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A numerical model for bilayer organic light-emitting diodes (OLEDs) has been developed on the basis of trapped

charge limited conduction.

The dependences of the current density on the operation voltage, the thickness and

trap properties of the hole transport layer (HTL) and emission layer (EML) in bilayer OLEDs of the structure an-

ode/HTL/EML/cathode have been numerically investigated. It has been found that, for given values of reduced trap

depth, total trap density, and carrier mobility of HTL and EML, there exists an optimum thickness ratio of HTL to

the sum of HTL and EML, by which a maximal current density, and hence maximal quantum efficiency and luminance,

can be achieved. The current density decreases quickly with the mean trap density, and decreases nearly exponentially

with the mean reduced trap depth.
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1. Introduction

Organic light-emitting diodes (OLEDs) have re-
ceived considerable attention since the first demon-
strations of practical electroluminescent device based
on molecular and polymer materials.!! ~3! Their ease of
fabrication, high efficiency, compatibility with flexible
and curved substrates and prospect of low cost make
them appealing candidates for display applications.
For the simplest device structure, an organic elec-
troluminescent layer sandwiched between two metal
electrodes (single layer OLED), a number of theoret-
ical studies regarding the injection and transport of
charge carriers have been carried out.[*~8 Although
ease to fabricate, single layer OLEDs are generally
inefficient. Two principal factors limit the efficiency
of single layer OLEDs, (1) different electron and hole
mobilities cause the recombination to occur near an
electrode, where dipole quenching and nonradiative
losses reduce device efficiency; and (2) unbalanced car-
rier injection results in a large fraction of one carrier
type traversing the device without recombination. Bi-

layer OLEDs, generally composed of two organic lay-

ers sandwiched between two electrodes, are able to
overcome these difficulties by controlling the distri-
bution of carriers in the device using discontinuities
in either the energy levels or carrier mobilities or the
thickness of the two organic materials used to fabri-
cate the device. In bilayer OLEDs, one organic layer
is responsible for light emission, called emission layer
(EML), and the other is responsible for hole transport
and electron blockade, the hole transport layer (HTL)
(for n-type luminescent materials) (Fig.1), or for elec-
tron transport and hole blockade, the electron trans-
port layer (ETL) (for p-type luminescent materials).
Under application of a proper bias, holes will be in-
jected from the anode into the HTL and electrons will
be injected from cathode into the EML. The injected
holes and electrons migrate towards the HTL/EML
interface, and light will be emitted through the re-
combination of holes and electrons in the EML near
the interface. Recent work of Nikitenko and Bassler
was devoted to analytical modelling of bilayer OLEDs
on the basis of an empirical formula of field dependent

carrier mobility.l?! In a previous paper,® we have pro-
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posed a numerical model for single layer OLEDs on
the basis of trapped charge limited (TCL) conduction

[10.11] We report in this work the extension of

theory.
that model to bilayer OLEDs, and the numerical simu-
lation results of the dependence of the current density
on the operation voltage, the layer thickness and the

trap properties of HTL and EML.

2.Numerical model

Organic luminescent materials have generally
poor electric conductivity with carrier mobility ranges
from 1072 to 1078cm?V~ls71,

are single carrier conducting. That is, they have ei-

and most of them

ther much higher conductivity for holes than for elec-
trons, generally several orders of magnitude larger,
or vice versa. So the contributions of electrons
in the HTL and holes in the EML to the cur-
rent are negligible in most cases. The following
discussions are based on bilayer OLEDs with an-
ode/HTL/EML/cathode structure (Fig.1), but the re-
sults are also valid for bilayer OLEDs with a structure
of anode/EML/ETL/cathode. To simplify the prob-
lem, we assume: (1) In the HTL there exist only free
and trapped holes as well as hole current and in the
EML only free and trapped electrons as well as elec-
tron current, that is, electron density and electron cur-
rent in HTL as well as hole density and hole current
in EML are negligible; (2) the mobility of holes and
electrons are independent of the electric field; (3) the
energy barrier at HTL/EML interface is so small, that
its influence to carrier conduction can be neglected.
The electric potential ¢, field F', total hole density p,
total electron density n and current density j at posi-
tion z in the HTL (0 < z < d,,) or EML (d;, < z < d)

are associated through following equations:
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Fig.1. Structure of a bilayer OLED.
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Here q is the elementary charge, g, €, and &, are
the permittivity of vacuum, the relative dielectric con-
stant of the HTL and EML, respectively; ps and p; are
concentrations of free holes and trapped holes in the
HTL, respectively, and ns and n; are that of electrons
in EML. p;, and D, are the mobility and diffusion co-
efficient of holes in the HTL, and u, and D, are that
of electrons in EML; d,,, d, and d are the thickness
of the HTL, EML and the sum of them, respectively.
kg is the Boltzmann constant and T' the ambient tem-
perature. The zero point of coordinate z is located at
the anode/HTL interface.
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Fig.3. Density distribution of hole traps (dashed line)
and the energy distribution of trapped holes (solid
line). The zero point of Eyp is at EgoMmo-

Assuming that Einstein relation is still valid, we have:

12 kBT
Dy, = -, (6)
q
wksT
D, = B (7)
q

Experimental results show that the transport of
charge carriers in organic materials can be described
by trapped charge limited conduction with an expo-
nential trap distribution (TCL). According to TCL
theory, the trap density in organic layer are dis-

tributed in energy as follows:[!2!

hP( tp) = kBTl e kBTlp’ (8)
P
Hn _ _E¢n
o (Ein) W e Fmiin (9)

where Ey, is the energy of hole trap-states respective
to the energy of the highest occupied molecular orbit
(HOMO) (Fig.2), and Ey, is the energy of electron
trap states respective to the lowest unoccupied molec-
ular orbital (LUMO); hy, (Eyp) is the density of hole
trap states per unit energy in the vicinity of trap en-
ergy Ey,, and h,, (Ey,) is that of electron traps. I,
and [, are the reduced trap depths, which are de-
fined as the ratio of the characteristic trap energy
of trap distribution to thermal energy kg7, that is
l, = Eycp/kpT and l, = Eyc,/kgT. Hyp and Hy, are
the total density of hole trap states and electron trap
states, respectively. The density of trapped holes or
trapped electrons can be obtained by the integration
of the product of h, (E,) or h, (Ei,) and proper
Fermi—Dirac distribution function over the trap ener-
gies in the range [0, +00] or [—0, 0] (Fig.3). In organic
semiconductors, the concentration of free charges ps is

generally much smaller than that of the total charges

Vol. 12
p, and they are associated through following Eqs [13]
Opr 0<z< dp,
pr = . (10)
Op~ dy, <z <d,

gp 0<z<d,,
d, <z <d,

—qNrumo

(13)
where Ngomo and Npumo are the density of states
of the HOMO and LUMO, respectively. Substituting
Egs.(11)—-(13) into Eq.(10), we obtain

lP
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sin | —
AUYA
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1Y

In
. ™
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——nl | b (15)
th<l£>

For the convenience of derivation of formula, dimen-

pr = Nuomo (14)

ng = NLuMmo

sionless quantities v, F, u, s, and ¢, which are called
respectively the reduced charge density, reduced elec-
tric field, reduced voltage, reduced position and re-

duced current density, are defined as follows:

qd?
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s= (20)

The value of the reduced position s is between 0 and
1.

Substituting Egs.(6), (7), (10), (17) and (19) into
Eq.(4), we have

d
Byl — vl"v’*"ldl 0<z<d,
i= sch (21)
—Exh — ’yl“'yl“*lg dp <z <d,
dE . Y nggdpy (22)
ds -y dp, <z <d.

For the convenience of predigesting the above equa-

tions, dimensionless variables z and y are defined as:

AR 0<a<d,,

z= L (23)
i I E d, <z<d,
Ty 0<z<d
Ry ST S

Yy=9 .__=2_ v (24)
i TFly dpy <z <d.

Substituting them into Eqs.(21) and (22), we have

dy 1
&:Z_yTp OSCBSdP, (25)
dy 1
£:Z+E dp<3:§d. (26)

It can be seen from Egs.(25) and (26) that, y has
1

minimum values Ymp = Zmp oat 2z = Zmp, and
1

Yuon = (—2Zmn) ® at z = zym,. Eqgs.(25) and (26) are

solved by using standard numerical methods with the

points (Zmp, Ymp) and (Zmn, Ymn) as starting values.
3.Results and discussion

Numerical solutions to Egs.(25) and (26) for dif-
ferent values of z,, and 2z, are shown in Fig.4. It is
to seen that, the function y(z) are unvaried for differ-
ent values of z,,, when z < 0 and 0 < 2 < d,, and for
different values of zp,, when z > 0 and d, < = < d.
Fig.5 shows the dependences of current density to
thickness ration d,,/d for different combinations of re-
duced trap depth (I, [,)) in the HTL and EML, un-
der a constant d values (d=200nm). If the reduced
trap depth (I, l,), total trap density (Hyp, Hin) and
carrier mobility (gp, pn) in the HTL and EML are
nearly equal, then the device will have maximum cur-
rent, and hence maximal quantum efficiency and lu-
minance, when d, /d=0.5, or d;, = d,, (Fig.1(a)). If the
total trap density and carrier mobility in the HTL and
EML are nearly equal, but the reduced trap depth is

different, then the current density will be greater when
the HTL is thicker than the EML for I, < [,,, or when
it is thinner than EML for I, > I, (Fig.5(b)). Thus,
in designing bilayer OLEDs using luminescent mate-
rials with deep trap states, high trap density and low
electron mobility, hole transport material with shal-
low trap states, low trap density and high hole mobil-
ity should be chosen, and the EML should be made
thinner than the HTL.
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= 30
20
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ok
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Fig.4. Numerical solutions to Eqgs.(25) and (26) for different
values of zmp and zmn with (a) for 0 < z < dp and (b) for
dp < & < d. The rest of parameters are I, = I, = 2.

On the contrary, when the reduced trap depth
and the total trap density of EML are small and its
electron mobility is high, then hole transport mate-
rials with deep trap states, high trap density and
low hole mobility can be used, but the HTL must
be made thinner than the EML. Naturally, the EML
cannot be too thin, because, on one hand, pinhole
problem can occur in ultra thin organic films, ' and
on the other, excitons generated by the recombination
of holes and electrons can diffuse towards the bound-
ary of the EML, and some of them will go out of the
EML if the thickness of EML is less than the diffusion
length of the excitons. In fact, the diffusion length of
excitons in green luminescent organic material tris (8-
quinolinolato) aluminium (Alqgs) has been determined
to be about 20nm.!!%!
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The rest of parameters used for this simulation are: d=200nm,
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Fig.6. Calculated dependences of the current density on the
mean trap density with d=200nm, dp/d=2/3, Hip/Hin=1,
pp = 107 4cm?V~—1s7! and pn = 10 °cm?V—1s71, for dif-
ferent values of I, and Iy.
In order to characterize the trap properties of the
whole bilayer OLEDs, mean trap density H;, and

mean reduced trap depth l,,, are defined as follows:
_ dpHyy +dyHiy
a dp + dy

;_ doHiply + duHinls
" detp + dnth

Htm ) (27)

(28)

and [,, with d=200nm,
pp=10"%cm?V~—1s~! and

It is seen that the current

different values of I
d,/d=2/3, H,/H=1,
pn=10"%cm?2V-1s~1
density decreases quickly as the mean trap den-
sity increases. An increase of one orders of mag-
nitude of the mean trap density will result in a
reduction of the current density for about 3 or-
ders of magnitude. The dependences of the cur-
rent density on the mean reduced trap depth for
different values of Hy, and H;, with d=200nm,
d,/d=2/3, pp=1.0x10"*cm?V~1s71  and
pn=1.0x10"%cm?V~1s~! are shown in Fig.7. It is ev-

lo=ln,

ident that, the logarithm of the current density de-
creases nearly linearly with the mean reduced trap
depth, or the current density decreases exponentially
with the mean reduced trap depth, and the greater
the mean trap density Hi,,, the steeper the decrease

of the current density.

Figure 8 shows the calculated current-voltage
characteristics for different values of hole and elec-
tron mobility as well as thickness ratio d,/d, with
1,=2.5, 1,=4.5, Hy,=H;, = 10%cm™3, Npomo =
Nrumo = 10Pcm ™3, erp=€rn=2 and T'=300K. It can
be seen that, the higher the hole mobility, the greater
the current density and its rate of increase for con-
stant thickness ratio (d,/d=0.85) and electron mobil-
ity (un=10"5cm?V~1s71) (curves 1, 2 and 3 in Fig.8).
So when a n-type electroluminescent material with
deep traps has been chosen for the EML, the hole
conducting material for the HTL must have a hole

mobility as high as possible, in order to achieve high
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device current. If the carrier mobility of the HTL and
EML are nearly equal, then the current will decrease
with the thickness ratio d,/d (curves 3, 5 and 6 in
Fig.8), which is in consistent with the results shown
in Fig.5(b). For constant thickness ratio (dp/d=0.6)
and hole mobility (u,=10"°cm?V~1s7!) in the HTL,
current density increases with the electron mobility of
the EML (curves 6 and 4 in Fig.8).

(10-%, 105, 0.85)

—4_
2 6.0x10 (103, 10-5,
g 0.85) ~« (10-5, 104, 0.6)
© 1
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8 2.0x107%} (1675, 1075, 0.6)
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O

0.0 o i 1 1

0 5 10 15 20

Operation voltage V /V

Fig.8. Calculated current-voltage characteristics for six
different combinations of hole and electron mobility (in
cm?V~1s71) as well as thickness ratio (up, in, dp/d),
with d=200nm, 1,=2.5, ln=4.5, Hyp=Htn = 101%cm~3,
Nupomo = Npumo = 1020C1’1'1737 erp=€rn=2.0 and
T=300K.

An ITO/PEDOT: PSS/F8/CsF/Al device is a
typical ohmic injection bilayer OLED, where PE-
DOT:PSS and F8 denote polystyrenesulfonic acid
doped with poly (3, 4-ethylene dioxythiophene) and
poly (9, 9-dioctylfluorene), and serve as the HTL
and EML, respectively. The ultra thin CsF layer
(4 nm) plays the role to reduce the energy barrier
between Al and F8.

and simulation result of current-voltage characteris-

Fig.9 shows the experimental

tics for this device. The experimental data from ref-
erence (19! are presented by filled circles and the solid
line is the result of the simulation. The simulation
parameters are d=130nm, d,=60nm, l,=4.4, [,=5.6,
pp =2x1077em?V=ls7l ) =2 x 107 8em?V—1s7
Hy, =2x 10Y7cm ™3, Hip = 4 x 107cm 3, Naomo =
Nrumo = 102%cm =3, erp=€m=2.0 and T'=300K. The
simulation result agrees very well with the experiment

for operation voltage greater than 4.7V. The small dis-

crepancy between simulation and experiment for op-
eration voltage less than 4.7V is caused mainly by the
energy barrier at HTL/EML interface, which is ig-

nored in the simulation.

0.08¢
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IE calculated values
§ o.0s}
.i 0.05F
Al
2 o004}
-§ 0.03F
...1
g 0.02}F
5 0.01}
o .
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3.0 3.5 4.0 4.5 5.0 5.5 6.0
Operation voltage V/V
Fig.9. Experimental and simulation results of j-V de-

pendences for ITO/G-PEDOT: PSS (60nm) /F8 (70nm)

/CsF/Al bilayer OLED. The experimental data from ref-

erence 1161 are presented by filled circles, while the solid

line is the result of simulation. The parameters used in
the simulation are d=130nm, dp,=60nm, l,=4.4, [,=5.6,
Pp = 2 X 107 7ecm?V—1s71 pp = 2 x 10 8em?2V—1s71,
Htp =2X 101701’11737 Hiyn = 4 X 1017C1’1’1737 Nuomo =
Nrumo = 102° ecm ™3, e;p=£;m=2.0 and T=300K.

4. Conclusions

The dependences of the current density on the
layer thickness, trap properties and operation volt-
age are numerically investigated, and following conclu-
sions are arrived at: (1) For given values of reduced
trap depth, total trap density and carrier mobility,
there exists an optimum value for the thickness ra-
tio of d,/d, with which the maximal current density,
and hence quantum efficiency and luminance, can be
achieved; (2) The current density decreases quickly as
the mean trap density increases, and an increase of
one orders of magnitude of the mean trap density will
result in a reduction of the current density for about 3
orders of magnitude; (3) The current density decreases
exponentially with the mean reduced trap depth, and
the greater the mean trap density, the steeper decreas-

ing the current density.

References

[1] Tang C W and Van Slyke S A 1987 Appl. Phys. Lett. 51
913

[2] Burroughes J H et al 1990 Nature 347 539

[3] Braun D and Heeger A J 1991 Appl. Phys. Lett. 58 1982
[4] Xu X M et al 2002 Acta Phys. Sin. 51 2380 (in Chinese)
[5] Li HJ et al 2002 Acta Phys. Sin. 51 430 (in Chinese)

[

6] Li HJ et al 2001 Acta Phys. Sin. 50 2247 (in Chinese)



802

Peng Ying-Quan et al

Vol. 12

[10]

(11]

Campbell A J, Bradley D D C and Lidzey D G 1997 J.

Appl. Phys. 82 6326
Peng Y Q et al 2002 Chin. Phys. 11 1076
Nikitenko V and Béssler H 2001 J. Appl. Phys. 90 1823

Campell A J, Weaver M S and Lidzey D G 1998 J. Appl.

Phys. 84 6737
Burrows P E et al 1996 J. Appl. Phys. 79 7991

Yang J and Shen J 1998 J. Appl. Phys. 83 7706
Bonham J S and Jarvis D H 1977 Austr. J. Chem. 30 705
Lim S F 2001 Appl. Phys. Lett. 78 2116

Tang C W, Van Slyke S A and Chen C H 1989 J. Appl.
Phys. 65 3610

Fung M K et al 2002 Appl. Phys. Lett. 81 1497



