods. Our approach, which is indepen-
dent of seismological data, is able to explain
a large part of the travel time observations
and provides substantial support for the hy-
pothesis of inner core anisotropy.

We assume, in accord with previous
work, that the inner core is composed of
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nearly pure iron (14, 15) and that the seis-
mically observed anisotropy is the result of
intrinsic crystalline anisotropy. The latter
assumption is natural because all known
phases of iron either are strongly elastically
anisotropic at ambient pressure or are likely
to be so on the basis of analog compounds
(16—18). The stable phase of iron at inner
core conditions is unknown. Of the known
phases of iron, we consider face-centered-
cubic (fcc) and hexagonal close-packed
(hcp) but not body-centered-cubic (bcc) as
this phase is elastically unstable at high
pressure and is thus not expected to exist in
the inner core (19).

Qur calculations are based on a Slater-
Koster total energy, tight-binding Hamilto-
nian (20, 21). The parameters of the Ham-
iltonian are fitted to the most accurate band
structures and total energies of fcc, hep, and
bee phases available from full-potential, lin-
earized augmented plane wave (LAPW)
calculations in the generalized gradient ap-
proximation performed over a range of vol-
umes that span Earth’s pressure regime (19).
The LAPW calculations are parameter-free
and are completely independent of experi-
mental data. With the tight-binding Ham-
iltonian, we are able to compute properties
orders of magnitude faster than with the
LAPW method but with no significant loss
of accuracy.

We determined the single-crystal, elas-
tic-constant tensor, Ciﬂd, of each phase at
the seismologically observed density of the
inner core (22) by calculating total energies
with the Slater-Koster Hamiltonian as a
function of high-symmetry lattice strains
(23). We fully account for coupling of the
elastic constants in hcp to zone-center vi-
brational modes. The calculated elastic
constants (Table 1) completely determine
the single-crystal elastic wave velocities for

Table 1. Elastic properties of single-crystal fcc
and hep iron (p = 13 Mg/m3), a cylindrically aver-
aged fcc aggregate [(fcc>cyl (see text)], and at the
surface of a recent, depth-dependent inverse
model of the inner core. Normal mode observa-
tions constrain three combinations of elastic con-
stants: a = (Cg5 — Cy1)/Aq B = (Cuu — Coel/Ao

andy = (C,, — Cyg)/Ay Where Ay = pVp% o, B,
and & determine the anisotropy of P, S, and S,
waves, respectively (2, 29).
Inner
Parameter fcc  hep (foo>cyl core
@
C,, (GPa) 1658 1801 1936
Cis 941 865 848
Cus 636 445 451
Css 1919 2028
Cia 810 1206
a (%) +6.5 +4.9 +6.8
B -13 -49 -09
Y +31 —-191 -23
&= (o — 4B + 2v)/4 +45 -34 +15






