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Interface-limited injection in amorphous organic semiconductors
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We examine electron transport in the archetype amorphous organic material tris~8-hydroxyquinoline! alu-
minum (Alq3). It is established that for Al, LiF/Al, and Mg:Ag cathodes, injection processes at the metal/
organic contact dominate the current-voltage characteristics. We find that transport is also injection-limited at
low temperatures, but that the cathode dependence of current-voltage characteristics atT530 K is substan-
tially reduced, raising doubts over metal-to-organic injection models that depend on the cathode work function.
Given that ultraviolet photoelectron spectroscopy measurements show a shift in the vacuum potential at the
metal/Alq3 interface of;1 eV, we investigate the impact of interfacial dipoles on adjacent molecules in the
organic film. Consequently, we propose that injection is limited by charge hopping out of interfacial molecular
sites whose energy distribution is broadened by local disorder in the interfacial dipole field. We derive a
general analytic model of injection from interfacial states and find that it accurately predicts the current-voltage
characteristics of transport in Alq3 over many orders of magnitude in current and over a wide range of
temperatures. The model is extended to other amorphous organic semiconductors and is found to be applicable
to both polymers and small molecular weight organic compounds.
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I. INTRODUCTION

Charge transport in amorphous organic semiconducto
characterized by the localization of electronic states to in
vidual molecules, and disorder in the position and the ene
levels of those molecules. As a result, charge transport
curs via thermally activated hops with a mobility that typ
cally increases with both electric field and temperature.
cause of its widespread application to organic devices, tri~8-
hydroxyquinoline! aluminum (Alq3) has become an
archetype material for studies1–6 of electron transport in
amorphous organic semiconductor thin films. Much progr
has been made in analyzing bulk transport behavior in am
phous organic semiconductors such as Alq3, and bulk trans-
port characteristics are now well described for temperatu
T*100 K using a field and temperature-depend
mobility.7,8

Nevertheless, we demonstrate in this work that transp
is injection-limited in thin Alq3 films and devices. Thus, w
cannot apply bulk-limited models such as trapped char
limited transport4,9–11 or space-charge-limited transport wi
a field and temperature-dependent mobility.8 For example,
bulk-limited models predict a dependence of current den
J on thicknessd, following J}1/dx (x>1) at a constant
electric field; however, no such dependence is observed h
Furthermore, although the temperature dependence of
current-voltage characteristics has been well fit to theo
such as trapped-charge-limited models,4,9–11 the agreemen
fails at low temperatures (T,100 K). Finally, bulk-limited
transport models cannot explain the dependence of curr
voltage characteristics on the composition of the inject
contact.

Nor does there appear to be a comprehensive model
fully explains current injection from contacts in a disorder
organic semiconductor. As in the case of bulk models,
injection model should explain both the thickness and te
0163-1829/2001/64~8!/085201~17!/$20.00 64 0852
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perature dependencies of current-voltage characteristics
many orders of magnitude, and it should also explain
variations in injection for different cathode materials.12 The
absence of a model for charge injection into thin films
Alq3 implies that important gaps remain in our understand
of the properties of this entire class of amorphous orga
semiconducting materials.

Typically, transport over an interfacial barrier at a met
semiconductor interface is analyzed using one of two th
ries. For very large barriers or at low temperatures, elect
tunneling13 has been thought to dominate the process. Al
nately, if injection is thermally activated at room temper
ture, thermionic emission over the barrier is used to desc
transport characteristics,14 i.e.,

J5A* T2 exp@2~fB2AqF/4p«!/kBT#, ~1!

where A* is the modified Richardson constant,fB is the
injection barrier,q is the electronic charge,F is the electric
field, « is the organic permittivity,kB is Boltzmann’s con-
stant, andT is the temperature. But from fits to the injectio
characteristics of Alq3 films, it was found that the prefacto
A* is approximately 10 orders of magnitude lower than t
value calculated for a free electron.1,13,15 Furthermore, al-
though injection into Alq3 is strongly thermally activated a
room temperature~ruling out tunneling injection in this
regime4!, as we show below, the temperature depende
deviates from Arrhenius behavior forT,300 K, and under-
goes a marked transition at low temperatures (T;100 K),
becoming approximately temperature independent.

In their Monte Carlo simulations of thermionic injectio
at metal/organic interfaces, Wolfet al.1 understand these dis
crepancies as consequences of the hopping process fro
metal into an amorphous organic film with considerable d
persion in its molecular energy levels. But in contrast to
injection characteristics of Alq3 and similar materials where
©2001 The American Physical Society01-1
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M. A. BALDO AND S. R. FORREST PHYSICAL REVIEW B64 085201
transport is accurately described by a power law~i.e., J
}Vm), the Monte Carlo simulations of Wolfet al.1 do not
generate these observed characteristics.

We also note that the efficiency of various injection ca
odes does not follow the behavior expected if the initial h
from the metal Fermi level into the organic is the most e
ergetically costly injection event.1 For example, in Fig. 1, we
show the current-voltage characteristics of Alq3, with four
commonly employed cathodes: LiF/Al, Mg:Ag, Al, an
indium tin oxide ~ITO!. As previously observed
elsewhere,12,16,17for increasing metal work functions, the in
jection efficiencies of the cathodes decrease~leaving aside
the LiF/Al cathode for the moment, there is a consist
trend from Mg:Ag with a work function offm53.7 eV;, to
ITO with fm54.7 eV!. But the slopes of the current-voltag
characteristics are approximately independent of the w
function, in contrast to the predictions of thermionic em
sion theory.2 Moreover, the injection efficiency of these cat
odes at a constant electric field should be exponentially
pendent on the magnitude of the injection barrier; see
~1!. Given that the work function of ITO is 1 eV greater tha
that of Mg,18 we would expect the injection efficiency~i.e.,
the current density at a given electric field! of the ITO cath-
ode to be lower by a factor of;1018 at room temperature
when in fact it is observed to be lower by only;105.

There are two possible explanations for these discrep
cies: firstly, there may be intermediate states participatin
the injection process, so that injection does not occur i
single hop; and secondly, interfacial dipoles at the con
may significantly alter the effective injection barrier for ea

FIG. 1. Current density in Alq3 as a function of applied electric
field for a variety of different cathodes. The LiF/Al, Mg:Ag, and A
cathodes were fabricated as described in Sec. IV of the text; t
devices had the general structure Mg:Ag ano
1200 Å Alq3/cathode. The ITO/2,9-dimethyl-4,7 diphenyl-1,1
phenanthroline@bathocuproine~BCP!# device data is taken from
Parthasarthyet al. ~Ref. 17!. The device structure was ITO anod
400 Åa-NPD/600 Å Alq3/75 Å BCP/500 Å ITO. The ITO cath-
ode was formed by depositing a thin~75 Å! layer of BCP on the
Alq3 and then depositing a further 500 Å of ITO by radio-frequen
magnetron sputtering~Refs. 17 and 23!. Despite the very large elec
tron injection barrier in the ITO/BCP cathode, its injection ef
ciency atF5106 V/cm is only 105 less than the Mg:Ag device. Th
slopes of the Mg:Ag and ITO/BCP current-voltage characteris
are also similar.
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cathode material. In this work, we show that these two
planations are related, and thatthe presence of interfacia
dipoles induces the intermediate states that participate in
injection process. Supporting an organic interfacial injectio
model, we find that low temperature (T;30K) transport is
injection-limited but relatively independent of the catho
metal. While we cannot unambiguously discount the effe
of extrinsic defects, we demonstrate that hopping out o
Gaussian distribution of intermediate states within the
ganic material near the metal injection interface yie
current-voltage characteristics that closely approxim
power-law behavior. But whereas previous power-law mo
els were derived assuming bulk-limited transport requir
discrete conduction levels and traps, we are able to exp
injection-limited power-law behavior for three common
employed cathodes over the full range of working tempe
tures (300 K.T.10 K) using a hopping formalism and in
voking only the intrinsic properties of the metal/organic i
terface.

In Sec. II we calculate the effect of dipoles at the met
organic interface on the adjacent organic film. The net eff
of the dipole layer is to lower the energies of the neighbor
organic molecules relative to the bulk. We also find that d
order in the dipole layer leads to a significant broadening
the energetic distribution of neighboring organic sites, cre
ing a reservoir of states for injected charges. We propose
analytic, microscopic model of hopping from these states
Sec. III. It is found that a Gaussian energy distribution
interfacial states with a half width ofs;0.4 eV accounts for
the current-voltage characteristics observed for a range
cathodes deposited on Alq3. We demonstrate that this distr
bution is consistent with reasonable estimates of disorde
the orientation and magnitude of dipoles at the metal/orga
interface. To further assess the merits of the proposed mo
we compare its predictions to the characteristics of th
cathodes commonly employed with Alq3: LiF/Al, Mg:Ag,
and Al. The fabrication of these devices is described in S
IV. From examination of the thickness dependence of cha
transport, we confirm in Sec. V that at a thicknessd
&2000 Å, conduction in Alq3 is limited by interface injec-
tion mechanisms for all three cathodes. This result is verifi
by direct optical probing of the space-charge density usin
thin phosphorescent-doped layer placed within the transp
ing medium. In Sec. VI we accurately fit the energetic d
tribution of the interface states to the Alq3 current-voltage
dependence on temperature fromT510 to 300 K using the
interface-limited theory. This fit yields physically justifiabl
values for the Alq3 intermolecular overlap and polaron bind
ing energies. In Sec. VII we verify that the theory is se
consistent by applying these parameters to a Monte C
model of bulk transport, thereby obtaining calculated el
tron mobilities that compare well to time-of-fligh
measurements.19 The theory is extended in Sec. VIII to in
jection at a metal/polymer interface, where we model
temperature dependence of hole injection into dialkoxy-P
Finally, we conclude in Sec. IX by discussing how the p
rameters characterizing hopping conductivity may be m
accurately quantified.
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INTERFACE-LIMITED INJECTION IN AMORPHOUS . . . PHYSICAL REVIEW B 64 085201
II. THE INTERFACE INJECTION MODEL

To identify the origin of the proposed interfacial state
we note that an abrupt and significant shift of approximat
1 eV in the vacuum level is observed at every metal catho
Alq3 interface studied to date using photoelectr
spectroscopy18,20,21~see Table I!. For example, the interfacia
shift for Alq3 on Al/LiF, Mg, Al, Ag, and Au is*1 eV. Table
I also lists the potential change at the interface between
and Gaq3, the Ga analog of Alq3 as it is expected to be
similar to the Mg/Alq3 interface.22 The shift in the vacuum
level is evidence for charge separation near the metal, fo
ing dipoles at its interface with the underlying organic sem
conductor. In addition, the organic material may possess
trinsic trap states due to impurities or damage introduce
the film deposition process17,23,24 and cathode meta
diffusion25,26 into the organic. These extrinsic states infl
ence charge transfer, perhaps explaining variations in

TABLE I. Energies characteristic of several metal/Mq3 inter-
faces.

UPS measurementa
Energy
~eV! Reference

Alq3 ionization energy (5.860.1) 18, 26, 52
Alq3 HOMO-LUMO gap (4.660.4) 54

Alq3 optical gap 3.2 54
Mg work function 3.7 18
Al work function 4.0 18
Ag work function 4.3 18
ITO work function 4.7 18
Au work function 5.0 18

Interface dipole~Al/LiF/Alq 3! 1.7 18
1.4 55

Interface dipole (Mg-Alq3) 0.8 56
Interface dipole (Mg-Gaq3) (0.9660.1) 22
Interface dipole (Al-Alq3) 1 18
Interface dipole (Ag-Alq3) 1.1 18, 21
Interface dipole (Au-Alq3) 1.1 18, 26, 52

aSummary data obtained by ultraviolet photoelectron spectrosc
~UPS! that are relevant to charge injection at metal/Mq3 interfaces
(M5Al, Ga). Most cathodes used in this work have the reve
orientation to those studied by UPS, that is, we deposit the m
on the organic film rather than depositing the organic on the me
however, it is found for Mg and Al contacts that the injectio
characteristics of both metal/organic and organic/metal interfa
are identical if the surfaces are clean~Refs. 56 and 57!. Measure-
ments~Ref. 18! of an Al/5 Å LiF/Alq3 interface find that the inter-
facial dipole between Al and the 5 Å LiF layer is 0.9 eV and tha
the interfacial dipole between the LiF and Alq3 is 0.8 eV, giving a
net interfacial dipole of 1.7 eV. Other measurements~Ref. 55! give
a net dipole of 1.4 eV. Measurements at the Al/LiF interface
complicated by incomplete coverage of the 5-Å-thick LiF lay
and possible reactions between lithium ions and Alq3 ~Ref. 49!.
The Alq3 HOMO-LUMO gap was distinguished from the Alq3

optical gap by Hillet al. ~Ref. 54! using UPS and inverse photo
electron spectroscopy and estimates of the electronic polariza
energy for electrons and holes.
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injection-limited current-voltage characteristics observ
with different samples of Alq3.

4,5 But irrespective of possible
extrinsic effects, variations in the local dipole strength a
orientation must result from randomness in the interfa
morphology, and the localization of charge in molecular m
terials. Disorder in the local interfacial dipole field signifi
cantly broadens the energy distribution of organic transp
states in the interfacial layer, such that the initial hop fro
the metal Fermi level isnot the most energetically costly
injection event. Consequently, we can ignore the energy

FIG. 2. ~a! The injection model as a two-step process. Char
are initially injected into an interface region where the distributi
of energy sites is broadened by interface dipoles, and lowered
EP due to image charge effects. The limiting step is the hop fr
the interfacial region into the bulk distribution. ~b! We model the
interface in~a! by a collection of point dipoles. In the bulk, eac
site is randomly oriented with the Alq3 dipole moment ofp
55.3 D. But at the interface the dipoles are oriented in a Gaus
distribution about the perpendicular (u50). It is likely that the
strength of each dipole also varies, further randomizing the lo
dipole field. ~c! The effect of the interface dipoles on th
electron-energy distribution in the bulk is calculated. We find th
the distribution in the first few organic monolayers is considera
broadened. For interface dipoles ofp530 D and a Gaussian angula
distribution of width su51.5 rad, s I50.35 eV. With increasing
distance, the energetic distribution, approaches the bulk distribu
sB50.13 eV, with a mean energy ofE50 eV.
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M. A. BALDO AND S. R. FORREST PHYSICAL REVIEW B64 085201
rier between the cathode and the interface states. We as
that charges from the metal are readily injected into a br
distribution of interfacial states from which they must h
into a narrower, higher energy distribution of transport sta
This process is illustrated in Fig. 2~a!, where we also show
the expected energy levels in the presence of an interfa
dipole layer. Although transport is dominated in this case
the effects of disorder, electric field screening by the me
contact also reduces the lowest unoccupied molecular or
~LUMO! and the highest occupied molecular orbi
~HOMO! splitting energy at the interface by an amountEp
;0.2 eV relative to the bulk.21 The variation in the mean
energy of the transport states has been consid
previously.27

It has been proposed that the energetic disorder in am
phous materials such as Alq3 is due, in large part, to the
randomly oriented dipole moments of the molecules.28 For
an infinite simple cubic lattice with lattice parametera, the
resulting site energy distribution is approximately Gauss
with a standard deviation related to the dipole momentp by29

sB5
2.35qp

4p«a2 . ~2!

For Alq3 where p55.3 D, a standard deviation ofsB
50.13 eV is thus obtained.30

Due to the anisotropy of the metal-organic interface
cannot use Eq.~2! to obtain the energy distribution adjace
to the cathode, and must instead numerically calculate29 the
density of states in this region. In Fig. 2~b! we represent the
interfacial dipole layer as a collection of point dipole
Hence, to estimate the effects of the dipole layer on the m
lecular density of states, we model the interface with an ar
of 1013101315 dipole sites with an intersite spacing of 1
Å, corresponding to a 150-Å-thick organic layer. To consid
the effects of a variation in the angular distribution of t
interfacial dipoles, we assumed that the dipoles posse
Gaussian angular distribution centered perpendicular to
contact (u50), and with an angular half width ofsu . We
further assume that these dipoles have a strength op
530 D, corresponding to charges separated by;6 Å, which
is on the order of the expected metal-organic molecular se
ration at the contact interface. This dimension is also con
tent with the dipole formed between an Alq3 cation and its
image in the cathode metal.

Given these parameters, the mean energy of the distr
tion is calculated to be20.7 eV, consistent with the;1 eV
change in the vacuum level commonly observed at me
Alq3 interfaces~see Table I!. With increasing distance from
the interface, the center of the distribution approachesE
50 eV ~i.e., the bulk ‘‘reference’’ energy! and its width ap-
proaches the bulk distribution as calculated in Eq.~2! (sB
50.13 eV). But as shown in Fig. 2~c!, if the angular distri-
bution of the interfacial dipoles issu51.5 rad, we find that
the energetic distribution of sites in the first organic layer
significantly broadened (s I50.35 eV) by the proximity of
the dipoles. Alternately, a similar energetic distribution cou
be caused by variations in the strength of parallel dipole
08520
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On the molecular scale, the dipoles are not accura
represented as points; rather, we should examine ch
separation across the interface and model individual cha
on the molecules within the first organic layer. Neverthele
the calculation of Fig. 2~c! is intended to demonstrate tha
dipoles at the metal/organic interface can significan
broaden and shift the energetic distribution of adjacent s
in the organic film from their bulk values. Indeed, we dete
mine below that the injection properties of LiF/Al, Al, an
Mg:Ag cathodes are well described by charge hopping ou
such an energetically broadened interface layer withs I
;0.4 eV.

III. ANALYTIC HOPPING MODEL FOR CHARGE
INJECTION FROM A GAUSSIAN DISTRIBUTION

OF INTERFACE STATES

To fully describe the effects of the interfacial sites o
charge injection, we note that the charge density per u
energy near the metal is determined by Fermi-Dirac sta
tics, viz.,

nI~EI ,EF!5
NI /A2ps I

2

11exp@~EI2EF!/kBT#
expF2

1

2 S EI

s I
D 2G ,

~3!

where NI and EI are the density and energy of interfaci
sites, respectively, andEF is the Fermi level. Assuming tha
hopping out of these sites limits the current density, the d
tribution of ‘‘transport’’ bulk sites can initially be considere
to be empty.

Across the interface, the current density is given by

J~EF!5
āq

A2psB
2 E

2`

` E
2`

`

nI~EI ,EF!R~EB2EI2āqF!

3expF2
1

2 S EB

sB
D 2GdEIdEB , ~4!

where the width of the bulk charge distribution is given
sB , EB is the energy of the charge in the bulk, andā is the
average intermolecular spacing. The hopping rate isR(E),
whereE is the energy difference between adjacent hopp
sites. The charge at the interface determines the electric
F, and voltageV, viz.,

V5
qnTdId

«
, ~5!

wherenT is obtained by integrating Eq.~3! over all EI , and
dI is the thickness of the interfacial region containing fille
sites. As expected for injection-limited transport, the b
voltage is linearly proportional to the thickness, at least
d@dI .

To fully characterize the expected thickness depende
of the current-voltage characteristics of a thin organic fil
we must also consider the alternative to injection-limit
transport. As the thickness of the film increases, transp
eventually becomes bulk limited, with
1-4
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J5nqmF. ~6!

Because of the low density of free charge in these mater
the injected space charge determines the electric field und
bulk transport limit.9 Assuming an approximately field
independent mobilitym, solving Eq.~6! together with Pois-
son’s equation givesV}d1.5 at constantJ. If some charge is
trapped, then the thickness dependence isV}dx, where 1.5
<x<2. However, direct measurements of the mobility sh
that it is actually field dependent, and can be heuristica
modeled~for T.100 K) by Gill’s expression32

m~F,T!5m0 exp~2E0 /kBTeff!exp~bAF/kBTeff!, ~7!

whereE05kBT0 is the activation energy for hopping at ze
electric field, 1/Teff51/T21/T0 , andm0 andb are constants
Studies of charge transport in the conjugated polym
poly~p-phenylenevinylene! ~PPV! have observed space
charge limited transport with such a field depend
mobility.8,32 Typically, the field dependence of mobility re
ducesx such that 1,x,1.5 for bulk-limited transport.

Thus, by studying the thickness dependence of cha
transport we can clearly discriminate between injection a
bulk limits. For injection-limited transport, the voltage at
given current density should be proportional to the thickne
i.e., V}d. In addition, the thickness dependence of Eq.~6!
should be examined at constant fieldF; for injection-limited
transport, the current densityJ should be independent o
thicknessd. As above, for bulk-limited transport, we expe
that J}1/dx, with x>1.

The model is completed by describing the dependenc
the hopping rateR on electric field and temperature. We a
sume the small polaron model of intermolecular hoppi
Here the rate-limiting step is not the electron transfer
tween weakly interacting molecular orbitals, but rather
formation of an activated complex that precedes
transfer.33–36 For a carrier to jump to an adjacent site, t
local electronic energy level must momentarily coincide w
that of a neighboring molecule.37 Such a ‘‘coincidence
event’’ generally requires a substantial instantaneous lo
distortion of the lattice.37 Thus, polaron hopping require
consideration of phonon coupling to yield the correct acti
tion energy. Here, we include interactions with an opti
phonon mode of frequencyv0 for zero wave vector. The rat
is then given by36

R5S 2pJ0
2

\2v0
De22Se2E/2kBT (

n52`

`

I uEu/\v0

3H F S 2Eb

\v0
DAn csch~\v0/2kBT!G2dE,0J , ~8!

where

S5~Eb /\v0!cosh~\v0/2kBT!, ~9!

and I uEu/\v0
is a modified Bessel function of orde

uEu/\v0 ;2p\ is Planck’s constant;J0 is the electronic trans
fer integral related to the electron transport half bandwi
by 6J0 ;36 andEb is the small polaron binding energy in th
limit of J050 ~i.e., no electronic overlap between adjace
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molecules!. The phonon bandwidth determines the relaxat
amplitude coefficientsAn .36 As a simplifying assumption,
we takeAn5dn,0 , wheredn,0 is the Kroneckerd function
which,37 together with the use of Eq.~8! for continuousE,38

implies a considerable dispersion in the phonon mode.
Polaron hopping exhibits two different regimes:38 the

low-temperature regime atkBTP,\v0/3, where36,38

R~E!}expS 2
E1uEu
2kBT D ~2Eb /\v0! uEu/\v0

~ uEu/\v0!!
, ~10!

and at higher temperatures38

R~E!}~EbkBT!21/2expF2
Eb

2kBT S 11
E

2Eb
D 2G . ~11!

In the high temperature regime, hopping may be anazl
classically; indeed the high temperature expression for
laron hopping@Eq. ~11!# has the same form as the expressi
derived by Marcus33 for electron transfer. The activation en
ergy at high temperatures~the polaron binding energy!, Eb,
is related to the reorganization energyl in the Marcus for-
malism byEb5l/2.38 Marcus theory has been successfu
applied to electron transfer reactions in chemistry and b
ogy, and most of its key predictions have been experim
tally confirmed,39 notably the existence of an inverted regio
As shown in Fig. 3~a!, in the presence of low electric fields
the rate of electron transfer is limited by a barrier height
approximatelyl/45Eb/2. At a somewhat higher field, reso
nant transfer is reached@see Fig. 3~b!#; but further increases
in the field result in a decrease in rate—the ‘‘inversion
gion’’ @see Fig. 3~c!#. Marcus theory has also been used
describe the dependence of charge carrier mobility in s
amorphous organic materials on electric field a
temperature.38,40

Note that Eq.~10! and Eq.~11! ~where 0,E<Eb) may
be approximated by ‘‘Miller-Abrahams’’ hopping, viz.:38

R~E!5A0exp~2E/kBT!, E>0
~12!

R~E!5A0, E<0

whereE is now the separation between sites, andA0 is the
maximum hopping rate determined by the intermolecu
electronic orbital overlap. The simplification of Eq.~1! is
frequently employed in studies of transport in amorpho
solids, and is known as the Miller-Abrahams expression.1 It
consolidates the numerous parameters of the full pola
model into only one adjustable parameter,A0, the maximum
hopping rate. The approximation ignores the ‘‘Marcus inv
sion’’ region, which may occur in the classical region at hi
electric fields. However, since inversion is expected
aqF.l, typical values of the intermolecular spacing,a
;10 Å, and reorganization energy,l;0.2 eV, give required
electric fields for inversion ofF.23106 V/cm. Amorphous
devices typically operate atF,23106 V/cm, thus, the
Miller-Abrahams model is probably well-suited to the ana
sis of charge transport in most organic devices. In this w
we apply both the full polaron model and the Mille
Abrahams simplification to understand charge injection.
1-5
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In polaron formalism, the temperature dependence of h
ping is affected by the temperature dependence of the p
non density. Below the phonon-induced transition tempe
ture, TP;\v0/3kB , ‘‘downward’’ hops in Eq. ~10! are
temperature independent, whereas aboveTP there is a strong
temperature dependence in both upward and downw
hops.41 In fact, a transition in the temperature dependenc
a general characteristic of transport in disordered mater
but alternative explanations have been advanced. W
et al.1,6 note that if equilibrium is established, the mean e
ergy of carriers in the organic solid lies at an energys2/kBT
below the center of the Gaussian density of states. Thu
was proposed that as temperature is decreased, the effe
energy barrier to injection into a Gaussian density of sta
from a metal contact also decreases.

Whether or not equilibrium is established in the orga
film ~an issue addressed in Sec. VII!, we note that disorde
increases the variance of the density of states and henc
probability of temperature-independent hops. Thus, there
two processes that affect the temperature dependence o
jection: energetic disorder, which determines the width of
density of states and the likelihood of resonant, temperat
independent hops, and the temperature dependence o

FIG. 3. ~a! A representation in the high-temperature regime
polaron hopping between two identical molecules with the sa
ground-state energy. The process is identical to the Marcus elec
transfer with a reorganization energy ofl52Eb , where the polaron
binding energy isEb . In the absence of changes in the atom
configurations, the barrier to electron transfer isl52Eb ; if, how-
ever, the molecules form an activated complex, then the en
barrier is reduced tol/45Eb/2. ~b! The electric fieldF increases
the probability of charge transfer by reducing the energy barrier
the field increases, the barrier is reduced until the transfer beco
resonant. ~c! The transfer rate is inverted sinceF.l/aq. Note
that in an amorphous film, the ground-state energy levels of
molecules vary and the dispersion in energy may be on the ord
Eb . This figure is adapted from Ref. 39.
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phonon distribution. For a charge carrier hopping from init
energyEi to final energyEf , the hopping model of Eqs.~11!
and ~4! gives

J}E
2`

`

expF2
~2Eb1Ef2Ei !

2

8EbkBT GexpF2
1

2 S Ef

s D 2GdEi

}expF2
~2Eb2Ei !

2

8EbkBT12s2G . ~13!

From this expression we define a disorder-induced charac
istic temperature

kBTD5
s2

4Eb
. ~14!

For s50.13 eV and typical values of the binding energ
Eb;0.2 eV, the disorder-induced transition temperature
TD;250 K, significantly higher than the phonon-induce
transition temperature. The disorder-induced transition te
perature may also be calculated using the simplified Mill
Abrahams hopping model. For a charge carrier hopping fr
a discrete energy level into a distribution of sites, we defi
TD as the temperature where the rate of downward h
equals that of upward hops. In this case

E
2`

2DE

expF2
1

2 S E

s D 2GdE

5E
2DE

`

expS 2
DE1E

kBTD
DexpF2

1

2 S E

s D 2GdE.

~15!

Here the energy difference between the discrete energy l
and the center of the distribution of sites isDE. If DE@s
@kBTD then it can be shown that Eq.~15! gives

kBTD5
s2

2DE
. ~16!

As shown in Sec. VI, Eqs.~14! and~16! provide rough esti-
mates of the temperature when the Arrhenius law govern
charge transport breaks down.

IV. EXPERIMENTAL METHOD

In the following two sections we test the predictions
Sec. III by fabricating thin-film electron-injection-only amo
phous Alq3 devices. The device structure used in all me
surements consists of an injecting cathode, a variable th
ness layer of Alq3, and a 1000-Å-thick 25:1 Mg:Ag anode t
minimize hole injection. Materials were deposited by th
mal evaporation under high vacuum (,1026 Torr). To pre-
vent oxide formation on the anode, there was no vacu
break between its deposition and deposition of the A3
layer. Cathodes consisted of either a 1000-Å-thick layer
Al, a 1000-Å-thick layer of 25:1 Mg:Ag with a further 300 Å
of Ag for protection from oxidation,16 or a 5 Å LiF layer
followed by 1000 Å of Al.12 Each cathode was defined b
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INTERFACE-LIMITED INJECTION IN AMORPHOUS . . . PHYSICAL REVIEW B 64 085201
metal deposition through a shadow mask with 1-mm-di
holes. For room-temperature measurements, glass subs
were used; low-temperature measurements employed
mally conductive Si substrates with an additional 0.7-mm-
thick surface layer of SiO2 for electrical isolation.

Glass substrates were precleaned in a bath of deion
water and detergent and subjected to ultrasonic vibration
remove dust and other microscopic particles, before be
rinsed in sequential applications of deionized water, aceto
boiling trichloroethylene, acetone, and isopropanol. An aq
ous solution of HF was used to etch away residual SiO2 and
to clean the silicon substrates. Optical measurements w
performed in air, but in between measurements, comple
devices were stored under a nitrogen atmosphere or in
evacuated cryostat to minimize oxidation of the cathode.

FIG. 4. ~a! Thickness dependence of the current-voltage cha
teristics of Alq3 films are shown for a Mg:Ag cathode. The devic
possessed a Mg:Ag anode beneath a layer of Alq3. The total Alq3
thickness was~h! 400 Å, ~s! 800 Å, ~n! 1200 Å,~,! 1600 Å, and
~L! 2000 Å. The characteristics are parallel for approximately
orders of magnitude of current density, demonstrating a cons
thickness dependence in this range. Similar characteristics are
observed for LiF/Al and Al cathodes. ~b! Drive voltage ~at a
current density ofJ510 mA/cm2) as a function of Alq3 thickness
using LiF/Al, Mg:Ag, and Al cathodes. All three cathodes exhibi
linear thickness dependence for a thickness, 2000 Å*d*400 Å.
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V. DEPENDENCE OF TRANSPORT ON FILM THICKNESS
AND SPACE-CHARGE DENSITY

The thickness dependence for Alq3 with a Mg:Ag cathode
is shown in Fig. 4~a!. The current-voltage characteristics a
parallel for Alq3 films of varying thickness, demonstratin
that the limiting transport process applies to current densi
ranging over at least six orders of magnitude. Similar para
slopes are observed in the characteristics of LiF/Al and
cathodes. The data for each cathode are summarized in
4~b! by plotting the applied voltage at a current density
J50.01 A/cm2. The three cathodes show a linear depe
dence followingV}d consistent with Eq.~5! and injection-
limited transport. The difference in the slopes of the thic
ness dependencies in Fig. 4~b! reflect the stored charge a
each injection interface; assuming that the thickness of
interfacial region is the same in each case atdI510 Å, we
find that the interfacial density of charge is highest for the
cathode (nI52.031019cm23), and less for the Mg:Ag and
LiF/Al cathodes ~at nI51.331019cm23 and nI51.1
31019cm23, respectively!.

To further confirm that the observed current-voltage ch
acteristics are not bulk limited, in Fig. 5 we show the curre
density for each device in Fig. 4~b! plotted as a function of
electric field, F5V/d. As expected for injection-limited
transport, the three cathodes exhibit clearly different char
teristics, and for a given cathode, transport is approxima
independent of film thickness. This is demonstrated in
inset, where we plot current density for each cathode a

c-

x
nt
lso

FIG. 5. The thickness data of Fig. 4 versus electric field,F
5V/d. The differences between the various cathodes demons
the importance of the injection interface. The total Alq3 thickness
was~h! 400 Å, ~s! 800 Å, ~n! 1200 Å,~,! 1600 Å, and~L! 2000
Å. Inset: Current density atF593105 V/cm versus the reciproca
of film thicknessd. The current density is approximately constant
expected for injection-limited transport. The different cathodes
denoted by~h! LiF/Al, ~s! Mg:Ag, and~n! Al, where the Al data
have been multiplied by ten for clarity. Since a small change
voltage corresponds to a large change in the current density, s
errors in the determination of the thickness lead to a substa
error in the determination of the current density at a constant fi
The error corresponds to a 3% error in the film thickness.
1-7
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M. A. BALDO AND S. R. FORREST PHYSICAL REVIEW B64 085201
field of 93105 V/cm. For bulk-limited transport at constan
field, we expect from Eq.~6! that J}1/dx, wherex>1, but
for d&2000 Å, this is not supported by the data. As t
organic film thickness increases, transport must eventu
become bulk limited, although this limitation is not releva
to most organic thin-film electronic devices42 whose total
thickness is typically;1000 Å.

Figures 4 and 5 demonstrate that transport in Alq3 is in-
jection limited at room temperature for Al, Mg:Ag an
LiF/Al cathodes. The thickness dependence of Alq3 with a
Mg:Ag cathode atT530 K is shown in Fig. 6. Again, the
current voltage characteristics shown in Fig. 6~a! are parallel,
and in Fig. 6b, theV versusd data for a current density o
J51024 A/cm2 are linear, indicating that transport is als
injection-limited at low temperatures. However, we wou
expect at low temperatures that the electron mobility is
strong function of electric field@see Eq.~7!#, giving a bulk-
limited V vs d thickness dependence that may also appro
a linear relationship. Given that transport is injection-limit
at room temperature, the largest energy barrier to transpo
at the injection interface; therefore, it is unlikely that th
temperature dependence of the injection process is we
than the temperature dependence of bulk transport.

Accordingly, we expect that transport in Alq3 is injection
limited for temperatures below room temperature. But ev
if transport is bulk-limited at low temperatures, the spa
charge will be confined at the injection interface by t
strong dependence of mobility on electric field; thus, t

FIG. 6. ~a! Thickness dependence of the current-voltage cha
teristics of Alq3 films are shown for a Mg:Ag cathode atT530 K.
The device possessed a Mg:Ag anode beneath a layer of Alq3. The
total Alq3 thicknenss was~h! 500 Å, ~s! 1000 Å,~n! 1500 Å, and
~,! 2000 Å. The thickest device failed atJ51024 A/cm. „b… Drive
voltage ~at a current density ofJ51024 A/cm2) as a function of
Alq3 thickness atT530 K. As with the room temperature chara
teristics, Mg:Ag cathodes exhibit a linear thickness dependence
a thickness, 2000 Å>d>500 Å.
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interface-limited theory of Eq.~3!, ~4!, and~5! holds for both
injection and bulk-limited transport at low temperature.

The bulk space-charge density also varies according
whether transport in Alq3 is injection or bulk limited. As a

FIG. 7. ~a! The transient phosphoresent decay of PtOEP a
wavelength ofl5650 nm in response to an optical pulse atl5532
nm as a function of electron current. Under bias, no green electr
minescence from Alq3 was observed, demonstrating monopo
electron transport.Inset: The device structure used to measu
triplet-polaron quenching.~b! The J-V characteristics and structur
of the device used to measure triplet-polaron quenching. To ca
late the field dependence of mobility, the transport data were fi
J5102103(F(0)d)7.6~A/cm2! ~dashed line!.

FIG. 8. Variation of charge densityn with electron current as
determined from the triplet-polaron quenching data of Fig. 7~a!,
compared to the prediction~solid line! from theJ-V characteristics
shown in Fig. 7~b!.
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INTERFACE-LIMITED INJECTION IN AMORPHOUS . . . PHYSICAL REVIEW B 64 085201
function of current density and distancex from the injecting
interface, the space-charge densityn(J,x) was independently
obtained from measurements of polaron-triplet~PT! annihi-
lation, a process occurring when a mobile charge, or pola
quenches a triplet exciton through inelastic collisions.7 The
density of polarons determines the rate of triplet exci
quenching, which in turn is measured by observing the trip
phosphorescent lifetime.43 Hence, the precise placement
layers of phosphorescent dopants within a charge trans
material allows the space charge to be inferred as a func
of position.

The rate of PT interactions is determined using43

d@3M* #

dt
52

@3M* #

t
2ken~J,x!@3M* #2

1

2
kTT@3M* #2.

~17!

Here,t is the natural lifetime of the triplet state,ke is the rate
constant of PT quenching,kTT is the rate of triplet-triplet
~TT! annihilation,@3M* # is the triplet density, andn is the
polaron density. The transient decay, therefore, has lin
components and a quadratic component due to bimolec
TT annihilation. Measuring changes in the linear decay r
as a function of current density givesken(J,x), from which
the trend inn(J,x) is obtained.

To measuren(J,x), triplets are directly photogenerate
on platinum octaethyl porphine~PtOEP!, an efficient
phosphor44 whose triplet state has a measured lifetime ot
;10ms. A pulsed, frequency-doubled Nd-YAG~yttrium alu-
minum garnet! laser at a wavelength of 532 nm was used
photoexcite PtOEP doped at 8% by mass into a 100-Å-th
layer of Alq3 (Alq3 is transparent at this wavelength!, and its
phosphorescent decay was observed as a function of ele
current in Alq3 @Fig. 7~a!#. The PtOEP-doped Alq3 layer is
incorporated into the device shown in the inset of Fig. 7~a!;
the J-V characteristics resulting from electron transport
the device are shown in Fig. 7~b! ~solid line!.

FIG. 9. Dependence of current density on temperature in A3

with a Mg:Ag cathode for two different magnitudes of electric fie
~s!. The activation energy of transport decreases at low temp
tures, and transport becomes almost temperature independen
T,100 K. The solid line is the temperature dependence of pola
hopping fits to the Mg:Ag/Alq3 device~see Fig. 10!.
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It has previously been established that PtOEP is no
strong electron trap in Alq3,

44 thus observed decreases in t
PtOEP triplet lifetime in Fig. 7~a! reflect quenching by Alq3
polarons. The effect of field dissociation of the triplets whi
might also lead to a nonlinear optical decay was determi
using a device of identical thickness, but with a 300-Å-thi
electron blocking injection layer ofN,N8-diphenyl-N,N8-
bis~3-methylphenyl!-@1,18-biphenyl#-4,48-diamine ~TPD!
positioned adjacent to the cathode. The TPD reduces the
rent density at a given voltage by over two orders of mag
tude; when fields as high as 23106 V/cm are applied, no
measurable increase in the PtOEP quenching rate is
served, unambiguously demonstrating that the observed
cay is not enhanced by strong external fields.

The polaron quenching rate,ken(J,x), is obtained from
the data in Fig. 7~a!, and assuming thatke is constant,45 it is

a-
for
n

FIG. 10. ~a! The temperature dependence of the current-volt
characteristics~solid lines! of Mg:Ag/Alq3 structures compared to
the interface hopping theory described in the text~points!. The de-
vice structure is Mg:Ag anode/1200 Å Alq3/1000 Å Mg:Ag/
300 Å Ag. The parameters used to calculate injection are give
Table II. ~b! The temperature dependence of the power-law slopem,
whereJ}Vm. The slope levels off at temperatures comparable
the characteristic phonon temperature,TP560 K. Circles denote
the slope of the experimental data betweenJ5131024 A/cm2 and
J5131022 A/cm2. The solid line is an average of the slopes of t
theoretical characteristics over the same range.
1-9
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TABLE II. Parameters for fits to polaron hopping. The width of the bulk distribution (sB) was calculated
from the dipole moment of Alq3 using Eq.~2!. The transition temperature (TP) between low- and high-
temperature polaron hopping regimes was determined from activation energy plots such as Fig.
measurements of the lattice vibronic spectra of anthracene, naphthalene, and tretracene~Ref. 46!. The re-
maining parameters were obtained by fits to the data. The width of the interface distribution (s I) determines
the power-law slope of the current-voltage characteristics. Estimations of the effects of semirandom
layers at the metal/organic interface show that interface distribution widths ofs I;0.4 eV are realistic given
a net interfacial dipole of;1 eV ~see Fig. 2!. The polaron binding energyEb and the intermolecular overlap
integral (J0) are verified independently in Monte Carlo simulations in Figs. 14 and 15. For the Alq3 data, the
interfacial site density is normalized to the number of molecules in the first interfacial layer. Thus
polaron fits, the trap density corresponds to;20–40 % of sites at the interface. The parameters for PPV
based on data in Campbellet al. ~Ref. 10!. In this case, the width of the bulk distribution (sB) is estimated
at ;0.1 eV. ~b! Parameters for fits to Miller-Abrahams hopping.

~a!

Fixed parameters Fit parameters

Device
structure

Polaron
transition

temperature

TP5
\v0

3kB
~K!

Width of
bulk

distribution
sB

~eV!

Width of
interface

distribution
s I

~eV!

Polaron
binding
energy

Eb

~eV!

Interface
site density

NIdI

~cm22!

Intermolecular
overlap integral

J0

~meV!

Mg:Ag/Alq3 60 0.13 0.34 0.16 5031012

~34%!
6

LiF/Al/Alq 3 60 0.13 0.34 0.16 4331012

~30%!
10

Al/Alq 3 60 0.13 0.40 0.10 3031012

~21%!
2

ITO/PPV/Au 60 0.1 0.2 0.17 1631012 0.1

~b!

Device
structure

Width of
bulk

distribution
sB

~eV!

Width of
interface

distribution
s I

~eV!

Interface
site density

NIDI

~cm22!

Maximum
hopping rate

A0

~s21!

Al/Alq 3 0.13 0.40 14031012

~100%!
131013
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found thatJ}n1.460.2. Assuming a field-independent electro
mobility, we expect that an injection-limit should produc
ohmic transport characteristics in the bulk where the PtO
is located, i.e.,J}n. In contrast, bulk-limited transport fol
lows J}nx, wherex>2. When the electric field dependenc
of mobility is considered, the actual dependence ofJ on n is
greater than expected for a field independent mobility. C
sequently, the observation ofJ}n1.460.2 is consistent with
injection-limited transport and a weakly field-depende
electron mobility in Alq3. For example, the relation betwee
J and the interface fieldF(0) is estimated by fitting the mea
suredJ-V characteristics shown in Fig. 7~b!, i.e., J510210

3„F(0)d…7.6 ~A/cm2!. Then, using Eqs.~6! and ~7!, n(J,x)
is given by the dashed line in Fig. 8. For these measu
ments, the electric field,F5V/d, ranges from 1.2
3106 V/cm to 1.93106 V/cm from which we obtain a field-
dependent mobility parameter@cf. Eq. ~7!#, a5b/kBTeff
08520
P

-

t

e-

5(261)31023 ~V/cm!21/2. This compares well to time-of-
flight measurements19 at lower fields (F,13106 V/cm)
which givea5431023 ~V/cm!21/2. Assuming that the zero
field mobility,19 m0* 5m0 exp(2E0 /kBTeff)51
31026 ~cm2/V s!, then ke51310212 ~cm3/s!. Overall, the
agreement of the steady-stateJ-V characteristics with the
space-charge density expected under an injection limit is
cellent, demonstrating that transport in the bulk is ultimat
determined by the charge injection properties in the cath
region of the organic film.

VI. TEMPERATURE DEPENDENCE
OF THE CURRENT-VOLTAGE CHARACTERISTICS

We now compare measured current-voltage characteris
of the LiF/Al, Mg:Ag, and Al devices with the interfacia
hopping theory developed in Sec. III. The temperature
1-10
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INTERFACE-LIMITED INJECTION IN AMORPHOUS . . . PHYSICAL REVIEW B 64 085201
pendence of current density in a Mg:Ag/Alq3 device at a
constant voltage is shown in Fig. 9. As described earlier,
departure from a linear, Arrhenius behavior is due to disor
at TD;250 K and the transition from classical to quantu
phonon statistics atTP;60 K. To fit this dependence, w
note that many of the parameters in our hopping model
already determined, simplifying the procedure. For exam
the width of the bulk distribution is taken assB50.13 eV, as
calculated in Sec. II for a disordered Alq3 film. Close to the
injecting contact the greater polarizability of the metal s
face lowers the mean energy of the interface s
distribution.21 From ultraviolet photoelectron spectrosco
measurements, we take the difference in the mean ene
of adjacent molecular layers at the interface as;0.1 eV.21 To

FIG. 11. ~a! The temperature dependence of the current-volt
characteristics~solid lines! of Al/LiF/Alq 3 structures compared to
the interface hopping theory described in the text~points!. The de-
vice structure is Mg:Ag anode/1200 Å Alq3/5 ÅLiF/1000 Å Al.
The parameters used to calculate injection are given in Table II~b!
The temperature dependence of the power-law slopem, whereJ
}Vm. The slope levels off at temperatures comparable to the c
acteristic phonon temperature,TP560 K. Circles denote the slop
of the experimental data betweenJ5131024 A/cm2 and J51
31022 A/cm2. The solid line is an average of the slopes of t
theoretical characteristics over the same range.
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estimate the optical-phonon energy,\v0 , we note that the
most energetic optical lattice vibrations of naphthalene,
thracene and tetracene are at an energy of approxima
\v0515 meV.46 This energy, in turn, corresponds to
phonon-induced transition temperature ofTP;60 K, and the
approximate temperature independence of the injection
rent density in Fig. 9 forT,100 K agrees with this estimat
of the phonon energy. But we also expect and observe de
tions from Arrhenius-like behavior data at higher tempe
tures, reflecting the effects of disorder. From Eq.~14!, we
expect that the disorder-induced transition temperature
TD;250 K, consistent with the trend of the data in Fig. 9

We now proceed to fit the theory of Eqs.~4!, ~5! and ~8!
with the temperature-dependent current-voltage charact
tics of Mg:Ag devices@solid line, Figs. 9 and 10~b!#. The

e

r-

FIG. 12. ~a! The temperature dependence of the current-volt
characteristics~solid lines! of Al/Alq 3 structures compared to th
interface hopping theory described in the text. The device struc
is Mg:Ag anode/1200 Å Alq3/1000 Å Al. The parameters used t
calculate injection are given in Table II.~b! The temperature depen
dence of the power-law slopem, whereJ}Vm. Circles denote the
slope of the experimental data betweenJ5131024 A/cm2 and J
5131022 A/cm2. The solid line is an average of the slopes of t
theoretical characteristics over the same range.
1-11
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M. A. BALDO AND S. R. FORREST PHYSICAL REVIEW B64 085201
parameters used in the fits are listed in Table II. With mi
mal variation in the parameters, we are also able to fit
injection characteristics of LiF/Al and Al cathodes in Fig
11 and 12. At low temperatures~i.e., kBTP,\v0/3) some
quantization is observed in the current-voltage characte
tics. This results from our consideration of only a sing
dominant phonon mode. In part~b! of Figs. 10–12, we show
the power-law slopem of the current-voltage characteristic
fit to J;Vm. The power-law slope is a good test of the te
perature dependence of transport and injection, particul
at low temperatures, where it has been used previousl
highlight the failures of other models.10

There are four parameters used in the fits: the pola
binding energyEb , the polaron bandwidthJ0 , the width of

FIG. 13. ~a! The temperature dependence of the current-volt
characteristics~solid lines! of Al/Alq 3 devices compared to the in
terface hopping theory employing Miller-Abrahams rates. The
vice structure is Mg:Ag anode/1200 Å Alq3/1000 Å Al. The pa-
rameters used to calculate injection are given in Table II.~b! The
temperature dependence of the power-law slopem, whereJ}Vm.
Circles denote the slope of the experimental data betweenJ51
31024 A/cm2 and J5131022 A/cm2. The solid line is an aver-
age of the slopes of the theoretical characteristics over the s
range. The fit reproduces the transition in the power law slope
at T;170 K.
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the interfacial site distributions I , and the interfacial site
densityNIdI . Neither the polaron binding energyEb nor the
intermolecular overlap energyJ0 , depend significantly on
the cathode material. The binding energy wasEb5(0.14
60.04) eV, corresponding to a reorganization energy,l
;0.3 eV. Since we expect Marcus inversion of the hopp
rate to occur when the free-energy change is equal to
reorganization energy,39 i.e., when uDGu5aqF;l, these
values of Eb correspond to inversion at an electric-fie
strength ofF533106 V/cm. Since no evidence for Marcu
inversion has been obtained from time-of-flight and transi
measurements below this electric field,19,47 the values ofEb
used here are consistent with the upper limit obtained fr
experiment. At yet higher fields, there is some experimen
evidence that the apparent mobility for charge transport
creases in PPV, consistent with 0.1,l,1 eV.48 The inter-
molecular electronic transfer integralJ0 was obtained by fit-
ting the magnitude of the current density. It was found th
J05(664) meV. The band associated with electron tran
port has a half width of 6J0 ;36 thus as expected, the pre
dicted bandwidth of these materials~;40 meV! is signifi-
cantly less than the polaron binding energy. These param
values are tested further in Sec. VII using a Monte Ca
simulation to predict the field-dependent mobility of bu
transport in Alq3.

The width of the interfacial site distributions I and the
interfacial surface density of statesNIdI are also consisten
with our interfacial dipole model. From Fig. 2 we infer th
strong dipole fields at the metal/organic interface can re
in an interfacial site distribution of widths I50.35 eV, simi-
lar to that observed in fits of data from Mg:Ag, LiF/Al, an
Al cathodes. The density of interface statesNIdI was ob-
tained by fitting the voltage data. As shown in Table II, w
find that NI is on the order of the molecular density at th
interface.

As confirmation of the importance of disorder, we no
that for the Al cathode it is also possible to fit the data w
the simplified Miller-Abrahams hopping model. This mod

e

-

e
ta

FIG. 14. The current-voltage characteristics of Alq3 at room
temperature andT530 K for a variety of different cathodes. Th
devices were prepared at the same time for comparative purp
and had the general structure: Mg:Ag anode/1000 Å Alq3/cathode.
From thickness dependence studies of Alq3 in Fig. 6, transport is
found to be injection-limited atT530 K. But at this temperature
the variation in injection characteristics of the different catho
materials disappears, indicating that injection is limited by state
the organic film.
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does not contain the parametersEb , J0 , or \v0 , and its
temperature dependence is solely determined by the ef
of disorder in the molecular film. We fit the Al data usin
s I50.4 eV and a maximum hopping rate ofA051
31013s21. The power-law slopes of the current-voltag
characteristics for injection from the Al cathode are a
shown in Fig. 13. Considering that there areno temperature-
dependent parameters, it is remarkable that the theory re
duces an apparent kink in the power-law data atT;170 K.

The only apparent discrepancy in the application of
interface-limited theory is the variation in the Alq3 polaron
parametersEb andJ0 that is observed in fits to the differen
cathodes. This reflects the variation in cathode injection
ficiencies at room temperature. However, it is interesting t
at very low temperatures (T&30K!, all the cathodes posses
nearly identical current-voltage characteristics~see Fig. 14!.
This unambiguously breaks the link between the cath
work function and its injection efficiency, demonstrating th
the initial hop from the metal Fermi level into the organic
not the most energetically costly even in current injectio
Since the injection characteristics are determined by the
terface distribution, the similarity atT;30 K suggests tha
the organic interfacial site distributions are similar for
contacts. The more pronounced temperature dependen
injection from LiF/Al cathodes is therefore explained by t
freezing out of free charge introduced by Li doping.49 Simi-
arly, Mg may also dope the interfacial layers of Alq3. In both
cases, the doping is concentrated in the region most affe

FIG. 15. The temperature dependence of a LiF/Al cathode
Alq3 can be explained by the low-temperature freeze out of f
carriers due to Li doping.~a! At room temperature, the surface o
the Alq3 is highly conductive due to the Li doping, thus the effe
tive injection interface moves into the bulk of the organic, aw
from the interfacial dipole layer. The dotted line indicates the m
energy of the charge distribution as a function of position in the t
film. ~b! At low temperature, the free charge is frozen out, a
injection occurs directly from the distribution of interfacial site
Consequently, at low temperatures, LiF/Al cathodes behave s
larly to Al cathodes.
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by interfacial dipolar disorder, making that region high
conductive at room temperature. Thus LiF/Al cathodes i
prove injection by raising the Fermi energy and shifting t
effective injection interface deeper into the organic fi
where the distribution of organic states is narrower and
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FIG. 16. ~a! The J-V characteristic obtained from Monte Carl
simulations of bulk transport in Alq3. Room-temperature characte
istics for the polaron simulation withl50.3 eV, s50.13 eV, and
J056 meV. ~b! The macroscopic mobility is extracted from th
polaron simulation data~h! and time-of-flight data from Chen an
Liu ~Ref. 19! ~n!. Note that we have plotted the mobility versus th
macroscopic parameterV/d rather than the electric fieldF. The
error in the simulated mobility is estimated from the variation in t
maximum hopping rate in polaron fits to Mg:Ag/Alq3, Al/LiF/Alq 3,
and Al/Alq3 ~see Table II!.

FIG. 17. The electron-energy distribution calculated using
Monte Carlo simulation of polaron hopping rates. The charges
not fully relax during their transit across the 1000-Å-thick film. Th
data are shown 10 ns after the application of a step function cor
density ofJ5300 A/cm2. For comparison we also show the tot
molecular density of states used in simulating bulk transport
Alq3. The density of states is approximately Gaussian with a wi
of s50.13 eV, and the reorganization energy isl50.5 eV.
1-13
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hopping barrier to injection is reduced.
The proposed mechanism for injection from the LiF/

cathode is shown in Fig. 15. However, the temperature
pendence of extrinsic material properties, such as dopin
not considered in the theory of Sec. III. Its presence cau
artifacts in the fit, which might result in apparent variatio
in the Alq3 polaron parameters. Thus, fits to the Al data~see
Figs. 12 and 13! may be the most accurate source of Al3
polaron parameters because the Al cathode introduces
free charge into the interfacial organic layer. Correspo
ingly, we are able to fit both the temperature and thickn
dependence of transport in Al/Alq3 devices using the simpli
fied Miller-Abrahams hopping model and only two free p
rameters.

VII. MONTE CARLO MODELING OF BULK TRANSPORT

To verify the self-consistency of the theory, we use t
Alq3 polaron parametersEb andJ0 to calculate the bulk mo-
bility, and then compare those results to the measured va
A Monte Carlo model was used to analyze an ordered a
of Alq3 sites with dimensions 10131013100 and an inter-
site spacing of 10 Å. Two simplifications are employed: on
nearest-neighbor hops are considered,38 and we ignore off-
diagonal disorder, i.e., positional disorder in the organic fi
Measurements19,50 of the mobility of Alq3 show thatm in-
creases with electric field forF,106 V/cm, as is expected in
the absence of strong positional disorder effects.

Monte Carlo models become increasingly computati
ally demanding ass/kBT@1 because of the difficulty in
simulating the extreme tail of the density of states. Hence
calculations were restricted to room temperature wh
downward jumps into the tail of the distribution are le
important. We use the high-temperature rate@Eq. ~11!# to
model charge transport. Energetic disorder is introduced
assigning each site a randomly directed dipole momen
strengthp55.3 D. The site energies are then calculated
cording to the correlated disorder model,29 yielding an ap-
proximately Gaussian distribution withsB50.13 eV. To set
the current density we introduce charges at a given rate
random sites in the first layer. The time interval is 1 ps.

In Fig. 16~a! we plot the simulated current-voltage cha
acteristics atT5300 K. Comparison with Figs. 10–13 dem
onstrates that under these conditions, the bulk is much
resistive than the injection interface, supporting our find
of injection-limited behavior in these devices. In Fig. 16~b!
we plot the macroscopic electron mobility~i.e., m
58Jd3/9«V2) extracted from the transport data in Fi
16~a!. It is clearly temperature and field dependent, in agr
ment with previous studies of polaron hopping in disorde
organic films.38,40 For comparison we plot the time-of-fligh
mobility measurements of Chen and Liu,19 and observe tha
the model shows reasonable agreement with experimen
V/d513106 V/cm, time-of-flight measurements givem58
31025 cm2/V s,19 which compares to the simulated sma
polaron mobility ofm5(663)31025 cm2/V s.

Finally, we note that the charges within the simulat
Alq3 film do not fully relax during their transit. Figure 1
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compares the total molecular density of states to the cha
density distribution. The data are taken 10 ns (104 time in-
tervals! after a current density ofJ5300 A/cm2 is injected
into an 1000-Å-thick Alq3 film. As expected, the total densit
of states is approximately Gaussian, with a width ofsB
50.13 eV. The energy distribution of charges relative to
bulk mean is also Gaussian, and the lowest-energy sites
observed to remain unfilled well after the current density h
stabilized. This result suggests that we may generalize
model to consider injection across an interface that posse
an equilibrium population of carriers on one side but not
the other. In the case of Alq3 in contact with a low work-
function cathode, the small energy barrier between the c
ode and the interface states does not prevent an equilib
distribution in the organic interfacial states. On the other s
of the interface, several reasons may account for nonequ
rium transport: firstly, a high density of interface charge e
tablishes a strong internal field that lowers the local Fe
energy, thereby discouraging electron trapping; and secon
transport in the bulk is expected to be dominated by per
lation paths of near-resonantly-coupled molecules, narrow
the effective density of states. In this work we have on
considered metal/Alq3 devices where the injection interfac
is within the first few layers of the organic film, but it i
possible that other material systems will vary. For examp
in the absence of interfacial dipoles, the equilibrium
nonequilibrium interface can occur directly at the organ
metal boundary, giving injection characteristics that a
strongly dependent on the work function of the metal. Or
the organic is doped and there is a high free-carrier conc
tration in the vicinity of the cathode, the interface bounda
may occur deeper within the organic film. As the LiF/A
cathode demonstrates, this provides a technique for imp
ing the performance of injection contacts; free charges fr
the dopant can assist charge transport in the region where
interfacial dipoles have significantly broadened the energ
distribution of molecular states.

VIII. DISCUSSION

We have concentrated thus far on the small molecu
electron transport material, Alq3. Many other studies8,10,31

have examined charge transport in the conjugated polym
PPV. Although it is not our intention to study this material
detail, we note that when transport in PPV is injection lim
ited, the same theory may also be used to explain the t
perature dependence of the current-voltage characteristic
Fig. 18 we reproduce the power-law slope data for injectio
limited ITO/dialkoxy-PPV/Au devices of Campbellet al.10

Although these devices exhibit large leakage currents
obscure the power law at room temperature, at low temp
tures the current-voltage characteristics are similar to th
observed for injection into Alq3. In the polymer devices
however, the injection interface is believed to be the IT
dialkoxy-PPV contact.10 The polymer devices therefore dif
fer from the Alq3 devices in this work by being hole
injection devices and by having their injection interfa
formed by organic rather than by metal deposition. Nev
1-14
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theless, the temperature dependence of the power-law s
can also be fit by the parameters given in Table II. As co
pared to the results for electron injection into Alq3, we ob-
serve that dialkoxy-PPV has a lower polaron binding ene
Eb and a lower bandwidth 6J0 . Since the hopping rate~and
hence the mobility! is proportional toJ0

2, the lower intermo-
lecular overlap energy,J050.1 meV, corresponds to a max
mum hopping rate of;33108 s21, as compared to that o
Alq3 polarons of;231011s21. A comparison of the current
voltage characteristics of this dialkoxy-PPV with the char
teristics of other8,31 ~bulk-limited! PPV samples which pos

FIG. 18. ~a! Calculated temperature dependence of the curr
voltage characteristics of polymer, hole-only devices with the str
ture ITO/900Å dialkoxy-PPV/Au using the theory discussed in
text. The parameters used to calculate injection are given in T
II. The current-voltage characteristics should be compared with
2 in Campbellet al. ~Ref. 10!. ~b! The temperature dependence
the power-law slopem, whereJ}Vm. The data are compared wit
Campbellet al. ~Ref. 10!. Circles denote the slope of the expe
mental data. The solid line is an average of the slopes of the t
retical characteristics betweenJ5131022 A/cm2 and J51
31021 A/cm2. Large leakage currents lead to uncertainties in
room-temperature data, possibly altering the apparent power
slope.
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sess a mobility similar to that of Alq3 suggests that the
mobility of this dialkoxy-PPV should indeed be much lowe
In any case, the fit to these data at 300,T,10 K demon-
strates the generality of the interfacial injection model.

Figure 19 shows the proposed energy-level diagrams
the Mg:Ag, Al, and LiF/Al cathodes on Alq3. We compare
UPS data from Table I with the Fermi level in the organ
interfacial states, as obtained from polaron fits at a low c
rent density (J;1028 A/cm2). In accordance with expecta
tions, we find that the interfacial states and the metal
approximately in equilibrium at low current densities, a
that the largest barrier is between the interface states and
bulk organic states. This is especially true for the LiF/
cathode which has a barrier between the Al contact and
Alq3 at J;1028 A/cm2 of (0.060.5) eV. The Mg:Ag and Al
contacts have barriers of (0.460.5) eV and (0.660.4) eV,
respectively, atJ;1028 A/cm2, confirming that the organic
interfacial/bulk energy barrier remains dominant. The er

FIG. 19. The energy-level diagrams for~a! Mg:Ag, ~b! Al, and
~c! LiF/Al cathodes on Alq3. UPS data from Table I are used t
calculate the relative positions of the metal work function, vacu
level in the metal and organic, and organic LUMO. We compare
UPS data to the Fermi level in the organic interfacial states,
obtained from polaron fits at a low current densityJ
;1028 A/cm2!. The energy barrier between the metal and the
ganic interfacial states for the LiF/Al cathode atJ;1028 A/cm2 is
(0.060.5) eV. The energy barriers for the Mg:Ag and Al cathod
are (0.460.5) eV and (0.660.4) eV, respectively, at J
;1028 A/cm2, suggesting that injection is not completely indepe
dent of the contact for higher work-function materials such as A
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in the determination of the barrier between Al and Alq3 does
not include measurement errors in the interface dipole fi
and therefore it should be considered an underestimate.
also that the broad distribution of interfacial Alq3 molecules
shown in Fig. 19 should be distinguished from the low
lying ‘‘gap states’’ observed in UPS, which probably orig
nate from chemical damage inflicted on the organic dur
deposition of such low work-function metals as Li, Mg, a
Al.26,49,51,52

Of the various models competing to explain the transp
characteristics of amorphous semiconductor materials,
approaches have proved attractive: starting from the
served shape and temperature dependence of trans
trapped charge models4,10,11 have been used to accurate
describe characteristics forT.100 K; and starting from a
fundamental understanding of charge transport in amorph
materials, ‘‘disorder’’ models have been used to explain
field and temperature dependence of charge mobility.53 In
some respects, the interfacial model is a synthesis of th
approaches. The broad density of states at the interface
the narrower bulk distribution is qualitatively similar t
trapped charge limited models, and it generates the cor
power-law dependencies. But the interfacial model requ
energetic disorder in the bulk and dipole-induced disorde
the interface to explain these distributions. In doing so
seeks to provide a macroscopic model of charge hoppin
amorphous semiconductors.

IX. CONCLUSION

We have demonstrated that for three commonly used c
odes~Mg:Ag, LiF/Al, and Al!, electron transport in the ar
chetype amorphous organic semiconductor Alq3 is domi-
nated by injection processes which are in turn influenced
states at the metal/Alq3 interface. It is observed that a broa
er
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dipole-induced, Gaussian distribution of sites at the interf
creates sufficient energetic disorder to dominate the trans
characteristics, yielding the power laws commonly observ
in the current-voltage characteristics of many amorphous
ganic semiconductor thin-films. Indeed, using a simplifi
model of charge hopping that ignores the phonon distri
tion, we are able to fit the temperature and thickness dep
dence of transport in Al/Aq3 devices using the simplified
Miller-Abrahams hopping model and only two free param
eters. Using a more sophisticated model of polaron hopp
we have found that the parameters used to describe3
polarons in fits of the injection characteristics are consist
with Monte Carlo simulations of bulk-limited transport i
Alq3 at room temperature. In addition, we found that t
model could be extended to injection-limited metal-polym
interfaces such as ITO/dialkoxy-PPV.

But to gain a more fundamental understanding of cha
injection at metal/organic interfaces, we must derive the
ergetic distribution of interface states. We must also und
stand the chemistry at the interface: in particular, the phy
cal origins of interface dipoles that lead to a lowering of t
interface energy barrier and determine the width of the in
facial state distribution. Once both the origin and distributi
of interface states and the intermolecular overlap integ
are quantified, methods for the molecular scale manipula
of injection interfaces may become possible.
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