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Low Driving Voltage and High Efficiency Blue
Phosphorescent OLEDs with Mixed Host System

YOUNG HOON SON, YOUNG JAE KIM, MI JIN PARK,
AND JANG HYUK KWON*

Department of Information Display, Kyung Hee University, Seoul 130-701,
Korea

We report both low driving voltage and high efficiency characteristics in blue
phosphorescent organic light-emitting diodes with a simple device structure. A
mixed host system consisting of narrow band-gap host material of 4,4’ 4" -tris(N-
carbazolyl)triphenylamine (TCTA) and bipolar carrier transporting material of 2,6-
bis(3-(carbazol-9-yl)phenyl)pyridine (26DCzPPy) shows low driving voltage perfor-
mances with high luminance stability. A very low onset voltage of 3.0 V and a driving
voltage of 3.8 V to obtain a brightness of 1000 cd/n?’ are achieved with a current
efficiency of 44.2 cd/A.

Keywords Blue phosphorescent; mixed host system; organic light-emitting diode

Introduction

Since the first report of organic light emitting diode (OLED) in 1987 [1], this very simple
organic device has evolved dramatically over the last decades thanks to several scientific
efforts in both materials science and device physics, for example, introduction of phospho-
rescent emitters [2], host-guest system [3], multi-layer structure [4—6], and so on. All these
attempts have resulted in high quantum efficiency and low driving voltage characteristics,
which leads to the current OLED production. Especially electro-phosphorescence devices
have been regarded as the key technology in high efficiency OLED products due to theirs
theoretical 100% internal quantum efficiency which is four times higher than conventional
electro-fluorescent devices. Up to date, highly efficient red, green, and blue phosphorescent
OLEDs (PHOLEDs) with over 20% external quantum efficiency (EQE), an almost ideal
value, have been reported [7-9].

In order to facilitate the exothermic energy transfer from the host to the dopant
molecules, the general PHOLEDs demand high triplet energies of host materials at least
over 2.8 eV. In addition this, about 0.5 ~ 1.5 eV exchange energy of singlet to triplet is
also considered for host materials. Therefore, general current blue phosphorescent host
materials have wide band-gap characteristics over 3.5 eV. As the results, most reported blue
PHOLEDs based on these wide band-gap host materials show high driving voltage char-
acteristics over 5 V [10-12]. The main reason of such high driving voltage performances
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Table 1. Key performance characteristics of fabricated five blue PHOLED:s.

Device A Device B Device C Device D Device E

Turn-on 34V 3.6V 28V 32V 30V
Voltage

Operating 7.0V 47V 35V 40V 38V
Voltage

Efficiency 32.3 cd/A 28.0 cd/A 29.1 cd/A 36.4 cd/A 44.2 cd/A
14.4 Im/W 15.7 Im/W 26.7 Im/W 28.3 Im/W 36.6 Im/W
Maximum 36.6 cd/A 31.0 cd/A 34.4 cd/A 41.3 cd/A 47.1 cd/A
Efficiency
25.6 Im/W 20.3 Im/W 36.0 Im/W 38.2 Im/W 45.0 Im/W
Maximum 13930 cd/m> 11400 cd/m?> 5144 cd/m> 10760 cd/m> 8413 cd/m?
Luminance
CIE (x,y) (0.157,0.313) (0.161, 0.333) (0.155, 0.320) (0.156, 0.318) (0.160, 0.332)

in current blue PHOLED:s is carrier trapping phenomena arisen from the big energy differ-
ences between wide band-gap of host and narrow band-gap dopant materials. The direct
charge carrier movement and recombination at dopant molecules lead to high driving volt-
age performances. Hence, high dopant concentration in such host dopant systems could
help to reduce driving voltage through the connection of dopant molecules [13]. However,
we should sacrifice the device efficiency due to concentration quenching between dopant
molecules [14]. So, it is very difficult to achieve both high efficiency and low driving
voltage performances simultaneously in blue PHOLEDs with current wide band-gap host
materials.

In this paper, we report both low driving voltage and high efficiency characteristics in
blue PHOLEDs with a mixed host system. A very low onset voltage of 3.0 V and a driving
voltage of 3.8 V to reach 1000 cd/m? brightness are achieved with a current efficiency of
44.2 cd/A.

Experimental

To make blue PHOLED devices, sublimated grade di-[4-(N,N-ditolyl-amino)-phenyl]
cyclohexane (TAPC) from Luminescence Technology and 1,3,5-tri[(3-pyridyl)-phen-3-
yl]benzene (TmPyPB) from Daejoo Electronic Materials were used as a hole transport
layer and an electron transport layer, respectively. Bis(3,5-difluoro-2-(2-pyridyl)phenyl-
(2-carboxypyridyl)iridiam(III) (FIrpic) from Luminescence Technology was used as a
blue phosphorescent dopant material. 1,3-Bis(carbazol-9-yl)benzene (mCP), 2,6-bis(3-
(carbazol-9-yl)phenyl)pyridine (26DCzPPy), and 4,4’ 4”-tris(N-carbazolyl)triphenylamine
(TCTA) from Luminescence Technology were used as phosphorescent blue host materials.
In this work, we have fabricated several blue PHOLEDs using the following simple de-
vice structure (Fig. 1): ITO/ TAPC (45 nm)/ host: Flrpic (15 nm)/ TmPyPB (40 nm)/ LiF
(0.5nm)/ Al (100nm). To fabricate blue PHOLEDs, we use clean glass substrates coated
with a 150 nm thickness of ITO layer which having a sheet resistance 10 Ohm/square as
an anode. The active patterns size of 2 x 2 mm? were formed by the photolithography
and wet etching processes. The ultrasonic cleaned glass substrate in an isopropyl alcohol,
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Figure 1. The device structure with the energy band diagram and molecular structures of used
materials.

acetone, and methanol was rinsed in deionized water, and finally was treated in ultraviolet
(UV)-ozone for 3 min. The ozone gas inside the chamber was generated by using UV
light to excite the oxygen in the air. Each organic layer was deposited under a pressure
of ~ 1077 torr with a deposition rate of ~ 0.5 A/s. Subsequently, 0.5 nm thickness of
lithium fluoride (LiF) and 100 nm thickness of aluminum (Al) were deposited in vacuum
chamber without breaking the vacuum and used as a cathode. The current density-voltage
(J-V) and luminance-voltage (L-V) data of blue PHOLEDs were measured employing a
Keithley SMU 238 and a Minolta CS-100A. Electroluminescence (EL) spectra and Com-
mission Internationale de I’Eclairage (CIE) color coordinate were obtained using a Minolta
CS-1000A.
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Results and Discussion

Four blue PHOLED devices were fabricated by using mCP, 26DCzPPy, TCTA, and
26DCzPPy: TCTA as phosphorescent blue host materials. These three host materials con-
tain carbazole structures which are well-known hole transporting chemical moiety [15].
Hence, the mCP and TCTA show mainly hole transporting characteristics. On the other
hands, 26DCzPPy was reported as a bipolar carrier transporting material attributed to com-
bining carbazole hole transporting and pyridine electron transporting moieties [16]. Four
blue PHOLEDs were fabricated by varying host materials with a following structure: “ITO/
TAPC (45 nm)/ host (mCP, 26DCzPPy, TCTA, 26DCzPPy: TCTA (1:1 ratio)): 3 % Flrpic
(15 nm)/ TmPyPB (40 nm)/ LiF (0.5 nm)/ Al (100 nm)”. Device A, B, and C are assigned
for mCP, 26DCzPPy, and TCTA single host system, respectively. Device D has 26DCzPPy:
TCTA mixed host system with the same emissive layer (EML) thickness. The optimized
device with 26DCzPPy: TCTA mixed host system is assigned as the Device E: “ITO/
TAPC (50 nm)/ 26DCzPPy : TCTA (1:1 ratio) : 3 % Flrpic (10 nm)/ TmPyPB (40 nm)/ LiF
(0.5 nm)/ Al (100 nm)”. The Device E has thinner EML thickness from 15 nm to 10 nm and
thicker TAPC thickness from 45 nm to 50 nm. Figure 1 shows the device structures with
the energy band diagram for five fabricated blue PHOLED devices and each molecular
structure of used materials. Figure 2 shows the J-V-L characteristics of fabricated blue
PHOLED:s. In single host system devices, mCP host based device (Device A) shows very
high onset voltage and driving voltage of 3.4 V and 7.0 V, respectively, due to wide band-
gap characteristics of mCP which cause charge trapping in dopant molecules. Especially,
deep electron traps at lowest unoccupied molecular orbital (LUMO) energy level of Flrpic
molecule are expected to occur due to the big difference between the LUMO energy of
mCP and Flrpic, 0.5 eV. Because electron mobility is relatively lower than hole mobility
in this case, these electron traps seems to give high onset and driving voltage characteris-
tics. Device A shows the current and power efficiency at driving voltage of 32.3 cd/A and
14.4 Im/W at 1000 cd/m?, respectively (see Fig. 3). The 26DCzPPy host based device
(Device B) shows lower onset and driving voltages as 3.6 V and 4.7 V, respectively. In spite
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Figure 2. Current density-voltage characteristics of fabricated blue PHOLEDs.



Downloaded by [Chongging University] at 04:49 15 February 2014

184 Y. H. Son et al.

10000
[ .0+ Device A
p— [ osties Device B
o 8000 } ' DeviceC
£ t ..+ Device D
kel [ -7+ Device E
< 6000 |
Q :
Q
S 4000 [
- [
£ | o
£ : g
=l 2000 ¢ ..O"O
0 2 8 10

Voltage (V)

Figure 3. Luminance-voltage characteristics of fabricated blue PHOLEDs.

of a wide band-gap characteristic of 26DCzPPy, onset and driving voltages of Device B
are improved significantly as compared with those of Device A, which may be attributed
to the bipolar carrier transporting characteristic and reduced electron traps. However, these
voltage values are still high to compare with those of red and green PHOLEDs due to still
existence of hole trap sites in 26DCzPPy host device. Device B shows the current and power
efficiency at driving voltage of 28.0 cd/A and 15.7 Im/W, respectively. Even though current
efficiency is lower than that of mCP host device, power efficiency is improved thanks to
reduction of driving voltage. The narrow band-gap host material of TCTA (Device C) shows
very low onset voltage of 2.8 V which is very close to triplet energy level of Flrpic (2.7 eV),
indicating both hole and electron trapping by dopant molecules is minimized. Moreover,
Device C shows relatively good efficiency characteristics of of 29.1 cd/A and 26.7 Im/W
at the 1000 cd/m? brightness value, respectively. Thanks to the significant driving voltage
reduction of 3.5 V from Device A to Device C, power efficiency is drastically improved
from 14.4 Im/W to 26.7 Im/W. However, significant role-off characteristics are observed
in efficiency curves. These strange efficiency characteristics are caused by unstable lu-
minance characteristic of Device C. The maximum luminance of Device C shows only
5144 cd/m?. It is a relatively low value to compare with the maximum luminance character-
istic of 13930 cd/m? of Device A. This indicates poor electrical stability of TCTA molecule
itself. As shown in Fig. 4, efficiency roll-off phenomenon in mCP and TCTA device are
very poor, however, 26DCzPPy device shows low efficiency roll-off characteristics, espe-
cially in the power efficiency curve. When bipolar host material of 26DCzPPy and narrow
band-gap host material of TCTA are mixed in one emissive layer as the host, Device D and
E show both low driving voltage and high efficiency characteristics. Device D shows the
onset voltage and driving voltage of 3.2 V and 4.0 V, respectively, and the current and power
efficiency of 36.4 cd/A and 28.3 Im/W at 4.0 V driving voltage, respectively. The bipolar
characteristics of the mixed host materials and minimized both hole and electron traps help
to form wide exciton recombination zone over entire emissive layer. Improved maximum
luminance and reduced efficiency roll-off characteristics of Device D in comparison with
Device C prove that exciton recombination zone is widen. Especially, under optimized
EML thickness condition (Device E), the lowest onset voltage and driving voltage of 3.0 V
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Figure 4. Current efficiency-luminance-power efficiency characteristics of fabricated blue
PHOLEDs.

and 3.8 V, respectively, and the highest current and power efficiency of 44.2 cd/A and 36.6
Im/W at 4.0 V driving voltage are observed. The device performances of all devices are
summarized in Table 1.

The electroluminescent spectra of Device A~D are shown in Fig. 5. The Flrpic based
blue devices generally show a strong peak at about 470 nm with a shoulder peaks at about
495 nm. In our previous studies, it was reported that the intensity of shoulder peak is varied
depending on emission zone location in Flrpic based blue PHOLEDs [17]. The emission
shoulder around 495 nm in the EL spectrum is enhanced when charge recombination zone
shifts to hole transport layer (HTL) side. The exciton recombination zone of Device A may
be close to the electron transport layer attributed to both electron tapping situations and hole
dominated transporting property of mCP, leading to not only weak shoulder peak but also
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Figure 5. Electroluminescent spectra of Device A~D.
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the main emission peak centered at 468 nm. In contrast, Device B shows stronger shoulder
peak than that of Device A because Device B has HTL-sided emission zone due to both
hole trapping situations and the better electron injection and transportation. On the other
hand, when the charge trapping of both holes and electrons are minimized in the Device
C and D, gradual shoulder peak is observed maybe due to broad emission zone. The color
coordinates of the Devices A, B, C, D, and E show (0.157, 0.313), (0.161, 0.333), (0.155,
0.320), (0.156, 0.318), and (0.160, 0.332) at 1,000cd/m? brightness.

Conclusions

In summary, both low driving voltage of 3.8 V and very high efficiencies of 44.2 cd/A and
36.6 Im/W at 1000 cd/m? are realized in blue PHOLEDs by using a mixed host system
consisting of narrow band-gap and bipolar carrier transporting host materials. Our mixed
host system could minimize not only charge trapping but also enhance bipolar transport
behavior in the emissive layer. We think that both low driving voltage and high efficiency
blue PHOLEDs with high luminance stable characteristics could be a promising way for
display and lighting production.

Acknowledgments

This work was supported by the Human Resources Development program (No.
20134010200490) of the Korea Institute of Energy Technology Evaluation and Planning
(KETEP) and Industrial Strategic Technology Development Program (10041556) grants
funded by the Korea government Ministry of Trade, Industry and Energy.

References

[1] Tang, C. W., & VanSlyke, S. A. (1987). Appl. Phys. Lett., 51, 913.
[2] Baldo, M. A., O’Brien, D. E,, You, Y., Shoustikov, A., Sibley, S., Thompson, M. E., & Forrest,
S. R. (1998). Nature (London) 395, 151-154.
[3] Jeon, W. S., Park, T. J., Kim, S., Pode, Y. R., Jang, J., & Kwon, J. H. (2009). Org. Electron., 10,
240.
[4] VanSlyke, S. A., Chen, C. H., & Tang, C. W. (1996). App!. Phys. Lett., 69, 2160.
[5] Adamovich, V. 1., Cordero, S. R., Djurovich, P. I., Tamayo, A., Thompson, M. E., D’ Andrade,
B. W, & Forrest, S. R. (2003). Org. Electron., 4, 71.
[6] Hung, L. S., Tang, C. W., & Mason, M. G. (1997). Appl. Phys. Lett., 70, 152.
[7] Fukase, A., Dao, K. L. T., & Kido, J. (2002). Polym. Adv. Technol., 13, 601.
[8] Tanaka, D., Sasabe, H., Li, Y. J., Su, S. J., Takeda, T., & Kido, J. (2007). Jpn. J. Appl. Phys., 46,
L10.
[9] Su, S.J., Tanaka, D., Li, Y. J., Sasabe, H., Takeda, T., & Kido, J. (2008). Org. Lett., 10, 941.
[10] Whang, D. R., You, Y., Kim, S. H,, Jeong, W., Park, Y., Kim, J., & Park, S. Y. (2007). Appl.
Phys. Lett., 91, 233501.
[11] Lin,J., Liao, W., Huang, H., Wu, F., & Cheng, C. (2008). Adv. Mater., 18, 485.
[12] Su, S.J., Sasabe, H., Takeda, T., & Kido, J. (2008). Chem. Mater., 20, 1691.
[13] Holmes, R. J., D’Andrade, B. W., Forrest, S. R., Ren, X., Li, J., & Thompson, M. E. (2003).
Appl. Phys. Lett., 83, 3818.
[14] Kawamura, Y., Goushi, K., Brooks, J., Brown, J. J., Sasabe, H., & Adachi, C. (2005). Appl.
Phys. Lett., 86, 071104.
[15] Yeh, S.J., Wu, M. E, Chen, C. T,, Song, Y. H.,, Chi, Y., Ho, M. H, Hsu, S. F,, & Chen, C. H.
(2005). Adv. Mater., 17, 285.
[16] Su, S., Sasabe, H., Takeda, T., & Kido, J. (2008). Chem. Mater., 20, 1691.
[17] Doh, Y. J., Park, J. S., Jeon, W. S., Pode, R., & Kwon, J. H. (2012). Org. Electron., 13, 586.



