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Green phosphorescent inverted organic light-emitting diodes (IOLEDs) with 1,4,5,8,9,11—
hexaazatriphenylene-hexacarbonitrile ~ (HAT-CN)/Aluminium/n-doped  4,7-diphenyl-1,10-
phenanthroline (Bphen) used as electron injection layer (EIL) was demonstrated. The IOLED
shows the lowest driving voltage of 4.5 V at 10000 cd/m? to date. The electron injecting effects
of different interlayer are further investigated by ultraviolet photoelectron spectroscopy (UPS)
and evaluating the electron injection efficiency. For application in large-size OLEDs, a
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120x120 mm? flexible IOLED was successfully fabricated based on this inverted structure.

Introduction

Flexible organic light-emitting diodes (OLEDs) for display
with thin film transistors (TFTs) in each pixel are desired for
full color displ.ay.l’2 It is considered that oxide TFTs are more
appealing than other various kinds of TFTs for large-size panels
because of their low temperature processing, good uniformity,
and flexibility under repeated bending along with high carrier
mobility.® Since the oxide TFTs operated in the n-channel
mode, inverted OLEDs (IOLEDs) with a bottom cathode are
better than conventional OLEDs to integrate with the n-channel
oxide TFTs. Moreover, in a typical IOLED device, the air-
unstable active metal electron injection layer is placed at the
bottom of the device, which would improve the device lifetime
effectively. Nevertheless, it is well known that there are some
difficulties to form bottom cathode having good electron
injection characteristics.

To date, IOLEDs still face many problems. The major issue
in IOLEDs is the poor performance of the electron injection
from the transparent bottom cathode to electron transporting
layer (ETL). Transparent metal oxide (ITO or 1ZO) have high
work functions (>4.3 eV), while the lowest unoccupied
molecular orbital (LUMO) level of electron transporting
materials (ETMs) is in the region of 2.8-3.3 eV, resulting in
large energy barriers from ITO cathode to the ETL. Many kinds
of methods have been proposed to enhance the electron
injection in the inverted structures.®'* For example, ETL doped
with n-type dopant has been successfully applied to obtain good
electron injection from ITO to ETL."*?° Lee et al. developed an
organic p-n junction onto ITO, which showed efficient charge

generation under a reverse bias and efficient electron
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injection.”’ However, most of reports about bottom IOLEDs
still show higher driving voltage, which will cause large power
loss.

In this paper, we report a novel p-n junction structure,
1,4,5,8,9,1 1-hexaazatriphenylene-hexacarbonitrile (HAT-
CN)/Al/n-doped 4,7-diphenyl-1,10-phenanthroline (Bphen), as
an efficient electron injection layer (EIL) in inverted OLEDs.
The EIL structure is proved to improve the electron injection
efficiently, which can reduce the operating voltage
dramatically. As a result, the green phosphorescent IOLEDs
with HAT-CN/Al/Bphen: Li EIL demonstrated very low
driving voltage of 4.5 V at 10000 cd/m? which is the lowest
value of green phosphorescent IOLEDs to date. Meanwhile, a
large-size (120x120 mm?®) green phosphorescent IOLED
flexible panel is successfully fabricated by using this novel EIL
interfacial layer.

Experimental

Materials and Devices Fabrication.

IOLEDs were fabricated by thermal evaporating on pre-
cleaned glass substrates under a base vacuum of around 107
torr. Current density-voltage (J-V) and luminance-voltage (L-V)
characteristics are carried out using Keithley 4200 Source
Meter and PR-670 photometer in air at room temperature. The
ultraviolet photoelectron spectroscopy (UPS) was carried out to
evaluate the work function of ITO, ITO/HAT-CN and
ITO/HAT-CN/AL films, respectively.

The structure of the IOLED is ITO/EIL/1,3,5- tri(m-pyrid-3-
yl-phenyl) benzene (TmPyPB) 40 nm)/4,4'-N,N-
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dicarbazolylbiphenyl (CBP): fac—tris (2-phenylpyridine)
iridium(II1) (Ir(ppy);) (15 nm, 7%)/1, 3, 5-Triazo-2, 4, 6-
triphosphorine-2, 2, 4, 4, 6, 6-tetrachloride (TAPC) (45
nm)/HAT-CN (10 nm)/Al, where CBP: Ir(ppy);, TAPC,
TmPyPB and HAT-CN are used as emitting layer, hole
transport layer, electron transport layer and hole injection layer,
respectively. Three different EILs of Bphen: Li, HAT-
CN/Bphen: Li and HAT-CN/Al/Bphen: Li were selected to
investigate their functions on the performance of the IOLEDs.
LiH was used as the n-dopant in the devices based on the
decomposition mechanism of 2LiH—2Li+H,. Figure 1 shows
the device structure and chemical structure of the materials
used for the IOLED.

§N\A

Al

Fig. 1 Device structure and chemical structures of the materials used in IOLEDs.

Measurements and Characterization.

The film thickness and the deposition rate of each material in
the IOLEDs were monitored in situ using an oscillating quartz
thickness monitor. A photometer (Photo Research Spectra Scan
PR 655) was used to measure the electroluminescent (EL)
spectra and the Commission International de I’Eclairage (CIE)
coordinates of all devices. The current density-voltage (J-V)
characteristic was measured by combined with a constant
current source (Keithley 2400 Source Meter). Ultraviolet
photoelectron spectroscopy (UPS) was carried out to evaluate
the energy levels of the functional materials.

Results and Discussion

Figure 2 (a) shows the J-V-L characteristics of the inverted
OLEDs with different EILs. Among three devices, the EIL with
a structure of HAT-CN/Al/Bphen: Li based IOLED shows the
lowest driving voltage than the devices with EILs of Bphen: Li
and HAT-CN/Bphen: Li at the same current density. It indicates
that electrons can be injected and transported effectively from
the bottom ITO cathode to the light emitting layer in the HAT-
CN/Al/BPhen: Li based device. In details, the driving voltage

of device with HAT-CN/Al/Bphen: Li EIL shows extremely
low driving voltage: at 100 cd/m?, the voltage is only 3.3 V; at
brightness of 1000 cd/m?, the voltage is slightly increased to 3.7
V and even at high brightness of 10000 cd/m?, the voltage was
only 4.5 V, which is the lowest driving voltage for reported
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IOLEDs to date.
luminance characteristics in three devices are shown in Figure
2(b). The electroluminescence performance of the IOLEDs
devices with different EILs are summarized in Table 1. Bphen:
Li based device shows the inferior power efficiency due to the
inefficient electron injection and transport. With introducing
HAT-CN thin layer, the driving voltage slightly rised due to the
increased device thickness. By inserting an ultra-thin Al layer,
HAT-CN/Al/Bphen: Li based device shows the best power
efficiency with a maximum of 37.8 Im/W among three devices.
Deep understanding of the role of HAT-CN/Al/Bphen: Li EIL
in IOLEDs is necessary.

The corresponding power efficiency-
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Fig. 2 (a) Current density-voltage-luminance and (b) luminance-power efficiency
characteristics of the devices with three different ElLs.
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Table 1 Electroluminescence characteristics of IOLED devices with different EILs.

Operating Voltage (V) CIE
Device 7,(Im/W)*
@ 100 cd/m?, 1000 cd/m?, 10000 cd/m> (x, »)°
Bphen: Li 4.6,54,6.8 26.8 0.32,0.62
HAT-CN/Bphen: Li 5.0,58,7.0 28.4 0.32,0.62
HAT-CN/Al/Bphen:Li 3.3,3.7,45 313 0.31,0.63

*Power efficiency at 1000 cd/m?, ® Commission International de I’Eclairage coordinates measured at 5 mA/cm?.

Figure 3 shows the UPS spectra at the secondary electron
cut-off and work function of ITO, ITO/HAT-CN and
ITO/HAT-CN/AL films. The effective work function of ITO
surface is calculated to be 4.78 eV. There is a small increase in
the work function (by about 0.3 eV) upon the deposition of 10
nm HAT-CN on the ITO surface. It suggests that HAT-CN is a
good conducting molecular layer which can effectively
decrease the hole injection barrier from ITO anode. However, a
0.5 nm film of thermally evaporated Al on ITO/HAT-CN
surface has a work function of 3.96 eV. To further understand
the origin of the lowering voltage in HAT-CN/Al/Bphen: Li
based IOLEDs, the energy levels and related electron barrier in
three IOLEDs are studied by UPS.

T 1 5. I T 1 T
— ITO (WF=4.78 eV)

—— ITO/HAT-CN (WF=5.08 eV)

—— ITO/HAT-CN/AI (WF=3.96 eV)

Intensity (a.u.)
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n 1 " 1 n 1 n n
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Binding Energy (eV)

Fig. 3 The UPS spectra for the secondary electron cutoff region and work

function of the ITO, ITO/HAT-CN and ITO/HAT-CN/AI films, respectively.

Figure 4 (a) shows the Hel UPS spectra of Bphen: Li, HAT-
CN/Bphen: Li, and HAT-CN/Al/Bphen: Li deposited on the
ITO substrates. Corresponding energy level diagrams resulted
from the UPS spectra in three devices with different EILs is

This journal is © The Royal Society of Chemistry 2013

summarized in Fig. 4 (b). Here, the Er of the underlying ITO
substrate was measured by the UPS spectra. The HOMO level
relative to the Fermi level is obtained by extrapolating in the
valence band region. The vacuum level is also be calculated
according to the secondary electron cut-off region. Obviously,
in HAT-CN/Al/Bphen: Li based IOLEDs, there is only an
electron injection barrier of 0.3 eV, which is smaller than the
cases of Bphen: Li based device (1.0 eV) and HAT-CN/Bphen:
Li based device (0.6 eV). The very small electron injection
barrier results in the lowered driving voltage and the improved
power efficiency in HAT-CN/Al/Bphen: Li based IOLEDs.
Actually, 0.5 nm Al film can form islands rather than
continuous films, but can obviously lower the work function of
the ITO electrode. The Al thin film in the EIL is to further
improve the electron injection, functions as an n-type doping or
a trap center. This explains why the EIL with 0.5 nm Al can
effectively reduce the operating voltage of IOLEDs.

To illustrate the function of EILs in IOLEDs, electron-
dominated devices were fabricated to compare the effectiveness
of injecting electrons from ITO cathode with different EIL to
Al anode. The structures of electron dominated devices were
ITO/Bphen: Li (50 nm, 1.2%)/TmPyPB (30 nm)/Al; ITO/HAT-
CN (10 nm)/Bphen: Li (50 nm, 1.2%)/TmPyPB (30 nm)/Al;
ITO/HAT-CN (10 nm)/Al (0.5 nm)/Bphen: Li (30 nm,
1.2%)/TmPyPB (30 nm)/Al. Hole injection is not expected
from Al anode to TmPyPB due to high hole injection barrier,
considering the difference between the work function of Al (=
4.3 eV) and the HOMO of TmPyPB (6.7 eV). Figure 5 shows
a plot of the current density versus voltage of electron
dominated devices. The devices with HAT-CN/Al/Bphen: Li
EIL shows higher current density than other devices at the same
driving voltage. It suggests that the electron capability of HAT-
CN/Al/Bphen: Li EIL is stronger than HAT-CN/Bphen: Li and
Bphen: Li EIL. Furthermore, the electron injection efficiency in
three different EIL based devices were calculated as shown in

J. Name., 2013, 00, 1-3 | 3
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the inset of Fig. 5. The injection efficiency, Jinj, Wwas
determined by the equation:****

Journal Name

vy = JilJscr @))
where the Jpy; is the measured current density, and Jscy is the
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Fig. 4 (a) Hel UPS spectra of Bphen: Li, HAT-CN/Bphen: Li, and HAT-CN/AI/Bphen: Li interfaces on the ITO substrates. (b) Schematic energy level diagrams of
ITO/Bphen: Li, ITO/HAT-CN/Bphen: Li, and ITO/HAT-CN/AIl/Bphen: Li interfaces on an ITO substrate.

250
0.1
‘E 200 i) ‘/. P
i A—k""‘(‘Aﬂ‘—‘ - "‘/.:/ / u /
) 3 P e /?
< 2 om} s PO [ /
£ 2 e //.
=150F 5} /
s 5g
£ i
[72]
: 7
8 100} ™% 15 20 25 30 35 L/L/
- Voltage (V) ‘/.yb
c
() —a—Bphen: Li A/".
5 S0 _o Bphen: LIHAT-CN 4
o —a—Bphen: Li/AI/HAT-CN 3
A A N AAAAAM . 1

1 2 3 4 5
Voltage (V)

Fig. 5 Current density-voltage characteristics of the devices with three different
ElLs. Inset is the electron injection efficiency plots in three different EIL deivces.

Fig. 6 (a) Top and (b) side view images of green phosphorescent IOLED fabricated
on large-area flexible substrate (120X 120 mmz).

calculated theoretical space-charge-limited current (SCLC)
density. As expected, HAT-CN/Al/Bphen: Li EIL exhibits
higher injection efficiency than that of other EILs.

We also prepared 120X 120 mm? flexible IOLED panels on
PET/ITO substrates by utilizing HAT-CN/Al/Bphen: Li EIL.
Figure 6 (a) shows the top-view photograph of flexible green
phosphorescent IOLED panel. The flexible PET substrates have
a thickness of about 60 pum (side-view shown in Fig.6 (b)).
Uniform and bright luminance in a large flexible panel is
realized by using this efficient EIL interfacial layer. Since the
advantage of lower driving voltage, HAT-CN/Al/Bphen: Li EIL
based IOLEDs
commercial flexible lighting panel in the future. Unfortunately,

demonstrate a potential application in
the luminance characteristics of the fabricated large-area panels
was not measured successfully presently due to the large issue
of encapsulation techniques for large-area flexible panels. Great
efforts to develop efficient encapsulation techniques for flexible
panels are necessary in the future.

4| J. Name., 2012, 00, 1-3

Conclusions

In summary, a HAT-CN/Al/Bphen: Li interlayer between
ITO cathode and ETL for inverted OLEDs is developed and the
effect on electron injection has been demonstrated. The
IOLEDs with HAT-CN/Al/Bphen: Li interlayer demonstrated
very low driving voltage of 4.5 V at 10000 cd/m? which is the
lowest value of green phosphorescent IOLEDs to date. Based
on the interlayer, we fabricated a large-area flexible green
phosphorescent TOLED with active area of 120 X 120 mm?
which shows the outstanding potential to construct the solid
state lighting fabrication.
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