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PERFORMANCE ENHANCEMENT OF ORGANIC
LIGHT–EMITTING DIODES USING ELECTRON–INJECTION
MATERIALS OF METAL CARBONATES
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Performance of organic light-emitting diodes was investigated depending on the electron-injection materials of metal
carbonates ( Li2 CO3 and Cs2 CO3 ); and number of layers. In order to improve the device efficiency, two types of devices were manufactured by using the hole-injection material (Teflon-amorphous fluoropolymer –AF) and electron-injection
materials; one is a two-layer reference device ( ITO/Teflon-AF/Alq3 /Al ) and the other is a three-layer device (ITO/TeflonAF/Alq3 / metal carbonate/Al). From the results of the efficiency for the devices with hole-injection layer and electroninjection layer, it was found that the electron-injection layer affects the electrical properties of the device more than the
hole-injection layer. The external-quantum efficiency for the three-layer device with Li2 CO3 and Cs2 CO3 layer is improved
by approximately six and eight times, respectively, compared with that of the two-layer reference device. It is thought that
a use of electron-injection layer increases recombination rate of charge carriers by the active injection of electrons and the
blocking of holes.
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1 INTRODUCTION

As the information and communication technologies
develop, future electronic system is required such as
lightness, low-power consumption, ease of handling, and
etc [1, 2]. New and creative methods which could be applied to the future electronic systems are being developed [3, 4]. And, as the society becomes more informative rapidly, the importance of the display is growing
and a trend is switched to a flat-panel display [5, 6]. Because of low-driving voltage, organic light-emitting diodes
(OLEDs) have advantages such as various application
area, low-power consumption, low cost, self-light emission, full color, etc [7, 8]. In order to satisfy the demand
of stable operating parameters, high brightness, and high
efficiency of the OLEDs, research on the carrier injection, transport, mechanism of the light emission, cathode
material, roughness of indium-tin-oxide (ITO) surface, interface between the electrode and the organic thin film,
buffer layer, and efficient emissive materials are being actively carried out [9, 10].
Continuous study of the OLEDs application has been
done since the late 1980s, and they have been commercialized [11, 12]. The OLEDs are being competitively developed globally for large displays [13, 14]. The large organic
light-emitting display is rapidly developing, and it will be
soon a current display around us [15, 16].
In this paper, in order to improve the efficiency of the
OLEDs, their performance was investigated by studying
the electrical properties depending on electron-injection

materials. Two types of devices were manufactured and
properties of the devices were compared. The reference
device consisting of two-layer (ITO/Teflon-AF/Alq3 /Al),
and a three-layer (ITO/Teflon-AF/Alq3 / metal carbonate/Al) device inserting the metal carbonate material below the cathode. Teflon-AF was used as a hole-injection
material. Two metal carbonates (Cs2 CO3 and Li2 CO3 )
were used, and the influence of metal carbonates on the
properties of OLEDs was investigated.

2 EXPERIMENT

ITO substrate with a surface resistivity of approximately 8 Ω/ was used as an anode. It was patterned by
etching process done directly in our laboratory. ITO was
etched using a vapor composed of mixed HCl and HNO3
with a volume ratio of 3 : 1 . The distance between the
ITO glass and the solution was set to be approximately
20 mm and the etching time was 20 min. After confirming a proper etching, it was then washed in flowing water.
Removing the water out of the substrate by blowing with
nitrogen gas, the glass was cut into 20 mm × 20 mm segments and then placed into a square glass chamber for
washing [17]. Figure 1 shows a shape of patterned ITO
anode and a glass size.
Aluminum (Al) was used as a cathode, which was
purchased from Aldrich Company. The cathode was deposited at a rate of 0.5 ∼ 1.0 Å/s to an initial thickness of 10 nm by using a tungsten boat at a pressure of
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Fig. 1. Patterned shape of ITO substrate

Fig. 2. Energy-level diagram for three-layer OLED device

Table 1. Electrical properties of OLEDs due to the electroninjection layer and hole-injection layer

Lmax
VL max ηEQ
(cd/m2 ) (V) (%)
HIL
Teflon AF
195
11
0.02
2 Layer
Cs2 CO3
570
9.5
0.07
EIL
Li2 CO3
602
12.25 0.07
Li2 CO3
HIL:
15 400 10.25 0.14
3 Layer EIL
Cs2 CO3 Teflon AF 9 800
12.50 0.19
VL max is the voltage at the maximum luminance Lmax
and ηEQ represents the external-quantum efficiency.
Classification

5 × 10−6 Torr and deposited at a rate of 5 Å/s to a thickness of 20 nm, and then deposited quickly continuously
to a thickness of 100 nm at a rate of 15 Å/s. Active area
of 15 mm2 was produced by using a shadow mask [18].
Figure 2 shows an energy-level diagram for the threelayer device used in our experiment. It is known that
the deposited metal carbonates, Cs2 CO3 and Li2 CO3 ,
are semiconductors rather than metal. Thus, an injection
of electrons from Al cathode to the conduction band of
this electron-injection layer becomes easier. This behavior
may contribute to the electrical conduction, and results
in the improvement of electrical and optical properties of
the OLEDs.
Current density–voltage–luminance (J-V-L) characteristics of the OLEDs were measured with a use of Keithley 6517 electrometer and Keithley 2000 multimeter. Programmable DC power supply of Vupower Company and
the Lab-view software to control the apparatus to measurg the voltage, current, luminance, luminous efficiency,
and external-quantum efficiency were used. In order to
measure the efficiency of the device, silicon photodetector was placed at the front of the device and photocurrent
was measured as a function of the applied voltage with
Keithley 2000 multimeter.
Since the photocurrent is the one flowing through the
device by the illumination of light, it is proportional to
the number of photons, and the current flowing through
the device is proportional to the number of electrons.
Thus, the luminous efficiency and the external-quantum
efficiency of the device can be obtained by using the
photocurrent and conduction current. The luminous efficiency is a useful parameter for display applications,

being given by η = πL0 /JV , where L0 is the emission luminance that is measured normal to the emitting
surface. J is the current density, and V is the applied
voltage. Since the external-quantum efficiency is a ratio
of extracted photons out of the device to the injected
charge carriers, it is calculated using the L0 and J [19].
All the experiments were carried out at room temperature, and the applied voltage was increased with a step
of 0.25 V/1,000 ms and delay time of 100 ms [17, 20].
3 RESULTS AND DISCUSSION

3.1 Two-layer reference device
Figure 3 shows the current density-voltage-luminance
(J-V-L) characteristics, luminous efficiency, and externalquantum efficiency for the two-layer reference device
(ITO/Teflon-AF/Alq3 /Al). It shows that the current
density is proportional to V1.6 below the electric field
of 2 × 107 V/m (2 V). However, the current density increases very rapidly above the electric field of 3×107 V/m
(3 V). We can see that there is a negative-resistance region between the electric field of 4.5 × 107 V/m (4.5 V)
and 6×107 V/m (6 V). The light emission starts from the
beginning of negative-resistance region and the luminance
becomes more active near the end of negative-resistance
region. Thus, it is thought that the negative-resistance
region is related to the light-emitting properties. Even
though the two-layer reference device clearly shows the
negative-resistance region, it gives a low luminance of
195 cd/m2 , possibly due to the lack supply of electrons
and holes. However, there is an improvement of luminance
by 25 % compared to that of one-layer OLEDs with the
100 nm thick Alq3 layer. It is thought that this improvement of the device performance comes from an increase
of recombination of electrons and holes due to a contribution of hole injection and the blocking of electrons
by the hole-injection layer. The obtained maximum luminous efficiency and the external-quantum efficiency for
the two-layer reference device are 2.5 lm/W and 0.023 %,
respectively.
Figure 4 shows the electrical properties of the two-layer
device (ITO/Alq3 /Cs2 CO3 or Li2 CO3 /Al), where the
electron-injection material of metal carbonate (Cs2 CO3
or Li2 CO3 ) is inserted. In Fig. 4(a), the current density is
proportional to V1.6 below 3 V, and there is a negativeresistance region below the applied voltage of 5 V. As
the negative-resistance characteristics is more clear, the

224

J. Y. Shin — T. W. Kim — G. Y. Kim — S. M. Lee — B. Shrestha — J. W. Hong: PERFORMANCE ENHANCEMENT OF . . .

103

Luminance (cd/m2)

Current density (mA/cm2)

200

102

160

101

AF 4nm

External-quantum efficiency (%)
10-1

100

120

100

80

10-1

Alq3 4nm

10-2
10-3

Luminous efficiency (lm/W)
101
AF 4nm

Alq3 4nm

10-2

10-1

40
(b)

(a)
0

4

8

12

0

Voltage (V)

10-2

10-3
4

6

8

10
12
Voltage (V)

Fig. 3. (a) — Current density-voltage-luminance and (b) — luminous efficiency-voltage-external-quantum efficiency characteristics for
the two-layer device ( ITO/Teflon-AF/Alq3 /Al )
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Fig. 4. (a) — Current density-voltage-luminance and (b) — luminous efficiency-voltage-external-quantum efficiency characteristics for
the two-layer device ( ITO/Alq3 /Cs2 CO3 or Li2 CO3 /Al )

luminance is more outstanding. Figure 4(a) shows that
the luminance of the device with Li2 CO3 is higher than
that of the device with Cs2 CO3 layer at the same voltage
above 10 V. However, the luminous efficiency and the
external-quantum efficiency are close to each other for
those two devices. Furthermore, it was found that the
voltage-dependent luminance and the external-quantum
efficiency for the two-layer device with electron-injection
layer (Cs2 CO3 and Li2 CO3 ) are approximately two times
higher than those of the two-layer device with Teflon-AF.
It is thought that this is due to a contribution of easy
injection of charge carrier.
3.2 Three-layer device
Figure 5 shows the current density-voltage-luminance
characteristics for the three-layer device (ITO/TeflonAF/ Alq3 /Cs2 CO3 or Li2 CO3 /Al) inserted metal carbonate layer, which acts as an electron-injection layer.
It shows that the current density is proportional to V1.6
below the electric field of 2 × 107 V/m (2 V), with a slight
rapid increase in the region below the electrical field of
3 × 107 V/m (3 V). And there is a negative-resistance region between the electric field of 3.25 × 107 V/m (3.25 V)
and 4.5 × 107 V/m (4.5 V), and light emission starts from
the beginning of negative-resistance region and the luminance becomes more active near the end of negative resis-

tance region. Negative-resistance characteristics is more
clear in the device with Li2 CO3 layer at low voltage, and
high luminance of about 15400 cd/m2 was obtained at
an electric field of 10.25 × 107 V/m (10.25 V). This luminance is 77 times higher than that of the two-layer
reference device. This improvement is due to an increase
of recombination of electrons and holes caused by a contribution of electron injection and blocking of holes when
the electron-injection layer of Li2 CO3 is introduced. It
was found that the external-quantum efficiency for the
three-layer device with Li2 CO3 layer is 0.14 %, which
is improved approximately by a factor of six compared
to that of the two-layer reference device. Even though
this value of external-quantum efficiency is much lower
than that of the other well-prepared fluorescent OLEDs
with different materials and structure, which is about
4 %, our aim is to show the effect of carbonate layer.
Negative-resistance characteristics is clear at low voltage in the three-layer device with Cs2 CO3 layer, and the
maximum luminance Lmax of 9800 cd/m2 was obtained
at an electric field of 12.5 × 107 V/m (12.5 V). This is
an increase of luminance by a factor of fifty compared
to that of the reference device. And it was found that
the external-quantum efficiency for the three-layer device
with Cs2 CO3 layer is 0.19 %, which is improved approximately by a factor of eight compared to that of the two-

225

Journal of ELECTRICAL ENGINEERING 67, NO3, 2016

Current density (mA/cm2)
103

Luminance (kcd/m2)

10

External-quantum efficiency (%)
10-1

1

16

102
101
10

Luminous efficiency (lm/W)

12

10-1

101

0

8

10-1

100

AF/Alq3/Cs2 CO3
AF/Alq3/Li2CO3

10-2

4

10-3
10-4

(b)

(a)
4

0

8

12
Voltage (V)

10-2

AF/Alq3/Cs2 CO3
AF/Alq3/Li2CO3

0

10-1

4

6

8

10

10-3

12
14
Voltage (V)

Fig. 5. (a) — Current density-voltage-luminance and (b) — luminous efficiency-voltage-external-quantum efficiency characteristics for
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Fig. 6. External-quantum efficiency of the devices representing the effect of (a) — Cs2 CO3 and (b) — Li2 CO3 layer

layer reference device, and is also higher than that of the
device with Li2 CO3 . The maximum luminance Lmax of
the device with Li2 CO3 layer is much higher than that
of the device with Cs2 CO3 layer. It is thought that this
improvement is due to an easy transport of electrons and
blocking of electrons by the Teflon-AF hole-injection layer
as shown in the energy-level diagram of Fig. 2. These results are summarized in Table 1.
Figure 6 shows the external-quantum efficiencies of the
devices representing the effect of Cs2 CO3 and Li2 CO3
layer. Figures 6(a) and 6(b) are the efficiencies for the
devices with Cs2 CO3 and Li2 CO3 layer, respectively. It
can be seen that there is a vivid improvement of the
efficiency of the devices with an insertion of carbonate
layer.

4 CONCLUSION

We have investigated the performance of the threelayer device (ITO/Teflon-AF/Alq3 / metal carbonate/Al)
by introducing the electron-injection layer of metal carbonates to the two-layer reference device (ITO/TeflonAF/Alq3 /Al ). The two-layer reference device showed
the negative-resistance characteristics, and a low luminance of about 195 cd/m2 was obtained. However,

this luminance is 25 % higher than that of the onelayer (ITO/Alq3 /Al) device. And it was found that the
external-quantum efficiency of the two-layer device with
electron-injection layer (Cs2 CO3 and Li2 CO3 ) is approximately two times higher than that of the two-layer device
with hole-injection layer (Teflon-AF). Thus, the electroninjection layer affects more on the electrical and optical
properties of the OLEDs than the hole-injection layer.
The luminance for the three-layer devices with Li2 CO3
and Cs2 CO3 layer is approximately eighty and fifty times
higher than that of the two-layer reference device, respectively, which may be due to the increased recombination rate of electrons and holes by the active injection of electrons and the blocking of holes. And the
external-quantum efficiencies for the three-layer devices
with Li2 CO3 and Cs2 CO3 layer are improved by approximately six and eight times, respectively, compared
to that of the two-layer device.
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