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Abstract. This study examined the electrical and optical properties of red OLEDs (organic lightemitting diodes) with a four-layer structure, ITO/amorphous fluoropolymer (AF)/N,N  -diphenylN,N  -bis(3-methylphenyl)-1,1-biphenyl-4,4 -diamine (TPD)/R-H:R-D/lithium fluoride (LiF)/Al,
containing a hole injection material, AF (amorphous fluoropolymer) and an electron injection
material, LiF. Compared to the basic structure (two-layer structure), the brightness and luminous
efficiency of the four-layer structure, ITO/TPD/R-H:R-D/Al, increased approximately 100 times
(30,000 lm/m2 ) and 150 times (51 lm/W), respectively, with an applied voltage. The excellent
efficiency of the external proton was also increased 150 times (0.51%). That is, the hole and electron
injection layers improved the surface roughness of ITO and Al, and the interfacial physical properties.
In addition, these layers allowed the smooth injection of holes and electrons. The luminance, luminous efficiency and external quantum efficiency were attributed to an increase in the recombination
rates.
Keywords. Electrical and optical characteristics; injection materials; red organic light-emitting
diode; amorphous fluoropolymer; luminous efficiency; external quantum efficiency.
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1. Introduction
Liquid crystal displays (LCDs) are themselves not light emitting diodes but require a separate light source, such as photodiodes. Because the brightness, contrast, enlarging region
and viewing angle have technical limitations, considerable effort has been made to develop
flat displays to overcome these limitations [1]. A new generation of flat displays that
overcame the limitations of LCD has attracted considerable worldwide attention. Currently, OLEDs as new generation displays are commercially available. Compared to LCDs,
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OLEDs have a wide view angle, high luminous efficiency, and an excellent rapid responsible speed because they are self-light emitting types. In addition, they can be thin and
lightweight because OLEDs do not require a backlight, which is beneficial in terms of
power consumption. Furthermore, they can be driven by low DC voltages, can resist strong
physical shock because all the components are solid, have a broad temperature range, and
lower manufacturing costs [2]. However, OLEDs have some disadvantages. At higher
applied voltages, the movement of the colour coordinate occurs, which alters the luminance
and efficiency of each colour depending on the elapsed time, and collapses the balance
of light colour [3–6]. Therefore, it is important that highly efficient OLEDs that operate
stably be developed depending on the change in applied voltage and time. To develop highefficiency OLEDs, it is important to improve the structure by considering the energy band
structure of each layer, lower power consumption, charge injection and transport of devices,
the mechanism for light emission, and the negative electrode material. Accordingly, many
studies have been performed to improve the efficiency of OLEDs focussing on the roughness of ITO, interfacial contact and buffer layers between the electrode and organic thin
films, and organic light emitting materials with high efficiency [7,8]. To improve luminous
efficiency by improving the energy band structure of each layer, methods for inserting electronic injection layers that can lower potential barrier to facilitate electron injection, hole
injection layers to facilitate hole injection, and configuring a doping system with the host
and dopant as the light emitting layer are needed [9–11]. In this study, to improve the
efficiency of OLEDs, red OLEDs with a four-layer structure were fabricated using host
(R-H) and dopant (R-D) materials as the light emitting layers, as well as hole and electron
injection layers. The electrical and optical characteristics of the four-layer structure were
compared with those devices comprised of the basic structure (two-layers) without hole or
electron injection layers.

2. Experiments
Figure 1 shows the molecular structure of the OLEDs produced in this experiment.
Figure 1a shows the amorphous fluoropolymer (AF) used as the hole injection material
and figure 1b shows N,N  -diphenyl-N,N  -bis(3-methyl phenyl)-1,1-biphenyl-4,4 -diamine
(TPD) used as the hole transport material.
Figures 2a and b show the device with the basic structure and four-layer structure,
respectively. The surface resistance of the positive (+) electrode with Samsung company

(a)
Figure 1. Molecular structure of (a) AF and (b) TPD.
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(a)

(b)

Figure 2. Structure of the red OLEDs. (a) Basic structure (two-layer structures) and
(b) four-layer structures.

was ∼15 /Sq and a substrate with a 170 nm thick indium tin oxide (ITO) layer was used
for patterning. The ITO electrode with a width of 5 mm was etched by exposing the substrate to a vapour solution of HCl and HNO3 at a 3:1 volume ratio for 10–20 min at room
temperature. The distance between ITO and solutions was ∼20 mm. The patterned ITO
layer was washed with flowing water in this following way: First, the substrate was washed
in acetone or chloroform with ultrasonic radiation for ∼20 min at 50◦ C. The substrate was
then placed in solutions of hydrogen peroxide and ammonia de-ionized water at a 1:1:5
volume ratio, heated to ∼80◦ C for 1 h, and again washed in acetone or chloroform with
ultrasonic radiation for 20 min at 80◦ C. After cleaning ultrasonically in alcohol and the
first distilled water sequentially, the substrates were dried with nitrogen gas.
After depositing the doping organic material, AF, TPD, R-H:R-D and LiF, were
deposited by vacuum heat deposition using a heat-resistant glass boat at ∼5 × 10−6 Torr
at a current of 0.23 A. AF and LiF were deposited at a deposition rate of 0.2 Å/s. Subsequently, a 40 nm thick TPD layer as the hole transport layer was deposited at a deposition
rate of 2.5 Å/s, which was followed by the deposition of a 60 nm R-H:R-D layer as the light
emitting material at a deposition rate of 1 and 0.1 Å/s. The characteristics of specimens
were then examined. The electrical and optical properties of the specimen were observed
to determine the effect of the hole and electron injection layer materials. A negative electrode of Al was also deposited at deposition rate of 0.5–1.0 Å/s using a tungsten boat in a
vacuum of ∼5 × 10−6 Torr. Subsequently, 100 nm thick specimens were deposited successively as quickly as possible. A 3 × 5 mm2 light emitting area was produced using mask.
A Keithley 2000 multimeter, 6517 electrometer and Si-photodiode were used to examine
the electrical and optical characteristics of the devices. Lab-view software program was
used to control all equipments and data acquisition.
3. Results and discussion
Figure 3 shows the energy band of the four-layer structures. The energy level of the (+)
electrode (ITO) and (−) electrode (Al) were affected by the HIL and EIL, and the injection
barrier was low. It is believed that hole and electron injections were made easy by these
layers, which helped increase the efficiency [10]. Effective injection barrier in organic light
Pramana – J. Phys., Vol. 77, No. 4, October 2011
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Figure 3. Energy band of the four-layer structures.

emitting diodes is the difference between the positive electrode Fermi level and the highest
occupied molecular orbital (HOMO) of the hole transport layer, and can be explained by
eq. (1).
tc ≈

E
,
qFa

(1)

where E is the difference in the HOMO level between the hole injection layer and light
emitting layer, Fa is the electric field strength, q is the basic charge, and tc is the injection
barrier. As shown in eq. (1), the effective injection barrier is inversely proportional to the
electric field strength and directly proportional to the difference in the HOMO levels. The
energy level (E) was decreased by the effect of the hole and electron injection layers.
The increase in efficiency was also attributed to the decreased injection barrier (tc ) through
the effect of the energy level [12].
Figure 4 shows the current density as a function of the applied voltage in the four-layer
structure and basic structure. The current density of the basic structure due to the increase
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Figure 4. Current density vs. the applied voltage in the four- and two-layer structures.
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in the applied voltage was low because the carrier density was low. On the other hand, the
carrier density in the four-layer structure was increased by the contribution of the hole and
electron injection materials. Overall, the four-layer structure showed a significantly higher
current density than the basic structure. In particular, the gradient of the basic structure
was quite high, whereas the gradient of the four-layer structure was much lower in the
applied voltage range of 2–4 V. It is believed that the hole injection layer material (AF)
and electron injection layer material (LiF) decreased the surface roughness of ITO and Al,
and reformed the interfacial physical properties. Charge injection can be explained by the
Fowler–Nordheim tunnel injection [13]

JFN =




4(2m ∗ )0.5 1.5
q3 F2
exp −
,
8π h
3q Eh

(2)

Reference cell
ITO/AF/TPD/R-H:R-D/LiF/Al

10k

2

Luminance [cd/m ]

where  is the height of the potential barrier, F is the electric field (F = V /d where d
is the thickness of the thin film and V is the applied voltage). The tunnelling range was
8–11 V in figure 4, which confirmed that the current density of the basic structure and fourlayer structure was reversible when exceeding 9 V. In addition, the surface roughness of
the organic material was decreased and the current density was constant due to the constant
dispersion of the electric field in the devices with the four-layer structures. In other words,
the dispersion of the electric field was constant because of the constant surface roughness
of the organic materials, hence, the current density was also constant.
Figure 5 shows the luminance characteristics due to the applied voltage of the four-layer
and basic structures. The devices with the four-layer structure began to emit at 3 V reaching
a maximum at 10 V. On the other hand, the devices with the two-layer structure began to
emit at 5 V reaching a maximum at 10 V. The maximum luminance was 30,000 cd/m2 , and
the driving voltage and light emitting initial voltage were also low in the four-layers structure using the hole and electron injection layers. Compared to the devices with the fourand two-layer structures, the luminance increased ∼100 times. In addition, the driving voltage was decreased by ∼2 V. LiF used as the electron injection layer decreased the energy
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Figure 5. Voltage–luminance of four- and two-layer structures.
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level of the negative electrode by ∼1.3 eV and allowed smooth electron injection. In addition, the blocking of hole movement and the driving voltage was low due to the increased
probability of the recombination of electrons and holes in the light emitting layer [12].
πL
(lm/W).
JV

η =

(3)

Luminous efficiency [lm/W]

Figure 6 shows the characteristics of the luminous efficiency due to the applied voltage
in the four-layer and basic structures. The luminous efficiency was obtained by eq. (3).
The brightness L is the light (cd/m2 ) perpendicular to the luminous area, J is the current
density (mA/cm2 ), and V is the applied voltage. The amount of light began to increase due
to the applied voltage reaching a maximum in ∼8–10 V. The amount of light then decreased
because the luminous efficiency is proportional to the brightness and voltage and inversely
proportional to the current density. The luminous efficiency was 51 lm/W in the four-layer
structure, which was 150 times higher than the device with the basic structure. The driving
voltage was also decreased by ∼2 V. The hole injection material AF and electron injection
material LiF reformed the surface roughness and interfacial physical properties of the (+)
electrode (ITO) and (−) electrode (Al), varying the energy levels, which assisted in hole
and electron injection and increased the hole and electron and efficiency recombination
ratio.
Figure 7 shows the external quantum efficiency due to the applied voltage in the fourlayer and basic structures. The external quantum efficiency due to the increased applied
voltage increased rapidly to 8 V. The highest quantum efficiency of 0.51% was observed
in the devices with the four-layer structure and the driving voltage was decreased by ∼2 V.
The hole and electron injection layers injected holes and electrons easily in the positive and
negative electrodes, respectively, and transferred them to the light emitting layer resulting
in a higher hole and electron recombination ratio and higher efficiency than the device with
the two-layer structure. In addition, the external quantum efficiency was 150 times higher
than that of the two-layer structure [14].
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Figure 6. Luminous efficiency vs. applied voltage in four- and two-layer structures.
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Figure 7. External quantum efficiency vs. the applied voltage in the four- and two-layer
structures.

4. Conclusions
This study examined the effect of the electrical and optical characteristics of red organic
light-emitting diodes with hole and electron injection layers. The red light emitting layer
doped material was R-H and R-D at a ratio of 10: 1. AF as the hole injection material
between the hole transport material and ITO, and LiF as the electron injection material
between hole blocking layer and negative electrode were used to improve the low driving
voltage and luminous efficiency of organic light emitting diodes. The driving voltage of
the devices with the four-layer structure using the hole and electron injection materials was
∼3 V, whereas the devices with the two-layer structures showed a driving voltage of ∼5 V.
The negative resistance region was observed about 4.5 V in the four-layer structure but 4 V
in the two-layer structure. In addition, the luminance in the two- and four-layer structures
was ∼300 cd/m2 and 30,000 cd/m2 , respectively, showing a 100 times increase in the fourlayer structures. Furthermore, the luminous efficiency and external quantum efficiency of
the four-layer structure were ∼150 times higher than those of the two-layer structure.
The energy barrier and driving voltage were decreased using the hole and electron
injection layers. Overall, it is believed that the hole and electron injection layers helped
improving the entire efficiency by reforming the morphology between the ITO and organic
materials, and between the negative electrode and organic materials.
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