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High efficiency Iridium (III) bis (4-phenylthieno [3,2-c] pyridinato-N,C20) acetylacetonate (PO-01) based
yellow organic light-emitting devices are fabricated by employing multiple emission layers. The effi-
ciency of the device using 4,40 ,400-tris(N-carbazolyl) triphenylamine (TCTA) as potential barrier layer
(PBL) outperforms those devices based on other PBLs and detailed analysis is carried out to reveal the
mechanisms. A forward-viewing current efficiency (CE) of 65.21 cd/A, which corresponds to a maximum
total CE of 110.85 cd/A is achieved at 335.8 cd/m2 in the optimized device without any outcoupling
enhancement structures.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Organic light-emitting diodes (OLEDs) have drawn particular
attention due to their potential application in solid-state lighting
and flat panel display [1]. Tremendous effort has been devoted to
engineering device architectures to satisfy commercial require-
ments [2,3]. From the point of view of device architectures,
multiple-emission layer (M-EML) structure is proved to be an effi-
cient way to facilitate the confinement of electrons and holes
within the emission layer (EML), thus increased carrier recombina-
tion efficiency will be realized [4,5]. Employing M-EML structure is
also an efficient way to improve emission efficiency and adjust
emission spectrum [6,7]. In this work, we realized high efficiency
PO-01 based YOLED utilizing M-EML structures by engineering
devices with different interface buffer materials. The different car-
rier mobilities, together with different energy-level alignments
with the EMLs, allow us to gain insight into the selection rules of
buffer layers and reveal the underlying mechanisms. Having taken
advantage of the carrier confinement in the M-EML, along
with selected potential barrier layer (PBL) and optimized EML
numbers, YOLED with a forward-viewing current efficiency (CE)
of 65.21 cd/A, i.e., maximum total CE of 110.85 cd/A, is obtained
at 335.8 cd/m2.
2. Experimental section

The fabrication and measurement procedures are described in
detail elsewhere [7]. For the total (maximum)CEcalculation, a factor
of 1.7 is applied to the forward-viewing CE [9].We usedMoOx, N,N0-
Bis(naphthalen-1-yl)-N,N0-bis(phenyl)-benzidine (NPB) and 1,3,5-t
ri(m-pyrid-3-yl-phenyl)benzene (TpPyPB) as hole-injection layer
(HIL), hole-transporting layer (HTL) and electron-transporting layer
(ETL), respectively. 4,40-N, N0-dicarbazole-biphenyl (CBP): 6% PO-01
is used as the EML. Two typical hole-transporting materials: 1,1-bis
[(di-4-tolylamino)phenyl]cyclohexane (TAPC), and 4,40,400-tris
(N-carbazolyl) triphenylamine (TCTA), and other two typical
electron-transporting materials: tris-[3-(3-pyridyl)mesityl]borane
(3TPYMB), and 1,3,5-tris(N-phenylbenzimidazole-2-yl)benzene
(TPBi) are used for PBLs.
3. Results and discussions

The first set of devices is demonstrated as follows and the cor-
responding configurations are shown in the inset of Fig. 1: ITO/
MoOx (10 nm)/NPB (40 nm)/PBL (5 nm)/EML (10 nm)/PBL (5 nm)/
EML (10 nm)/TpPyPB (50 nm)/LiF (1 nm)/Al (100 nm). Here EML
is CBP: PO-01 (6 wt.%), and PBL stands for TAPC (device A), TCTA
(device B), 3TPYMB (device C) and TPBi (device D), respectively.
Normalized EL spectra of devices, with the schematic energy-
level diagrams of devices A, B, C, and D are shown in Fig. 1
[8–13], to study the carrier and exciton confinement as well as
recombination profile in the devices. As depicted in Fig. 1, the EL
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Fig. 1. The normalized EL spectrum of devices A–D at a current density of 5
mA/cm2. The inset shows the schematic energy-level diagrams of devices A–D.

Fig. 3. CE versus current density characteristics of devices T1–T4. Inset shows the
device structures of T1–T4.
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spectra of devices A and B show standard PO-01 emission with a
peak emission at 556 nm. While for devices C and D, in addition
to the PO-01 emission, a strong emission-peak centering at
448 nm, which is assigned to NPB emission [14], is observed,
implying considerable amount of holes are blocked at the NPB/
PBL interface due to the electron preferable transport nature of
3TPYMB and TPBi [15,16]. In this case, most holes will be used
for inefficient fluorescent NPB emission, and few holes can reach
the EML to contribute for efficient PO-01 phosphorescent emission,
which subsequently results in an extreme low CE of devices C
and D compared to that of device A and B (see Fig. 2). The above
discussions reveal that, to obtain high CE, it is required to promote
hole transport to the subsequent EMLs to suppress the NPB emis-
sion, i.e., a hole-transport dominated material is more preferable
for the PBL.

TAPC and TCTA, which are served as PBLs for devices A and B,
are two typical materials with high hole mobilities. However, it
is observed in Fig. 2 that, although the hole mobility of TAPC is
nearly 70 times higher than that of TCTA [17], surprisingly, the
peak CE of device B is, on the contrary, 1.5 times higher than device
A. Aiming to investigate the hidden reasons for the above phenom-
ena, another set of examination devices (T-series) were demon-
strated. Fig. 3 shows the J-CE curves of the T-series devices and
inset illustrates device configurations of T1, T2, T3 and T4. It is
observed that high CE are obtained in the devices (T1 and T3) where
the EML is close to TpPyPB ETL regardless the selected PBL. This
result suggests that electrons dominate the CE because EMLs in
Fig. 2. CE versus current density characteristics of devices A–D.
devices T1 and T3 have higher electron densities with respect to
that of devices T2 and T4, despite the fact that the latter ones have
higher hole densities. In addition to the above facts, a more signif-
icant output from Fig. 3 is that, among the high CE devices, the
peak CE of device T1 (TCTA PBL) is approximately 1.8 times higher
than that of device T3 (TAPC PBL). According to this hint, the reason
that CE of device B outperforms device A is able to be clarified. As
shown in the inset of Fig. 1, the lowest unoccupied molecular orbi-
tal (LUMO) energy level of TAPC is 1.8 eV (0.5 eV higher than that
of TCTA), and electron mobility of TAPC is also supposed to be
lower than TCTA [18,19]. Thus, as compared to device T1, more
electrons injected from the cathode, in device T3, will be blocked
Fig. 4. (a) V–I–B curves of devices employing TCTA PBL with different EML
numbers; (b) CE of the devices.



Table 1
Summary of the EL performances of YOLEDs with different EML numbers using TCTA
as PBL. The total CE is obtained by applying a factor of 1.7 to the forward-viewing CE
[9].

n = 1 n = 2 n = 4 n = 6

Turn on
voltage (at
1 cd/m2)

2.8 V 3.0 V 3.4 V 3.8 V

Voltage at
1000 cdm2

3.8 V 4.8 V 6.6 V 9.8 V

Total CE 74.1 cd/A at
485.5 cd/m2

85.0 cd/A
at 369 cd/
m2

110.85 cd/A
at 335.8 cd/
m2

95.54 cd/A at
339.6 cd/m2

Fig. 5. The energy-level diagram of the devices with M-EMLs (n = 1, 2, 4, 6)
structure.

Y. Mu et al. / Solid-State Electronics 114 (2015) 87–89 89
at the TAPC/EML interface due to the inherent higher LUMO level
and low electron mobility of TAPC. In this case, the superfluous
electrons injected from the cathode in device T3 are not able to
be transported to the subsequent layers and have to be accumu-
lated at the TAPC/EML interface which finally results in a severe
triplet-polaron annihilation inevitably [20] and therefore a low
CE. One can also note that device T4 owns extremely low peak CE
(4.0 cd/A at 0.5 mA/m2) as compared to device T2 (see Fig. 3), sug-
gesting negligible electron density in the EML, again a clear signi-
fier of the severe electron accumulation in the TAPC/CBP interface
in device T3, which is consistent with the above conclusion. Having
taken into consideration of the distinguished CE of device T1, along
with above analysis, we conclude herein the main contribution of
this work, i.e., the selective rules for PBL: to harvest high CE, the
PBL selected in this study not only needs to have good hole mobil-
ity (as aforementioned), but also should achieve a better energy
level alignment with the EML and avoid a fatal low electron mobil-
ity, so that more balanced electron distribution can be expected in
the EMLs.

The excellent performance of the device T1 and T2 inspired us to
further boost the CE of devices utilizing TCTA as PBL. Fig. 4
(a) and (b) plots the V–I–B and CE curves of the devices with var-
ious EML numbers (n = 1, 2, 4, 6) using TCTA PBL, respectively.
Table 1 summarizes the performances of devices and the schematic
energy-level diagrams are shown in Fig. 5. A remarkable total CE of
110.85 cd/A (corresponding to a forward-viewing CE of 65.21 cd/A)
is finally achieved at 335.8 cd/m2 in the device with 4 EMLs, which
is the best values based on PO-01 emission reported in literatures
so far [21,22]. The total CE can be maintained as high as 90 cd/A at
10,000 cd/m2 (Fig. 4b), indicating balanced carrier distribution and
effective exciton confinement are realized under different bias.

4. Conclusions

In summary, high CE is obtained in PO-01 based YOLED utilizing
TCTA as PBL. The device can efficiently facilitate the carrier trans-
port as well as regulate exciton distribution within the EML. The
PBL in the device should (i) be a hole transport preferable material
to suppress the emission of the HTL; and (ii) realize a better energy
level alignment with the EML. It is anticipated this work should be
a significant reference for further research toward high CE YOLEDs
based on M-EMLs structures.

Acknowledgments

We acknowledge funding for this research from the National
Key Basic Research and Development Program (973) of China
under Grant No. 2010CB327701, and the National Natural Science
Foundation of China (Grant No. 61275033).

References

[1] D’Andrade BW, Forrest SR. Adv Mater 2004;16(18):1585–95.
[2] Sun Y, Giebink NC, Kanno H, Ma B, Thompson ME, Forrest SR. Nature 2006;440

(7086):908–12.
[3] Reineke S, Lindner F, Schwartz G, Seidler N, Walzer K, Lüssem B, et al. Nature

2009;459(7244):234–8.
[4] Liu S, Li B, Zhang L, Song H, Jiang H. Appl Phys Lett 2010;97(8). 083304-

083304.
[5] Yang X, Zhuang S, Qiao X, Mu G, Wang L, Chen J, et al. Opt Exp. 2012;20

(22):24411–7.
[6] Huang J, Yang K, Liu S, Jiang H. Appl Phys Lett 2000;77(12). 1750-1750.
[7] Zhang S, Yue S, Wu Q, Zhang Z, Chen Y, Wang X, et al. Org Electron 2013;14

(8):2014–22.
[8] Najafabadi E, Knauer KA, Haske W, Fuentes-Hernandez C, Kippelen B. Appl

Phys Lett 2012;101(2). 023304-023304.
[9] Zhang S, Xie G, Xue Q, Zhang Z, Zhao L, Luo Y, et al. Thin Solid Films 2012;520

(7):2966–70.
[10] Wang X, Zhang S, Liu Z, Yue S, Zhang Z, Chen Y. J Lumin 2013;137:59–63.
[11] Lee H, Park I, Kwak J, Yoon DY, Lee C. Appl Phys Lett 2010;96(15). 153306-

153303.
[12] Kim WY, Kim Y-H, Jhun C-G, Wood R, Mascher P, Moon CB. J Appl Phys

2012;111(1):014507–11.
[13] Jou J-H, Wang C-J, Lin Y-P, Chung Y-C, Chiang P-H, Wu M-H, et al. Appl Phys

Lett 2008;92(22). 223504-223503.
[14] Zhou X, Qin DS, Pfeiffer M, Blochwitz-Nimoth J, Werner A, Drechsel J, et al.

Appl Phys Lett 2002;81(21):4070–2.
[15] Tanaka D, Takeda T, Chiba T, Watanabe S, Kido J. Chem Lett 2007;36(2):262–3.
[16] Takizawa S-Y, Montes VA, Anzenbacher P. Chem Mater 2009;21(12):2452–8.
[17] Xiao L, Chen Z, Qu B, Luo J, Kong S, Gong Q, et al. Adv Mater 2011;23(8):926–52

[Deerfield Beach Fla].
[18] Pawlik TD, Kondakova ME, Giesen DJ, Deaton JC, Kondakov DY. J Soc Inform

Disp 2009;17(3):279–86.
[19] Tao Y, Yang C, Qin J. Chem Soc Rev 2011;40(5):2943–70.
[20] Baldo MA, Adachi C, Forrest SR. Phys Rev B 2000;62(16):10967–77.
[21] Jou JH, Chiang CI, Chen YL, Peng SH, Lin YX, Jou YC, et al. J Mater Chem C 2013.
[22] Huang H-L, Shen K-H, Jhu M-C, Tseng M-R. MRS Proc 2005;846:1–6. http://dx.

doi.org/10.1557/PROC-846-DD9.5.

http://refhub.elsevier.com/S0038-1101(15)00230-0/h0005
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0010
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0010
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0015
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0015
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0020
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0020
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0025
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0025
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0030
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0035
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0035
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0040
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0040
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0045
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0045
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0050
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0055
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0055
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0060
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0060
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0065
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0065
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0070
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0070
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0075
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0080
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0085
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0085
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0090
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0090
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0095
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0100
http://refhub.elsevier.com/S0038-1101(15)00230-0/h0105
http://dx.doi.org/10.1557/PROC-846-DD9.5
http://dx.doi.org/10.1557/PROC-846-DD9.5

	High efficiency yellow organic light-emitting
	1 Introduction
	2 Experimental section
	3 Results and discussions
	4 Conclusions
	Acknowledgments
	References


