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SUMMARY We proposed the conduction mechanism of or-
ganic light-emitting diode (OLED) using a one-dimensional dis-
continuous model. We assumed that each emitting molecule cor-
responds to a hopping site according to the actual charge transfer
between adjacent molecules. Both carrier mobility of Alq3 and
barrier heights for each carrier were derived from experimental
data. We calculate transient behavior of carrier, field, and exci-
ton distribution. Both carrier injections assumed the Schottky
injection. In the previous results, when we assumed that cal-
culated current density fit the experimental one in the current
density field curve, calculated light-emission intensity did not fit
the experimental one in the light-emission field curve. Further-
more, the slope of the calculated light emission-field curve is too
small to fit the experimental one. In the previous study, hopping
distance was assumed to be 1 nm. In this study, it is assumed
to be 1.7 nm. We consider that field dependence of electron in-
jection is too weak to explain only the Schottky emission. When
the electron injection is assumed to be both Schottky emission
and Fowler-Nordheim emission calculated light-emission field as
well as the current-density field curves were fit to the curve of
each experimental characteristics.
key words: organic light-emitting diode, hopping conduction,

�eld distortion, carrier injection, Fowler-Nordheim emission

1. Introduction

An organic light-emitting diode (OLED) using an or-
ganic fluorescent dyes as an emitting material is an
emitting device. The device has many advantages: low
operating voltage, low power consumption, flat shape,
light weight, wide angle view, short response time, and
so on. Therefore, OLED displays will increasingly take
the place of liquid-crystal displays. Device performance
progress has been remarkable since the first report of
the Tang and Vanslyke [1]. In Japan, OLED is used as
a color display for mobile phones in 2001.

Although the structure of the device in which or-
ganic layers are sandwiched between two electrodes is
simple, light-emitting mechanisms of the device are
quite complicated. These mechanisms may be roughly
divided into three processes: the carrier injection pro-
cess from each electrode, the carrier transport pro-
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cess, and the emission process via excitons generated
by electron-hole recombination. For example, many re-
searchers tried to explain the carrier injection mech-
anism of OLED from the viewpoint of experimental
current-voltage characteristics. However, such exter-
nal information is insufficient to explain the injection
mechanism. Clarification of each process will ease im-
provement of current performance of the device.

When we improve on the device performance, it
is important to discuss the balance between electron
and hole injections. Rate of electron-hole recombina-
tion, field, and space-charge distributions in the device
are also important. However, it is impossible to obtain
and evaluate these parameters experimentally because
these parameters are “internal” OLED parameters. In
the present work, we assumed a simple model and at-
tempted to calculate carrier behavior in OLED devices
in order to clarify OLED light-emitting mechanisms.

2. The Model of Simulation

Many groups have attempted to simulate I-V charac-
teristics of devices [2], [3]. Calculations were carried
out using a “continuous model” in which conduction
current density is explained by carrier drift and carrier
diffusion. Davids et al. assumed that initial hole distri-
bution followed Maxwell-Boltzmann statistics [2]. They
treated only holes. However, Tsutsui et al. pointed out
that the main factor of current in organic film is not
always an equilibrium carrier density [4]. In general,
space-charge-limited current (SCLC) is used to explain
conduction of organic thin films such as OLED. In this
model, the injection field becomes zero, so that car-
rier density is infinite at the interface. However, this
density never becomes infinite since sites are limited in
organic films.

We proposed a one-dimensional discontinuous
model for simulation as shown in Fig. 1. Simulation of
carrier behavior in an insulator is based on the hopping
model proposed by Iwamoto and Hino [5]. Although
carrier density is not limited in continuous models, the
carrier number accepted by a molecule is limited in our
model. Because the carrier transport between organic
molecules is regarded as an intermolecular redox re-
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Fig. 1 One-dimensional hopping model.

action, our model approximates carrier behavior more
accurately than conventional continuous models. In
continuous models, the carrier number accepted by a
molecule was not limited.

We assumed a bilayer OLED of ITO/TPD/Alq3/
Al, where ITO, TPD, and Alq3 are indium-tin-oxide,
N,N’-diphenyl-N,N’-bis(3-methylphenyl)-1,1’-diphenyl-
4,4’-diamine, and hydroxyquinoline aluminum, respec-
tively. Thickness of each organic layer is 50 nm. Since
an Alq3 molecule is represented by a sphere of 0.8 nm
diameter, we approximate that these molecules are ar-
ranged with average distance of 1.73 nm in an electric
field. The number of sites is 30. Molecular stacking is
not considered. Maximum carrier density per unit area
is 1018 m−2 [(109)2].

Most parameters obtained by experiments can be
found in our previous papers [6]. The carrier conduc-
tion process is assumed as follows: (i) a molecule is a
hopping site, (ii) a site can be occupied by an electron
or a hole at most, (iii) carriers move only to adjacent
sites, and (iv) the hopping rate depends on not only
to carrier density, but also to the rate of unoccupied
adjacent sites. Conduction currents from the kth site
to the adjacent (k + 1)th site for hole (Jp(k,k+1)) are
represent as Eqs. (1)–(4).
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where N represents the maximum site density for a
molecular layer (=1018 m−2 ); pk, nk, and rk (m−2)
are densities of the hole, electron, and exciton of the
kth site, respectively; F(k,k+1) is an electric field be-
tween the kth and (k + 1)th sites; and U ′

p and U ′
n

(eV) are hopping barriers for holes and electrons, re-
spectively. Also, ν (s−1) is the attempt-to-escape fre-
quency; m shows site numbers for Alq3; and T , kB, and
q are temperature, the Boltzmann constant, and ele-
mentary charge, respectively. The hopping distance a
is assumed to be 1.73 nm, which is the average distance
between the two centers of adjacent molecules. Up and
Un were calculated using the equation for conventional
hopping transport from experimental carrier mobility,
mp, and mn [7]. Electron mobility is about 100 times
higher than hole mobility in Alq3; hole mobility in the
TPD bulk is about five orders of magnitude higher than
that in the Alq3 bulk [9]. We use Up (0.27 eV) as
U ′

p and Un (0.15 eV) as U ′
n respectively in Alq3. At

the TPD/Alq3 interface, U ′
p and U ′

n are Up+φbp and
Un+φbn, where φbp (0.26 eV) and φbn (0.83 eV) are bar-
rier heights for the hole and the electron, respectively.
Since φbn is so high that electrons are almost blocked
at the TPD/Alq3 interface, electron behavior can be
ignored in the TPD bulk. We use both Schottky emis-
sion and Fowler-Nordheim emission for electron injec-
tion from the cathode. Electron current density passing
between the Alq3 and the cathode interface, Jn(m,m+1),
is assumed as
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where φn (eV) is the barrier height for electron injection
from the cathode to an Alq3 molecule and is estimated
to be 0.67 eV, and An, ε0, and εr are initial parameters
based on the Richardson-Dushman constant for elec-
trons, vacuum permittivity, and relative permittivity of
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Alq3 bulk, respectively. Hole injection from an anode is
assumed to be due to Schottky emission. The hole cur-
rent density passing through the TPD/Alq3 interface,
Jp(0,1), is assumed to be the same at the ITO/TPD in-
terface because a space charge density is negligible in
the TPD bulk except for the site adjacent to the Alq3.
Thus, the interface is assumed to be a hole reservoir as
shown in Eq. (6). As holes are accumulated in the TPD
site closest to the TPD/Alq3 interface, we can regard
this site as a reservoir for holes. Hole density is rep-
resented as pres, that is, p0 = pres [8]. Therefore, the
hole conduction current passing through the TPD/Alq3
interface is obtained by substituting pres into Eq. (1):
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Barrier height, φbp, for hole injection from the
TPD molecule to Alq3 is estimated to be 0.26 eV. Cur-
rent density flowing in an external circuit consists of the
hole conduction component Eq. (7), and the electron
conduction one Eq. (8), both of which are derived from
the continuity equation under dc field, Jp is hole cur-
rent density; Jp(0,1), Jp(m,m+1), wJp(0,1) and the sum
of Jp(k,k+1) are hole current densities flowing in the
TPD/Alq3 interface, the Alq3/Al interface, the TPD
bulk, and the Alq3 bulk, respectively.

Jp =

[
1
2
{Jp(0,1) + Jp(m,m+1)} + wJp(0,1)

+
m−1∑
k=1

{Jp(k,k+1)}
]
. (7)

In the equation above, Jn is electron current den-
sity; Jn(0,1), Jn(m,m+1), and the sum of Jn(k,k+1) are
flowing the TPD/Alq3 interface, the Alq3/Al interface,
and the Alq3 bulk. Electron mobility in the TPD bulk
is very low and electron current is negligible.

Jn =

[
1
2
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k=1

{Jn(k,k+1)}
]
. (8)

Here, w is the number of sites in TPD. Time vari-
ation of hole density is shown in Eq. (9) and that of
electron density is shown in Eq. (10).
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where R is an electron-hole recombination coefficient
for Alq3 molecules. Fields are expressed as Eqs. (11)–
(13), which are derived from the Poisson equation.
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in those equations, d and Va are thickness and applied
voltage Va of the device. When L is the length of exci-
ton diffusion and τ is the fluorescence lifetime in Alq3,
the diffusion coefficient, D, is shown by Eq. (14).

D =
L2

τ
(14)

Time variation of exciton density is shown by Eq. (15).

drk
dt

= Rnkpk +D(N − pk − nk − rk)
d2rk
dk2

+Drk
d2

dk2
(N − pk − nk − rk) − rk

τ
. (15)

Electroluminescence (EL) intensity is assumed to
be proportional to the sum of Rnkpk in the Alq3 layer
(k: from 1 to m),

EL ∝ 1
τ

m∑
k=1

Rnkpk. (16)

3. Results and Discussion

3.1 Carrier Behaviors

In this simulation, the carrier (electron and hole) distri-
bution and field distribution as well as current density
and EL intensity are calculated when DC step voltage
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is applied.
Distributions of hole density, electron density, and

exciton generation density are shown in Figs. 2–4, re-
spectively. In these calculations, recombination rate,
R= 1.0×10−5 m2s−1, is used to calculate exciton gen-
eration distribution.

Holes are accumulated near the TPD/Alq3 inter-
face, as shown in Fig. 2. Hole density decreases with
distance from the TPD/Alq3 interface. Holes are ac-
cumulated within 10 nm distance from the interface
(Fig. 2) because of low hole mobility in the Alq3 layer.
In the emission layer (Alq3), electrons injected from a
cathode move to the TPD/Alq3 interface. Electrons
are comparatively uniformly distributed in Alq3 bulk
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Fig. 5 Distribution of electric field at Fa = 140 MVm−1.

(10 ≤ position ≤ 50), and decrease near the TPD/Alq3
interface. Electron density near the TPD/Alq3 inter-
face is lower than that near the cathode, as shown in
Fig. 3. Distribution of hole density differs from that of
electron density because electron mobility is 100 times
faster than hole mobility in the Alq3 layer. Figure 4
shows distribution of generated exciton density after 30,
100, and 250 ns. Exciton generation due to recombina-
tion occurs near the TPD/Alq3 interface. Distribution
of exciton generation depends on the product of hole
and electron densities. The electron density rapidly de-
creases near the interface because of the recombination
of electron and hole, resulting in generating excitons
near the TPD/Alq3 interface. Exciton generation den-
sity achieves a maximum value and it moves from the
interface with time. Since electron density is lower than
hole density, all electrons are considered to recombine
with holes before reaching the TPD/Alq3 interface.

Figure 5 shows the field distribution in both or-
ganic layers at an average field, Fa = 140 MVm−1.
Field distortion in TPD bulk is little observed at
Fa =140 MVm−1 where OLED shows strong luminance
over 600 cdm−2. Our one-dimensional discontinuous
calculation model suggests that conduction in OLED
cannot be explained by a typical SCLC conduction
model since field distortion is not observed near both
cathodes in organic layers.

3.2 Transient Response Characteristics

Figures 6 and 7 show calculated time dependence of
current density and EL intensity at Fa = 140 MVm−1.
Hole current density, Jp, of 100 ns decreases until it
reaches 90% of 30 ns. Since distribution of hole den-
sity spreads into the Alq3 bulk over time, as shown
in Fig. 2, accumulation of electrons results in inducing
field relaxation near the interface (Fig. 5). Also, the
amount of injected electrons decreased. In 30 ns, elec-
tron current density is 90% of 100 ns and saturated.
Thus, electron current density appears to be saturated
after 100 ns. It has a turning point in 30 ns; after which
EL begins to increase. Amounts of injected electrons
and recombined electrons equalize due to exciton gener-



OGAWA et al.: STUDY ON THE CONDUCTION MECHANISM OF ORGANIC LIGHT-EMITTING DIODE
1243

4000

3000

2000

1000

0

 C
ur

re
nt

 d
en

si
ty

 [A
m

-2
]

250200150100500

Time [ns]

Jp

Jtotal

Jn

30 ns 

Fig. 6 Time dependence of current densities at F =
140MVm−1.

14

12

10

8

6

4

2

0E
L

 in
te

ns
ity

 [
x1

021
 a

rb
.u

ni
ts

]

250200150100500

Time [µs]

100 ns

Fig. 7 Time dependence of EL intensity at Fa = 140MVm−1.

0.8

0.6

0.4

0.2

T
im

e 
[µ

s]

1401201008060

F [MVm-1]

 90% of  saturation
 delay time of EL

Fig. 8 Field dependence of delay time for luminance.

ation near the TPD/Alq3 interface. When an applied
electric field is small, (Fa < 100 MVm−1), the delay
time of EL (solid line) and 90% of EL value at 250 ns
(dashed line) is longer than when a high electric field
is applied in Fig. 8.

3.3 Field Dependence of Current Density and Lumi-
nance

Figure 9 the calculated current densities flowing in an
external circuit. The calculated current density nor-
malized by the current density at Fa =100 MVm−1

are used to calculate at other Fa. The curves of calcu-
lated (solid line) agree to those of experimental (dashed
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line), as shown in Figs. 9 and 10. In our previous work,
we considered only Schottky emission as electron in-
jection mechanism. EL intensity did not agree with
experimental values at low electric field although calcu-
lated density agreed with experimental data [11]. After
considering both Fowler-Nordheim emission and Schot-
tky emission into electron injection mechanism, Fowler-
Nordheim emission is dominant in high fields, as shown
in Fig. 11.
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4. Conclusions

We assume a one-dimensional hopping conduction
model for the OLED: each emitting molecule corre-
sponds to a hopping site simulating actual charge trans-
fer between adjacent molecules. Time dependence of
carrier, exciton and EL intensity, and distributions of
field and carrier density are calculated. Hole and elec-
tron densities decrease near the TPD/Alq3 interface.
As a result, the density of exciton generation achieves
its maximum within 10 nm from the TPD/Alq3 inter-
face. Field distribution due to the space charge effect
is not apparent in the TPD bulk. These results suggest
that the conduction mechanism in bilayer OLED can-
not be explained by a typical SCLC conduction model.
This model accommodates Fowler-Nordheim emission
as an electron injection mechanism. As a result, be-
havior of current density and EL intensity agree with
measured current density and luminance. From above
results, a simple bilayer and discontinuous model is ef-
fective for investigating OLED carrier behavior.
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