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Abstract—The dependence of the current and power efficien-
cies of bi-layer organic light-emitting diodes (OLEDs) on the thick-
ness of the constituent organic layers is reported. The thickness of
the electron and hole transport layers was simultaneously varied
to determine the optimal configuration for power efficiency. It was
verified that the inclusion of a suitable electrode buffer layer re-
duced the effective energy barrier against carrier injection, thus
improved the injection efficiency. An optimal thickness for the elec-
trode buffer layer was also identified and explained.

Index Terms—Alq3, CuPc, electrode buffer layer, organic light-
emitting diode, TPD.

I. INTRODUCTION

T HOUGH liquid-crystal display is presently the dominant
flat-panel display technology because of its portability,

low power consumption, and mature manufacturing practice,
organic light-emitting diode (OLED) has attracted great atten-
tion [1]–[3] since the demonstration of efficient electro-lumi-
nescence (EL) from a bi-layer device by Tanget al.[4]. In addi-
tion to sharing many of the favorable attributes with liquid-crys-
tals, OLEDs are attractive as alternative display components be-
cause of their relative merits of being self-emitting, having large
intrinsic viewing angle and fast switching speed. However, be-
cause of their relatively short history of development, much re-
mains to be explored in terms of their basic device physics and
design, manufacturing techniques, stability, and integration with
such active electronic elements as transistors [5]–[8].

Efficient EL in an organic semiconductor requires not only
balanced injection of but also similar mobility values for elec-
trons and holes. This is accomplished in a bi-layer OLED by
incorporating an electron transport layer (ETL), in which con-
duction is dominated by electrons, and a separate hole trans-
port layer (HTL), in which conduction is dominated by holes.
This configuration allows independent optimization of the injec-
tion and transport characteristics using, respectively, properly
selected electrodes and transport materials. The energy levels
of the ETL and the HTL are designed to give rise to an energy
barrier that confines the radiative decay of electron-hole pairs
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(excitons) to within an emission zone close to the ETL/HTL in-
terface and away from the conducting electrodes, thus reducing
image-charge-induced radiation quenching due to interference
effects.

For a large class of organic semiconductors, conduction at
low to medium current density is limited by thermionic emis-
sion of the dominant charge carriers over the energy barrier
at the interface between the emitting electrode and the corre-
sponding transport layer [9]. A higher energy barrier gives rise
to a larger impediment against carrier injection, thus resulting
in increased diode “turn-on” voltage and reduced luminous flux
power efficiency —defined as the ratio of the luminous flux
output of the EL device to the corresponding driving electrical
power. For a given material combination of ETL and HTL, it
has been found that the injection efficiency can be improved by
inserting a buffer layer between the electrode and the transport
layer [10]—if the buffer layer is appropriately chosen so that its
energy level is intermediate between the Fermi level of the elec-
trode and the corresponding energy level of the dominant charge
carriers of the transport layer.

Though further improvement in luminous efficiency using a
variety of other techniques has been reported, such as the use of
multi- [11], [12] or mixed [13], [14] transport layers and the in-
corporation of emission/recombination dopants [15], [16], little
has been reported on the dependence ofand the luminance
current efficiency —defined as the ratio of the output lumi-
nance to the driving current density —on the thickness
of the ETL, HTL, and the electrode buffer layer of OLEDs with
a given material combination.

The two efficiencies and are not independent. Assuming
a Lambertian emission pattern [17]

(1)

where is measured normal to the emitting surface andis
the applied voltage. While depends on the optical coupling
and the internal quantum efficiencies [18], it is fairly constant
or only weakly varying over a large range of. On the other
hand, is clearly bias dependent and inversely proportional to

. Typical examples of the dependence ofand on are
shown in Fig. 1. Note how peaks at a low bias and decreases
monotonically with increasing .

In this paper, detailed study has been performed on OLEDs
based on tris-8-hydroxyquinoline aluminum (Alq) as the
ETL and the principal emission layer, N, N-diphenyl-N, N
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Fig. 1. Dependence of the current and power efficiencies on driving current
density.

bis (3-methylphenyl)-1, 1-biphenyl-4, 4-diamine (TPD) as
the HTL and copper phthalocyanine (CuPc) as the electrode
(anode) buffer layer. The OLEDs were characterized in terms of
their and . The optimal thickness for the various constituent
organic layers has been identified and discussed.

II. OLED FABRICATION

Glass coated with 75-nm thick indium-tin oxide (ITO) was
used as the starting substrate. The sequence of pre-cleaning prior
to loading into the evaporation chamber consisted of soaking in
ultra-sonic detergent for 30 min, spraying with de-ionized (DI)
water for 10 min, soaking in ultrasonic DI water for 30 min,
oven bake-dry for 1–2 h, and ITO surface stabilizing ultraviolet
ozone illumination [19] for 9 min.

The base pressure in the evaporator was about 8Torr. The
constituent organic thin films were deposited from sublimation
of commercial grade Alq, TPD and CuPc powder loaded in
resistively heated evaporation cells. The deposition rates of the
organic thin films were 0.2–0.4 nm/s. While the ITO formed the
anodes of the OLEDs, composite layers of 1 nm lithium fluoride
(LiF) topped with 150 nm aluminum (Al) were used as the cath-
odes [20]. The deposition rates of LiF and Al were 0.02–0.05
nm/s and 1–1.5 nm/s, respectively. Film thickness was deter-
minedin situ using a crystal monitor.

The basic OLED structure (Fig. 2) studied consisted of
ITO/CuPc/TPD/Alq /LiF/Al, with the CuPc anode buffer
layer (ABL) optionally removed. Diodes with 5% rubrene
doping in the TPD layers and exhibiting higher emission
efficiencies were also separately studied. A set of shadow
masks was used to define the 4-mm diameter OLEDs. The
devices were characterized in room ambient and temperature
without encapsulation. EL photometric characteristics were
measured using a Kollmorgen Instrument PR650 photo-spec-
trometer. Current–voltage (– ) characteristics were measured
using a Hewlett-Packard HP4145B Semiconductor Parameter
Analyzer.

Fig. 2. Bi-layer OLED basic structure.

TABLE I
THICKNESS OFAlq AND TPD INVESTIGATED

Fig. 3. Contour plotp of the luminous flux power efficiencies(�) of OLEDs
with different Alq and TPD thickness values. The TPD is not doped with
rubrene and the numbers labeling the contours are values of� in lm/W.

III. EFFECTS OFAlq AND TPD THICKNESS

The thickness combinations of Alqand TPD investigated
are summarized in Table I. The thickness of Alqand TPD was
varied from 30 nm to 60 nm and from 20 nm to 50 nm, respec-
tively. At an increment of 10 nm, a complete permutation of
16 configurations was studied. The TPD layers in these devices
were not doped with rubrene and 20-nm CuPc ABLs were used
in all of the OLEDs.

Shown in Fig. 3 is a contour plot of the peakof OLEDs
with different Alq and TPD thickness, whereis calculated ac-
cording to (1) using measured along the normal to the emitting
surface. An optimal clearly exists within the range of thick-
ness explored, with a maximum value of2 lm/W measured
for the device with 40 nm TPD and 50 nm Alq. As a compar-
ison, a maximum of 5 lm/W was measured in devices with
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Fig. 4. Dependence of OLED Luminance(L)—current density(J)—voltage
(V ) characteristics on the thickness of Alq. The thickness of TPD is fixed at
40 nm.

rubrene-doped TPD. The behavior shown in Fig. 3 further indi-
cates that when the thickness of either the TPD or the Alqis
fixed, invariably exhibits a maximum as that of the other is
systematically varied. Two such typical series are reported, one
collected from OLEDs with a fixed TPD thickness and the other
from OLEDs with a fixed Alq thickness.

For the series with a fixed TPD thickness, the device struc-
ture studied was ITO/CuPc (20 nm)/TPD (40 nm)/Alq/LiF (1
nm)/Al (150 nm). The thickness of Alqwas varied from 30 nm
to 60 nm. Shown in Fig. 4 are the corresponding “Luminance

—current density —voltage ” characteristics. Inde-
pendent of the Alq thickness, was found to increase linearly
with . Therefore, it is possible to calculate the luminance cur-
rent efficiency as the ratio of to . The dependence of the
relative luminance current efficiency (Rel-), the relative lumi-
nous flux power efficiency (Rel-) and the turn-on voltage ( )
on Alq thickness is shown in Fig. 5. The two relative efficien-
cies are defined as the ratios ofand at a given Alq thickness
to the respective maximum values for the series.is defined
as the smallest voltage at which luminescence is visually de-
tected. For any given , Rel- increases with increasing Alq
thickness. This is expected since the separation between the ex-
citon recombination zone, which is confined to a region of about
20 nm from the TPD/Alq interface [21], and the cathode elec-
trode increases with increasing Alqthickness. Consequently,
image dipole-induced radiation quenching is reduced.

However, the observed monotonic increase inwithin the
range of Alq thickness studied does not lead to a similar be-
havior in . It can be seen from the– characteristics (Fig. 4)
that increases monotonically with increasing Alqthick-
ness. This is not surprising since the electric field at a given

progressively decreases with increasing thickness, thus ad-
versely affecting both the injection and the transport of charge
carriers. Consequently, first increases with increasing Alq
thickness due to improvedthen decreases with further increase
in thickness due to increase in . The highest is obtained at
an Alq thickness of 50 nm, as shown in Fig. 5.

Fig. 5. Dependence of the relative luminance current efficiency, luminous flux
power efficiency and the turn-on voltage on the thickness of Alq.

Fig. 6. Dependence of the EL spectra on the thickness of Alq. The radiance
values have been normalized by the peak radiance of each spectrum.

The EL spectra taken along the direction of the surface normal
of the OLEDs with different Alq thickness are shown in Fig. 6.
The characteristic spectral attributes are summarized in Table II.
While the full widths at half maximum (FWHM) of 84 nm to
96 nm are relatively constant as the Alqthickness is increased
by 30 nm from 30 nm to 60 nm, there is a24 nm red-shift
of the spectral peak. This shift has been associated with the
dependence of the micro-cavity-induced wave-guiding effects
on Alq thickness [18]. The ratio of the shift to the change in
Alq thickness is 0.8, which is close to the value of0.7 re-
ported for the roughly similar OLED configurations [18] with
4, 4 -bis[N-(1-napthyl)–N-phenylamino] biphenyl (-NPD) as
the HTL.

For the series with a fixed Alqthickness, the device struc-
ture studied was ITO/CuPc (20 nm)/TPD/Alq(50 nm)/LiF (1
nm)/Al (150 nm). The thickness of TPD was varied from 30 nm
to 70 nm. The corresponding– – characteristics are shown
in Fig. 7. Again, is found to increase linearly with increasing
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TABLE II
EL SPECTRACHARACTERISTICS ATDIFFERENTAlq THICKNESSVALUES

Fig. 7. Dependence of theL–J–V characteristics on the thickness of TPD.
The thickness of Alq is fixed at 50 nm.

for all TPD thickness. The relative efficiencies, Rel-and Rel- ,
are similarly defined as the ratios ofand at a given TPD
thickness to the respective peak values of the series. Unlike the
case for the Alq series, Rel- only increases as the TPD thick-
ness is increased from 30 nm to 40 nm but decreases with fur-
ther increase in TPD thickness (Fig. 8). A plausible reason for
the initial increase in could be reduced radiation quenching
as the recombination zone is moved further away from the ITO
electrode, but the reason for the subsequent decrease ofwith
TPD thickness is presently not clear.

The trend for Rel- tracks closely that for Rel-. From the
– characteristics (Fig. 7), it can be seen that shows

the expected monotonic increase (Fig. 8) with increasing TPD
thickness. Consequently,first increases with increasing TPD
thickness from 30 nm to 40 nm because of improved, then
decreases with further increase in thickness because of both
increase in and decrease in. The highest is obtained at
a TPD thickness of 40 nm.

The corresponding EL spectra for the OLEDs with different
TPD thickness are shown in Fig. 9. Interestingly, while the lo-
cations of the EL peaks are relatively independent of the TPD
thickness, there is a clear red-shift in the right halves (longer
wavelength) of the spectra. Though the red-shift is still con-
sistent with the thickness dependence of micro-cavity wave-
guiding effects, it is not clear why the change in the spectral
shape with TPD thickness is not the same as that associated with
the fixed-TPD series shown in Fig. 6. The EL spectral charac-
teristics of this series of OLEDs are summarized in Table III.

Fig. 8. Dependence of the relative luminance current efficiency, luminous flux
power efficiency and the turn-on voltage on the thickness of TPD.

Fig. 9. Dependence of the EL spectrum on the thickness of TPD. The radiance
values have been normalized by the peak radiance of each spectrum.

TABLE III
EL SPECTRACHARACTERISTICS ATDIFFERENTTPD THICKNESS VALUES

IV. EFFECTS OFELECTRODEBUFFERLAYER

The effects of ABL have been studied using an OLED struc-
ture of ITO/CuPc/TPD (40 nm)/Alq(50 nm)/Ag. Silver was
used as the cathode electrode, instead of the more efficient com-
posite LiF/Al. The thickness of CuPc was varied from 0 nm to
25 nm. The corresponding– – characteristics are shown in
Fig. 10. It can be seen that the– curves largely overlap, in-
dicating is relatively independent of CuPc thickness. This in-
dependence is not consistent with the result thatis dependent



QIU et al.: DEPENDENCE OF CURRENT AND POWER EFFICIENCIES OF OLED 2135

Fig. 10. Dependence of theL–J–V characteristics on the thickness of CuPc.
The thickness values of TPD and Alqare fixed at 40 and 50 nm, respectively.

Fig. 11. Dependence of the EL spectrum on the thickness of CuPc. The
radiance values have been normalized by the peak radiance of each spectrum.

on HTL thickness (Fig. 8), given that CuPc is just an additional
organic layer inserted between the anode and the HTL.

The corresponding EL spectra are shown in Fig. 11. While the
FWHM are relatively constant with increasing CuPc thickness,
there is a red-shift in the spectral peak by24 nm, similar to
the behavior of the series with the fixed TPD thickness (Fig. 6).
The behavior of the – characteristics is rather more inter-
esting. Instead of increasing monotonically with thickness as in
the cases of Alqand TPD, first decreases with increasing
CuPc thickness, reaches a minimum at about 20 nm, then in-
creases as the CuPc thickness is further increased.

The initial reduction in (Fig. 12) is caused by a decrease
in the effective hole injection barrier. This is fundamentally
linked to the highest-occupied molecular orbital (HOMO) level
of CuPc being situated between that of the TPD and the Fermi
level of the ITO anode. Because of the separation between the
ITO/CuPc injection interface and the CuPc/TPD interface, the
HOMO levels of CuPc and TPD at the CuPc/TPD interface can

Fig. 12. Dependence of the relative luminance current efficiency and the
turn-on voltage on the thickness of CuPc.

(a)

(b)

Fig. 13. Schematic diagram of the energy levels of the ABL and HTL (a)
without and (b) with an applied anode electric field.

be modulated by the internal electric field. This modulation
is responsible for the reduction in the effective hole injection
barrier [22].

The situation can be better understood by studying the energy
level diagrams in Fig. 13. The zero-field energy level diagram
is shown in Fig. 13(a). The effective injection barrier is
simply the difference between the Fermi level of the anode and
the HOMO level of the HTL. The presence of the ABL does
not affect this effective barrier height. With the application of
an electric field , slopes are induced in the HOMO levels
of the ABL and the HTL. Disregarding image-force lowering
effects and ignoring the difference between the dielectric con-
stants, the new energy level diagram is schematically shown in
Fig. 13(b) for three different ABL thickness values: , ,
and . is still measured by the difference between the
Fermi level of the anode and the field-modulated HOMO level
of the HTL. When the thickness of the ABL is “small” (i.e.,

), there is some reduction in , but it is still larger
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than the barrier at the anode/ABL interface. When a
critical ABL thickness is reached, is exactly the same
as . Consequently, the effective hole injection barrier de-
creases monotonically with increasing ABL thickness from 0 to

. Additional reduction in by further increasing the ABL
thickness beyond is no longer productive because of the rela-
tively weak modulation, by image-force lowering, of the
barrier. In fact, any additional ABL thickness beyondcon-
tributes more to conduction loss and causes an increase, instead
of a further reduction, in . Indeed, this is observed in Fig. 12
when the CuPc thickness is increased from 20 nm to 25 nm.

For a given , should be just large enough to eliminate the
barrier presented by the difference between the HOMO
levels of the HTL and the ABL. Because of conduction loss,

is not a constant inside the ABL. However, one can roughly
estimate by assuming a constant throughout the buffer
layer

(2)

where is the fundamental electronic charge. This implies
should increase with and decrease with . For the CuPc
and TPD system, is about 1.0 eV. Therefore is 10
nm at an of 1 MV/cm. This qualitative estimate is not too
different from the experimentally determined optimal thickness
of 20 nm.

V. CONCLUSION

OLEDs based on the structure of ITO/CuPc/TPD/Alq
/LiF/Al has been systematically studied. For all three Alq,

TPD, and CuPc layers, excessively thick films lead to high
turn-on voltage, thus degrade the luminous flux power ef-
ficiency. For Alq and TPD, excessively thin films lead to
reduction in luminance current efficiency. Finally, excessively
thin CuPc reduces the effectiveness of hole injection barrier
modulation, thus degrades the overall power efficiency. For
optimal power efficiency, the thickness of Alq, TPD, and CuPc
are 50 nm, 40 nm, and 20 nm, respectively. At this optimal
configuration, a luminance of 24 000 cd/mis obtained at a
current density of 560 mA/cm. The respective luminous flux
power efficiencies are 2 lm/W or 5 lm/W, with or without
the 5% rubrene dopant in TPD. These values are comparable to
those reported in the research literature.
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