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Nondispersive electron transport in Alq 3
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We have studied room temperature electron transport in amorphous films of tris
~8-hydroxyquinolinolato! aluminum ~III ! (Alq3) with the time-of-flight technique. Nondispersive
photocurrent transients indicate the absence of intrinsic traps in well-purified films. Exposure of the
films to ambient atmosphere results in highly dispersive transport, indicating that oxygen is a likely
candidate for a trapping site. The mobility was found to obey the Poole–Frenkel law. We use the
correlated disorder model to determine an effective dipole moment for Alq3, and the corresponding
meridional to facial isomeric ratio. ©2001 American Institute of Physics.
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Since the first report of an organic light emitting diod
~OLED!,1 a dramatic improvement has been achieved in
efficiency and lifetime of these devices,2 which has recently
led to the commercialization of OLED-based flat panel d
plays. This fast-paced progress is partly enabled by our
derstanding of the charge transport properties of orga
semiconductors.3 Tris ~8-hydroxyquinolinolato! aluminum
~III ! (Alq3) was the electron transporter and emitter in t
first OLED1 and still remains one of the most widely use
Early attempts to model its transport characteristics e
ployed band models with a distribution of trapping leve
below the conduction band.4 Such treatments, however, fa
to capture the identifying characteristics of organic materi
Due to the structural disorder in Alq3 and other amorphou
glasses, transport states are energetically disordered and
tially localized. The mobilitym in Alq3 is not constant, but
electric field dependent according to:5–7

m5m0 exp~bAE!, ~1!

wherem0 is the ~extrapolated! zero field mobility andb the
so-called Poole–Frenkel~PF! factor. Reported values form0

range from 1029 to 1027 cm2/V s depending on sampl
preparation, whileb is of the order of 1022 ~cm/V!0.5, giving
an electron mobility between 1026 and 1025 cm2/V s under
typical OLED operating conditions.6 Recently, Ioannidis
et al.8 have shown that Eq.~1! can account for the field an
thickness dependence of the current in Alq3 films, as is also
the case for conjugated polymers.9

There is, however, considerable evidence for the p
ence of deep traps in Alq3 films. Dispersive time-of-flight
~TOF! measurements have been interpreted to arise f
bulk trapping,7 and thermally stimulated current studies se
to reveal trapping sites with a depth of 0.8 eV.10 It is impor-
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tant to understand the nature of trapping since it may lea
a buildup of space charge which results in device degra
tion.

Electron transport in amorphous organic films tak
place by hopping in a manifold of localized states which
composed of the lowest unoccupied molecular orbitals
each molecule. The distribution of energies is normally
sumed to be Gaussian, with a widths that is of the order of
0.1 eV.11 It has been shown from simulations that a packet
carriers propagating in such a system can quickly reach t
mal quasiequilibrium at room temperature.11 This leads to
nondispersive spatial evolution of the carrier packet, which
indicative of trap-free charge transport. This behavior h
been observed in a variety of organic semiconductors.3

In this context, electron traps are unoccupied energy l
els positioned lower than the transport manifold by at lea
few s. Their introduction will result in the removal of carri
ers from the transport manifold and will lead to dispersi
current-time curves. Traps may arise due to chemical im
rities such as molecular oxygen, which can be removed
proper purification. Traps may also be present for intrin
reasons, however, as in the formation of dimers
polyvinylcarbazole.12 In the latter case purification will no
improve the transport characteristics. In Alq3 films it has not
been clear whether the traps are intrinsic or extrinsic in
ture.

In this letter we report results from TOF measureme
that show nondispersive electron transport in well-purifi
Alq3, indicative of the absence of intrinsic traps. Exposure
the Alq3 film to atmosphere results in highly dispersive tran
port, indicating that oxygen is a likely candidate for a tra
The electric field dependence of the mobility in Alq3 is in-
vestigated and discussed.

High purity Alq3 was purchased from H.W. Sands Cor
Part of it was used as-received, while the rest was puri
three times by train sublimation. For the transport measu
ments, films were prepared on prepatterned indium-tin-ox
~ITO! coated glass substrates. The ITO substrates w
cleaned by sonication in a deionized water bath, dried
exposed to UV/ozone at slightly elevated temperatures. S
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sequently, they were introduced into a glove box, where
the preparation steps took place in a dry nitrogen atmosp
with ,1 ppm oxygen and moisture concentrations. The
ganic films were deposited by vacuum sublimation
1026 mbar. The thickness of the films, measured by profi
metry, was in the range of 8mm. The device preparation wa
completed by the deposition of a semitransparent alumin
~Al ! layer which defined six devices per substrate each w
an active area of 3 mm2.

The mobilities were measured by the photoinduced T
technique.13 The sample was transported and held in
custom-made vacuum container atT5294 K without any ex-
posure to the atmosphere. The measurements were the
peated after exposure of the sample to the atmospher
nitrogen laser (l5337 nm) with a 10 ns pulse width wa
used as the excitation source, and was incident on the sa
through the ITO electrode that was biased negative with
spect to the Al electrode. The dark current was found to
negligible under this bias configuration indicating that IT
and Al act as noninjecting~‘‘blocking’’ ! contacts for electron
and hole injection, respectively. All TOF traces were
corded in the single shot regime. The intensity of the la
was kept sufficiently low to avoid space charge effects a
the response time of the circuit was kept well below t
transit time. All six devices on the same substrate were fo
to exhibit similar TOF traces. Although not the subject of t
present investigation, we should also remark that hole tra
port was found to be nondispersive, having a mobility of t
order of 1028 cm2/V s, in agreement with that reported in th
literature.7

A typical TOF trace in the as-received Alq3 film is
shown in Fig. 1~circles!. The dispersive character of tran
port is evident in the continuous decay of the photocurr
(I ), which progresses untilt'831025 s. At that time,
enough charge has reached the opposite electrode to ca
change in slope. The behavior is typical for dispersive tra
port. Exposure of the sample to ambient atmosphere for
2 h has a notable effect on the magnitude and the slope o
photocurrent, which decreases and decays at a faster
~diamonds!. After overnight exposure, the photocurrent b
came indiscernible~not shown here!, suggesting a dramati
increase in charge trapping.

FIG. 1. Time-of-flight electron transients from the as-received~circles! and
purified~squares! Alq3 samples. The diamonds are data from the as-rece
sample after exposure to atmosphere. The lines are guides to the eye a
meant to indicate the change in slope upon arrival of photoexcited elec
to the opposite electrode.
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A typical TOF trace for the purified Alq3 is also shown
in Fig. 1 ~squares!. The behavior of the photocurrent is dis
tinctly different from that of the as-received Alq3 sample.
After an initial decay the photocurrent shows a plateau,
dicating that the photoinjected electrons reach thermal q
siequilibrium with the transport manifold in Alq3. This non-
dispersive evolution of the electron packet is the signature
trap-free transport, and supports the conclusion that the
persive transport in as-received Alq3 is caused by an extrin
sic mechanism. Upon exposure of the purified film to t
atmosphere, the TOF traces again became very dispe
~not shown here!, in a similar fashion to the as-receive
sample.

The difference between the as-received and purifi
samples is better illustrated in Fig. 2. The circles are d
from the as-received sample, which show the character
featureless decay associated with dispersive transport
sharp contrast, the TOF trace from the purified sam
~squares! indicates trap-free hopping transport. The tail
the photocurrent exhibits the characteristic anomalous di
sion observed in amorphous glasses. For the curve show
Fig. 1, the tail-broadening parameter14 W50.5, comparable
to that in the electron transporting glass NTDI.15

The field dependence of the mobility for the purifie
sample is shown in the inset of Fig. 2~filled squares!. The
mobility was determined from the relationshipm
5L2/(tTR V), whereL is the sample thickness,V is the ap-
plied voltage, andtTR is the transit time.13 The mobility is
found to obey Eq.~1! for m052.931029 cm2/V s and b
57.331023 ~cm/V!0.5 consistent with literature values.16

Although Eq.~1! is the well known PF law,16 the mecha-
nism behind the electric field dependence of mobility
amorphous glasses is recognizednot to be due to the PF
effect, but is instead caused by long-range spatial corr
tions in the energetic disorder characterizing the transp
manifold.17 Site-energy correlations arise in a natural man
as a result of the unscreened electrostatic forces felt by
injected charges due to the nonvanishing multipole mome
of the surrounding molecules.18 The longest correlation, aris
ing from the charge–dipole interaction, has been shown
give rise to a PF field dependence in the range of fie
probed by experiment.19,20 From computer simulations o
hopping transport on a simple cubic lattice of randomly o
ented dipoles,20 it has been shown that the PF slope obe
the phenomenological expression

b50.78•~ea/s!1/2
•@~s/kT!3/221.97#, ~2!

d
are

ns

FIG. 2. Time-of-flight electron transients from the as-received~circles! and
purified ~squares! Alq3 samples. Inset: electric field dependence of mobil
of the as-received~circles! and purified~squares!. The line is a fit to Eq.~1!.
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where the variance

s25~1/3!•16.53•~pe/4p«a2!2, ~3!

depends on the magnitude of the dipole momentp,21 anda is
the lattice constant. Since it is the decay of the site-ene
correlation function over lengths which are large compa
to the nearest-neighbor hopping distance which causes
AE field dependence,22 local fluctuations in the dipole den
sity due to molecular orientation and packing have little
fect on the PF factor. To determine beta it is sufficient, the
fore, to substitute an effective lattice constant

a5@459/~1.336.0231023!#1/358.431028 cm, ~4!

determined from the Alq3 density of 1.3 g/cm3 and molecular
weight of 459 g/mole. To calculates, we note that Eq.~2! is
a cubic equation in the dimensionless variablex
5(s/kT)1/2, such that

x5$@b~kT/ea!1/2/~0.78!#x11.97%1/3

5~5.14x11.97!1/3. ~5!

The solutionx52.44 may be found by iteration, from whic
it follows that

s5~8.6431025 eV/K!•~294 K!•~2.44!250.15 eV.
~6!

Substituting the values fors anda determined above in Eq
~3!, and taking a dielectric permitivity«53.5•«0 , we find a
representative dipole momentp54.9 D. In comparison, the
meridional and facial isomers of Alq3 have dipole moments
pm54.4 andpf57.7 D, respectively.23 Since the variance o
the Gaussian density of states is proportional to the squa
the dipole moment, we may calculate the meridional to fac
isomeric ratior from the weighted average

p25~r /r 11!•pm
2 1~1/r 11!•pf

2, ~7!

assuming that the two isomers contribute independen
From Eq.~7! we find a value ofr 57.4(15:2). Therelatively
small presence of the facial isomer is consistent with infra
matrix-isolation studies combined with ab initio
calculations.24

For the sake of comparison, values of the mobility c
culated for the as-received sample are shown in the inse
Fig. 2 ~circles!. The transit time was determined from th
inflection point on a log(I)– log(t) plot.25 The multiple data
points are meant to indicate the degree of variation in s
cessive measurements, which is partly due to the uncerta
in calculatingtTR. The mobility is comparable to that in th
purified sample and the PF factor is similar. The former is
be expected, for in the case of dispersive transport the infl
tion point corresponds to arrival of the fastest carriers to
opposite electrode. The PF factor should be the same in
event because it represents a field-induced reduction of
time the moving charges spend trapped in a hierarchy
spatially broad energetic valleys arising from the correla
disorder.22 Punctuating these valleys with localized traps w
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increase the magnitude of the escape time, but will not af
its relative field dependence.26

In conclusion, we have observed nondispersive elect
transport in a well-purified Alq3 film, with no intrinsic traps.
Exposure to ambient atmosphere introduced traps, wh
gave rise to dispersive transport. The mobility was found
obey the Poole–Frenkel law. By comparing the PF slo
with that predicted by the correlated disorder model, we
termined an effective dipole moment for Alq3, and the cor-
responding meridional to facial isomeric ratio.
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