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Abstract

Organic electronic devices are expected to be used for
unique applications such as wearable terminals and biologi-
cal monitors attachable to skins and clothes, by virtue of
their stretch properties and flexibility". In addition, as can be
seen from the rapid growth of the OLED (Organic Light-
Emitting Diode) display market, they are remarkedly improv-
ing performances as electronic devices.

In the research and development of organic electronics,
creating new functional materials is the key. In order to effi-
ciently create new materials, it is important not only to
research inside the company but aslo to collaborate with
external research institutions.

We have been studying organic ELs and organic spintron-
ics in JST-ERATO Isobe Degenerate m-Integration Project,
which has been working since 201423,

When we picked up in the project aromatic hydrocarbon
macrocycles, which were almost not studied as organic EL
materials at all until that time, they showed an unusual
behavior of charrier mobility, and the organic EL devices
using those materials showed high efficiencies with a simple
device structure. The details of such study will be reported in
this paper.

In the study of multilayered elements, we found that the
element using an Me-substituted compound as a host mate-
rial showed a high EQE (External Quantum Efficiency). The
transition phosphorescence spectra and the AFM measure-
ment showed that the high EQE was due to control of
decrease in the E; in the thin film state and control of the
deactivation of excitons due to reverse energy transition. In
the study of simple structure elements, the 5Me-[5]CMP
used as the base material showed a high EQE. We consider
that the high EQE was achieved, because holes were trapped
strongly on Ir(ppy)s, a hole blocking effect was therefore
caused near the boundary between the neat layer and the
doped layer, and recombination probability was therefore
increased.
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Fig. 1 Architectures of the electro-phosphorescent OLEDs and their
chemical structures.
(a) The multi-layer device was assembled with a cathode = Al(100
nm), EIL = LiF(0.5nm), ETL = Alg;(20 nm), HBL = BAlg(10nm), EML
= 6Wt% Ir(ppy)s; in a host material(40 nm), HTL = a-NPD(20 nm),
HIL = PEDOT: PSS(30 nm), anode = ITO(110 nm). The simple-layer
device was assembled with a cathode = Al(100 nm), EIL = Cs(1.5
nm), organic layer = base material(10 nm)/6wt% Ir(ppy)s in base
material (40 nm)/base material(10 nm), HIL = PEDOT: PSS(30 nm),
anode =ITO(110nm).
(b) Chemical structures of the CMPs (Cyclo-Meta-Phenelynes).
The simple layer element is structured such that the HTL, the host
for the EML, the HBL, and the ETL of the multi-layered element are
substituted by one organic material. Note that the elements are
produced by a vacuum deposition method.

Table 1 Representative physical properties of CMPs.

Host material T2(°C) EL(eV) E(eV)
[5]CMP 358 3.52 2.73
[6]CMP 451 3.63 2.95
5Me-[5]CMP 369 3.53 2.68
3Me-[6]CMP 428 3.58 2.78
6Me-[6]CMP 433 3.63 2.77

2The onset decomposition temperature Td was determined by thermo-
gravimetric analysis on a TG-DTA2500 (Netzsch) after an equilibration
time of 10 min at 40°C with a heating rate of 10°C min™ in flowing
helium. ®The E; values were obtained from fluorescence spectra in chlo-
roform at ambient temperature. < The E; values were obtained from
phosphorescence spectra with excitation at the absorption maximum
in 2-methyltetrahydrofuran at 77K.

All of the compounds had high heat stability, and the E; values in a solu-
tion state were sufficiently high with respect to E; (2.4 eV®) of Ir (ppy)s,
which suggested that they were appropriate for application as host
materials.
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Table 2 Representative characteristics of multilayer phosphorescent
OLEDs.

Host material EQE(%) CE(cdA') PE(mW?') DV(V)

CBP 4.9 17.7 10.2 5.2
[5]CMP 0.0 0.0 0.0 3.1
[6]CMP 1.0 3.7 25 4.0
5Me-[5]CMP 16.8 55.1 31.2 6.1
3Me-[6]CMP 12.3 43.1 27.5 5.1
6Me-[6]CMP 7.9 29.2 15.6 5.6

2 Performances were evaluated at 0.1 mA cm?, and the Lambertian fac-
tors for the data calibrations were as follows. For EQE: CBP (4,4'-Bis (car-
bazoyl) biphenyl) = 0.99, [5]CMP = 1.18, [6]CMP = 0.91, 5Me-[5]CMP = 1.10,
3Me-[6]CMP = 1.04 and 6Me-[6]CMP = 0.99. For PE(Power Efficiency):
CBP = 0.97, [5]CMP = 1.04, [6]CMP = 0.84, 5Me-[5]CMP = 1.10, 3Me-[6]
CMP = 1.03 and 6Me-[6]CMP = 0.96. CE is the abbreviation of Current
Efficiency. DV is an abbreviation of Driving Voltage.

EQEs are 5Me-[5]CMP (16.8%), 3Me-[6]CMP (12.3%), and 6Me-[6]CMP
(7.9%), which results show that those materials can be appropriately
used as host materials. However, the EQEs of the elements made of [5]
CMP and [6]CMP are very low, contrary to our expectation.
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Fig. 2 Photoluminescence decay of Ir(ppy); (6 wt%) at 520 nmin a 40 nm

thin film of the host materials with excitation at 335 nm at room
temperature.
Regarding [5]CMP and [6]CMP, a large decay is observed at the
early stage. This fact implies that there is reverse energy transfer
from Ir(ppy); to the host material. Also regarding 3Me-[6]CMP and
6Me-[6]CMP, there is observed a slight decay. However, 5Me-[5]
CMP shows almost a first order exponential decay line, which shows
that the interaction with the host material is extremely small.
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Fig. 3 AFM images of the thin films of [5]CMP (left) and 5Me-[5]CMP (right)
deposited on a glass surface.

The thin film of [5JCMP is in a microcrystal state having a maximum sur-

face roughness of about 120 nm, but 5Me-[5]CMP is in an amorphous
state having a surface roughness of about 3 nm.
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Fig. 4 Energetics of the single-layer OLED.
All the base materials possessed similar energetics especially in
the HOMO levels. The HOMO levels were directly measured by
photo-electron spectroscopy in air (PESA), and the LUMO levels
were estimated using the optical energy gaps obtained from
the absorbance onsets of the thin films. The data for CBP were
acquired from the literature.'?
3Me-[6]CMP and 6Me-[6]CMP had shallow LUMO levels com-
pared with CBP, leading to expectations of electronic blocking.
Meanwhile, 5Me-[5]CMP has a value close to that of CBP and is
expected to have similar properties.
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Table 3 Representative performance data of the simple-layer phospho-
rescent OLEDs®.

Host material EQE(%) CE(cdA") PE(mW') DV(V)

CBP 4.9 9.5 14.0 3.3
5Me-[5]CMP 22.8 94.1 43.5 5.7
3Me-[6]CMP 7.3 30.1 17.3 4.5
6Me-[6]CMP 5.3 21.7 11.4 4.8

2 Performances were evaluated at 0.1 mA cm?, and the Lambertian fac-
tors for the data calibrations were as follows. For EQE: CBP = 1.80, 5Me-
[5]CMP =0.87, 3Me-[6]CMP = 0.81, 6Me-[6]CMP = 0.87. For PE: CBP = 1.56,
5Me-[5]CMP = 0.84, 3Me-[6]CMP = 0.81, 6Me-[6]CMP = 0.90.

The simple-layer element using 5Me-[5]CMP shows an extremely high
EQE (22.8%), which is largely different from CBP (4.9%) expected to have
similar properties.

g Ja A A A A A AAAAp
> 104 X X X X ox
[§) 3 X
g ] AAAln R ENE A aTaT N
g A A A
:’a:_) ) X
£ '3
3 E
§ x X CBP
=l o1 4 A\ 5Me-[5]CMP
© g
;EJ ; /\ 3Me-[6]CMP
2 i A 6Me-[6]CMP
X ]

0.01 T T T — T

0.01 0.1 1 10

Current density (mA-cm?)

Fig.5 External quantum efficiency of the simple-layer OLED plotted
against the current density.
The EQE-Current density curves show that the EQEs are high over
a wide current density range.
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Table 4 Mobility of HOD (Hole-Only Device) and EOD (Electron-Only

Device).
J (cm2V-'s")(neat) J (cm2V-'s")(doped)
Base material Hole Electron Hole Electron
CBP 2.1x10* 1.9x104  2.3x10° 6.8x10°
5Me-[5]CMP 2.2x10°% 2.0x10°%  9.3x107 2.5x10°%
3Me-[6]CMP 4.4x10°% 6.0x10°%  1.2x10°% 6.7x10°
6Me-[6]CMP 1.1x10° 2.4x10°%  6.7x10° 3.2x10°%

2The mobilities were estimated at 100 mA cm? from J-V? characteristics
using Child’s law (J = 9 euV#/8L3) for the neat layers and doped layers.
The estimation results of the EOD show that the doped Ir(ppy); does not
largely affect the mobilities. Meanwhile, the estimation results of the
HOD show that doping in 5Me-[5]CMP remarkably controls the mobili-
ties (neat: 2.2x10° cm?V' s, doped: 9.3x10-7 cm?V' s7").
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Fig. 6 White OLED with a simple-layer architecture using a blend of

three different phosphorescent emitters, fac-Ir(mpim); for blue,™
Ir(ppy); for green and Ir(piq); for red,'. (a) An electrolumines-
cence spectrum at a current density of 0.1 mA cm™ (b) A picture
of the device with an emitting area of 16.6 mm x 6 mm.
On the EL spectrum, there are peaks each considered to be emit-
ted light from each emitter, and the spectrum shows that the
OELD device exhibits relatively good white light emission (EQE =
10.9%).
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