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ABSTRACT

In this paper, we demonstrate device performances with cesium (Cs) doped in oxadiazole (OXD) derivatives as a
metal-doped electron transport layer (MD-ETL). Csis a heavy alkali atom and difficult to diffuse in an organic matrix.
The metal quenching effect is therefore reduced in a long-term operation. Three different kinds of OXD-based organic
materials were used. However, only one kind of OXDs can effectively improve the device performances. Such a host
material exhibits advantages of high glass transition temperature (Tg) of 147 °C. The average roughness of the thin film
is small hence the leakage current of the corresponding OLED devices is low. By using a highly reflective and
conductive silver cathode, an OLED with a2.59 V reduction in driving voltage, a 47.3% increase in current efficiency,

and a 3.14 times enhancement in operation lifetime was demonstrated.
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1. INTRODUCTION

Organic light-emitting displays (OLED) have recently attracted much attention because of the advantages of
low-power consumption, high brightness, high contrast, and low cost [1],[2]. However, high driving voltage and short
operation lifetime are major limitations for the current OLED devices in gpplications as compared to other competitive
display technologies such as semiconductor light-emitting diodes (LEDs) and liquid crystal displays (LCDSs).

In order to break through these limitations, organic materials having high conductivity and good electrical contact
with electrodes are desired. Recently, doping techniques, which have been widely used in forming inorganic
semiconductors, have been applied for forming organic p- and n-type materials [3]. Although efficient p-type doping is
possible for avariety of organic materids, examples based on the n-type doping with high stability arerare [4]. A typical
n-type doping electron transport layer (ETL) consists of a low work-function metal doped in an organic material.

Co-evaporation of the materials, which is called the metal-doped (M D) technique, is commonly employed for preparing
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this ETL [5]. Although lithium was found to be one of the most efficient dopants, it would easily diffuse into the
light-emitting layer (EML) and hence induce the metal ion quenching effect. In a long-term operation, the current
efficiency and the lifetime of the devices significantly decrease. 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthrolin (BCP)
and 4,7-diphenyl-1,10-phenanthroline (BPhen) are common materids for the host organic materials in MD-ETL. Their
molecular structures are shown in Fig. 1. Nevertheess, their low glass-transition temperatures (Tg) of 83 and 62 °C limit
the operation lifetime of the devices [6]. Co-evaporating high Tg materials such as Balg (Tg:92 °C) with Li:BPhen to
form amixed ETL does increase the operation lifetime. Unfortunately, in the case, the driving voltage increased. There

seems to be a tradeoff between operation lifetime and driving voltage in this system.

OXD-1 OXD-2

OXD-3

Fig. 1 Molecular structures of different OXDsand BCP.

Herein we reported the use of cesium (Cs), aheavier alkai atom, as the dopant material in the MD-ETL. Since Cs
is much heavier than Li, we expected that the meta-atom diffusion rate would be less. However, the work function of Cs
is smaller in comparison with Li. Therefore, an organic material that is compatible with Cs and has high electron

mobility ishighly desired. In the present work, we adapted three kinds of OXD matrix, as shown in Fig. 1, as the host for
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the ETL matrix.

The family of oxadiazole (OXD) compounds has been extensively used as electron transporting materials[7]. We
are interested in developing OLED devices based on this family for severa reasons: (1) The coordination-ability of
1,34-oxadiazoles, including the oxygen and nitrogen atoms, with Cs should be reasonably good, allowing the Cs atoms
to be dispersed evenly into the organic matrix. [8] (2) The electron mobility in OXD matrix is high. [7] (3) The lowest
unoccupied molecular orbita level of OXD is close to the host of our EML, tris-(8-hydroxyquinoline) aluminum (Alg3)
[9] This makes the electron drifting from ETL to EML easier. This may also lead to a decrease in the driving voltage and
an increase in the current efficiency.

The host material OXD-1 is anewly designed organic material with good thermal stability and high Tg of 147°C.
Careful study reveded that OXD-1 and OXD-3 could form an ultra flat thin-film with a mean roughness less than 1 nm
through thermal evaporation and deposition in high vacuum. On the other hand, the average roughness of OXD-2 is over
100 nm. The high mean roughness vaue results in high leakage current, low current efficiency, and short operation
lifetimein an OLED. Due to the formation of the flat surface, the glassy OXD-1 MD-ETL can form ohmic contact with
the cathode materials, including Ag and Al, regardless of the work function.

2. EXPERIMENTS

In dl of the following experiments, we used ITO glass substrates with low sheet resigtivity (10 Ohm/sgr) and flat
surface roughness (Ra< 1 nm). The size of the active region in our test pixe is0.5 cm x 0.5 cm. In our devices, we used
N,N’-diphenyl-N,N’-bis(1-nagpthyl)-1,1’-biphenyl-4,4’-diamine (NPB) as the hole-transport layer (HTL) material, and
tris-(8-hydroxyquinoline)aluminum (Alg3) asthe EML. In our control device, Alg3 was used as the ETL and LiF of 1.2
nm in thickness was used as the electron injection layer between the ETL and the Al cathode. In our MD-OLEDS, we
used Cs as the dopant and BCP, OXD-1, and OXD-2 as the host materids of the ETL. As mentioned above, OXD-3
exhibits a high mean roughness level and is not suitable for thin-film device. The metal dopant concentration, which is
optimized as shown in ref. [10], is 10%, 20% 50% and 50 % respectively in molar ratio for BCP, OXD-1, OXD-2 and
OXD-3. Thethickness of the Al and Ag cathode were 100 nm. Figure 2 illustrates the layer structures. After organic and
metal deposition, we encapsulated in the glove box with O, and H,O concentrations below 1 ppm. Prior to the lifetime
test, devices were characterized with a Keithley 2400 source meter for current-voltage measurement and with a PR-705
photometer for the brightness measurement. In our lifetime test, we fixed the initid luminance at 10000 cd/m? and
supplied a constant current to our devices. The brightness and voltage were recorded with a PR-705 photometer and a

Keithley 2400 source-meter at different durations.
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Device HTL EML ETL Cathode

55 nm 275nm 27.5nm 100 nm
A Alg3 LiF/Al
B CsBCP Ag
NPB Alg3
C Cs.OXD-1 Ag
D Cs.OXD-3 Ag

Fig. 2 Device structures of the OLEDs.

3. RESULTSAND DISCUSSIONS

Current density versus voltage (JV) and current efficiency versus current density (n-J) comparison among the
four devices are shown in Fig. 3 and Fig. 4, respectively. Device A is the conventional device with the current density
and the current efficiency of 0.1 A/cm? and 3.35 cd/A a 9.72 V which isatypical value in such adevice. Since Ag has a
lower optical absorption and higher dectrical conductivity than Al, such areplacement could effectively improve device
performance. When we change the ETL from Alg3 to CsBCP and replace the Al cathode by an Ag cathode (device B),
the driving voltage is reduced by 1.86 V and the current efficiency was increased by 29 % a a current density of 0.1
Alcm?. In an NPB/AIg3 device, holes in NPB exhibit higher mobility than electronsin Alg3 [11]. That means the electric
field in ETL ishigher than that in HTL. Such a carrier unbaance results in a lower recombination rate and lower current
efficiency [12]. Introducing the MD technology in the device design does not only decrease the driving voltage but aso
improves the e ectron-hole balance. This explains the higher current efficiency in our MD-OLED. When we changed the
host material of the EML from BCP to bissOXD with an Ag cathode, the driving voltage and the current efficiency reach
4.93 cd/A and 7.32 V, respectively at the same current density. We can see that, the driving voltage was lower in device
C than device B. The LUMO energy levels of 1.8, 2.17, and 3.7 €V for BCP, OXD-1, and Alg3 were measured
respectively. The energy gap between BCP/AIq is higher than that of OXD-1/Alg3, implying that more phonons have to
be released when carriers transport from BCP to Alg3 than from OXD-1 to Alg3. This would rationalize the higher

driving voltage in device B as compared to device C. Further experiments for proving this assumption are ongoing.
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However, when using OXD-2 as the host of the EML, the driving voltage is 10 V a 0.1 A/cm? with a current efficiency
of 3.3 cd/A. The voltage is higher and the current efficiency is lower in such a device. That means not al OXD
derivatives can be used as the host materials of the MD-ETL. A suitable materia design is necessary for this purpose.

More experiments will be done to study the reaction mechanisms between the Cs and the OXDs.
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Fig. 3 Comparison of current density versusvoltage curves.

Proc. of SPIE Vol. 5937 59371S-5



25000

\

—n—Device A

1 —e—Device B
20000 —A—Device C
—v—Device D

15000 /
v—

mooo.: / /‘/

Luminance (cd/m?)

T T T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Current density (A/cm?)

Fig. 4 Comparison of brightness versus current curves.

Figure 5 shows the results of the acceerated operation-lifetime tests of devices A, B and C. Ones can see that
our control device, device A, has the shortest lifetime. The extrapolated half lifetime under the brightness of 20000 cd/m?
is 13.6 hours. Device B exhibits a half lifetime of 24 hours, despite the lower Tg of the metal-dopant/host matrix. Two
possible reasons may explain this phenomenon. The first is the higher power efficiency of the MD devices which
generate less heat during operation. The second is the lower diffusion rate of Cs, which is used as the dopant in the
OLED devices. This leads to less quench effect. For device C containing Cs.OXD as the MD-ETL layer, the operation
lifetime is as high as 42.5 hours. This is 146% and 213% longer than those for the Cs:BCP and control devices
respectively. Although the reasons behind this are unconfirmed, the high Tg characteristics of OXD may play an
important role in the high efficiency and the long operation lifetime.
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Fig. 5 Accelerated lifetime test of devices.

4. SUMMARY

In summary, we have shown nove high performance OLED devices based on MD-ETL and cathode materials.
These could effectively decrease the driving voltage of the device and increase the current efficiency and operation
lifetime. A suitable molecule design is needed for the host of the MD-ETL. Ag was used as the cathode el ectrode to
lower the ohmic loss and reduce the optical absorption. We chose Cs as the dopant material in the ETL to decrease the
effects of metd ion diffusion, and inhibit the quenching effects in a long-term operation. For devices with MD-ETL, not
only the driving voltage was decreased, higher current efficiency was also achieved due to better charge baance. Perhaps
due to the high thermal stability and good energy alignment with EML, the lifetime of the devices based on Cs doped
OXD ETL increased.
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