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Charge injection in organic light-emitting diodes: Tunneling into low
mobility materials

P. S. Davids, Sh. M. Kogan, I. D. Parker,a) and D. L. Smithb)
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

~Received 2 April 1996; accepted for publication 26 July 1996!

We present device model calculations for the current–voltage~I–V! characteristics of organic
diodes and compare them with measurements of structures fabricated using MEH-PPV. The
measuredI–V characteristics have a Fowler–Nordheim~FN! functional form, but are more than
three orders of magnitude smaller than the calculated FN tunneling current. We find that the low
mobility of the organic materials leads to a large backflow of injected carriers into the injecting
contact. These results account for the experimental observations and also demonstrate how transport
layers in multilayer organic light-emitting diodes can be used to improve carrier injection.
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Organic light-emitting diodes~LEDs! have potential fab-
rication, mechanical, and cost advantages.1–3 There has been
significant progress both in the performance of these devi
and in understanding the device physics governing th
operation.4 Because of these advances, organic light-emitt
diodes are being seriously considered for large area appl
tions including alphanumeric and flat panel displays.

A recent, detailed investigation of single carrier devic
~i.e., devices in which only one of the contacts can inje
carriers efficiently! has shown that for devices with fairly
large Schottky energy barriers the current–voltage charac
istics have a Fowler–Nordheim~FN! tunneling functional
form at large forward bias5

JF1N5J0S EE0
D 2e2S E0

E D . ~1!

Here, JF1N is the tunneling current,E is the field at the
contact, and the characteristic currentJ0 and fieldE0 are
given in terms of the Schottky energy barrier.5 In Ref. 5,
devices of differing length were considered and the measu
current as a function of field was found to be independent
the device length as expected when the current flow is li
ited by tunneling injection. However the absolute magnitu
of the measured current was over three orders of magnit
smaller than given by the FN tunneling expression@Eq. ~1!#.
These results show that tunneling is the dominant inject
mechanism at high bias and large Schottky energy barr
but that an additional process must be included to underst
the device operation. Band bending6 and image force7 modi-
fications to the tunneling current do not reduce the injec
current by the necessary three orders of magnitude to
count for the measured results.

Here, we present device model calculations for sing
carrier organic diodes and compare them with measurem
of structures fabricated using the electroluminesce
conjugated polymer poly@2-methoxy, 5-
(28-ethyl-hexyloxy!-1,4-phenylene vinylene# ~MEH-PPV!.
We find that, due to the low mobility typical of organic ma

a!Present address: Uniax Corporation, 6780 Cortona Dr., Santa Barb
CA 93117.

b!Electronic mail: smith@xanadu.ece.ucsb.edu
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terials, there is a large backflow of injected carriers into th
injecting contact. The backflow current is the time reverse
process of thermionic emission, that is, carriers on the o
ganic side of a metal/organic contact fall back into the meta
It is a well known process in inorganic semiconducto
Schottky diodes and at thermal equilibrium exactly cance
the thermionic emission current such that there is no n
device current.8,9 At high bias, a combination of FN tunnel-
ing injection and backflow currents establishes a carrier de
sity near the injecting contact. The device current resul
primarily from drift of these carriers away from the injecting
contact. The net device current is much smaller than eith
the tunneling injection or the backflow current, which nearly
cancel. As a result, the net device current has nearly the F
functional form but is several orders of magnitude smalle
than the tunneling injection current in absolute magnitude
This result accounts for the observations in Ref. 5.

The device model consists of drift-diffusion equations
for electrons and holes together with Poisson’s equation f
the electrostatic potential. Charge injection at the meta
organic interface is described by thermionic emission~domi-
nant at low bias! and FN tunneling~dominant at high bias!.
The net current at the contact is the injected current minu
the backflow current. The backflow current is proportional t
the carrier density at the contact. The proportionality con
stant is determined by detailed balance at thermal equili
rium. The equations are spatially discretized using the Scha
fetter and Gummel scheme.10 A voltage ramp is applied and
the time dependent equations are integrated forward in tim
starting from thermal equilibrium until steady state is
reached. To describe single carrier devices, the Schottky e
ergy barrier for one of the carriers is taken to be too large fo
effective injection.

Figure 1 shows a comparison of the measured and ca
culatedI–V characteristics for a 120 nm Al/MEH-PPV/ITO
hole-only device structure. ITO is a good hole injecting con
tact for MEH-PPV, but the energy barrier for electron injec
tion from the Al contact is too large for efficient injection.
The inset of Fig. 1 shows a FN plot of the measured an
calculated currents. Two parameters are required for the o
carrier device model, the Schottky energy barrier and th
mobility. The Schottky energy barrier for hole injection at

ara,
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the ITO/MEH-PPV interface is taken to be 0.34 eV and t
hole mobility is taken to be 8.531026 cm2/V s. Tunneling
dominates injection for biases larger than about 14 V. The
to the data is good, and as shown in the inset, both meas
and calculated currents satisfy the FN functional form f
biases at which tunneling dominates injection. Devices
differing length were also considered and the calculated c
rent as a function of field was found to be independent of
device length, consistent with the experimental results
Ref. 5.

The hole density near the hole injecting contact is det
mined by a competition between injection and backflow. F
ure 2 shows the calculated hole density at the hole inject
contact as a function of bias. The inset shows the calcula
hole density as a function of position for several values
the bias voltage. At low bias, where thermionic emissi
dominates injection, the hole density at the contact is ess
tially constant and given by the equilibrium value. At hig
bias, where tunneling dominates injection, the hole density
proportional to the tunneling injection current and has the F
functional form. As also shown in the inset, the hole dens
is a slowly varying function of position and thus diffusio
currents are small.@The hole~electron! injecting contact is at
the right ~left! in the inset.#

The steady state device current is constant across
structure, and for a hole-only device can be written as
difference between the injection and backflow current at
hole injecting contact. The device current is given by

~JFN1JTH!2JBF5JD , ~2!

where the total injected current (JFN1JTH) is the sum of the
FN tunnel and thermionic currents,JBF is the backflow cur-
rent, andJD is the device current. The backflow current
given by

JBF5nP~L !, ~3!

whereP(L) is the hole density at the contact and the pr
portionality constantn is determined by Eq.~2! at equilib-

FIG. 1. The calculated~solid line! and measured~dots! I–V characteristics
for an Al/MEH-PPV/ITO diode. The inset shows a Fowler–Nordheim pl
of the same results.
Appl. Phys. Lett., Vol. 69, No. 15, 7 October 1996
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rium whereJFN andJD vanish. Because the diffusion curren
at the hole injecting contact is small, the device current
well approximated as

JD5emE~L !P~L !, ~4!

wherem is the hole mobility andE(L) is the electric field at
the contact.P(L) can be found using Eqs.~2!–~4! and at
high bias the ratio of tunneling injection current to total cur
rent becomes

JFN
JD

5
n1emE~L !

emE~L !
. ~5!

Due to the low mobility of organic materials,emE(L) is
much smaller thanv and the device current is much smalle
than the tunneling injection current. The ratio of the right
hand side of Eq.~5! is a slowly varying function of bias
compared to the exponential dependence ofJFN. Therefore,
JD has nearly the FN functional form, but is orders of mag
nitude smaller than the tunneling current when tunnelin
dominates injection. Figure 3 shows a plot of the calculate
ratio JFM/JD as a function of bias. Above a bias of about 1
V, where tunneling dominates injection, the ratio is approx
mately constant with a value of about 5000. The inset of Fi
3 shows the electric field as a function of position. The fiel
is slowly varying across the device.

Due to the low mobility, the device current is limited by
drift of the hole density away from the hole injecting contac
At high bias this hole density is determined by a competitio
between tunneling injection and backflow. The addition of
transport layer at the contact with a larger mobility but also
larger Schottky energy barrier can increase the net curre
flow by increasing the drift current for a given hole density
Of course, the larger Schottky barrier reduces the hole de
sity at the interface so there is a trade-off between a high
mobility and a larger Schottky energy barrier. Figure 4 com

ot
FIG. 2. The calculated hole density at the ITO contact for the Al/MEH
PPV/ITO device as a function of the applied bias. The dots are the sca
Fowler-Nordheim current. The inset shows the hole density profile
throughout the device for different biases. The ITO~hole injecting! contact
is on the right side (X5120 nm!.
2271Davids et al.
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pares the calculated currents as a function of bias for the
nm single layer structure of Fig. 1 with a bilayered structu
consisting of a 100 nm luminescent layer with the sam
properties as in Fig. 1 and a 20 nm hole transport layer w
a 0.1 eV larger Schottky energy barrier and a mobility 1
times larger than the luminescent layer. For these parame
the bilayered structure has a larger net current at a given
voltage compared to the single layer structure even thou
the Schottky energy barrier of the hole transport layer
larger than the luminescent layer. The inset of Fig. 4 sho
the ratio (JFN/JD) for the bilayered structure as a function o
bias. As for the single layer structure, shown in Fig. 3, t
ratio is approximately constant when tunneling domina
injection. Comparison with Fig. 3 shows that the value of t
current ratio is reduced by approximately the mobility rati
These results show how a larger mobility in a transport lay
can reduce the backflow current and increase the total de
current. The larger mobility of the transport layer can he
compensate for the larger Schottky energy barrier to cha
injection so that the benefits of blocking carriers from tr
versing the device by the transport layer can be realiz
without severely reducing injection.

In summary, we presented device model calculations
single carrier organic diodes and compared with them m

FIG. 3. The ratio of the FN injected tunneling current at the ITO contact
the device current as a function of bias. The inset shows the electric fiel
a function of position for different biases.
2272 Appl. Phys. Lett., Vol. 69, No. 15, 7 October 1996
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surements of structures fabricated using MEH-PPV. The r
sults account for the observations of Ref. 5 and show ho
transport layers in multilayer organic light-emitting diodes
can be used to improve carrier injection.
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FIG. 4. Comparison of theI–V characteristics for a single layered Al/MEH-
PPV/ITO device ~dashed line! and a bilayered Al/MEH-PPV/transport-
layer/ITO device~solid line!. The inset shows the ratio of the FN injected
tunneling current at the ITO contact to the device current as a function
bias.
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