
Synthetic Metals 162 (2012) 1204– 1209

Contents lists available at SciVerse ScienceDirect

Synthetic  Metals

journa l h o me  pag e: www.elsev ier .com/ locate /synmet

Improvement  of  roll-off  in  power  efficiency  for  mixed  single  layer  organic  light
emitting  devices  by  co-doping

Yanhui  Loua,c, Zhenduo  Gengb,  Zhaokui  Wanga,c,∗,  Shigeki  Nakac,  Hiroyuki  Okadac

a Jiangsu Key Laboratory for Carbon-Based Functional Materials & Devices, Institute of Functional Nano & Soft Materials (FUNSOM), Soochow University, Suzhou, Jiangsu 215123,
China
b Department of Physics, Henan Normal University, Xinxiang 453007, China
c Graduate School of Science & Technology, University of Toyama, Gofuku 3190, Toyama 930-8555, Japan

a  r  t  i  c  l  e  i  n  f  o

Article history:
Received 20 February 2012
Received in revised form 28 April 2012
Accepted 18 May  2012

PACS:
78. 60. Fi
78.55. Kz
61.66. Hq

Keywords:
Organic light emitting device
Mixed single layer
Efficiency roll-off

a  b  s  t  r  a  c  t

Roll-off  phenomena  in  power  efficiency  for  rubrene-based  mixed  single  layer  organic  light  emitting
devices  is investigated.  The  evaluation  of operational  temperature  demonstrates  that  Joule heating  is
not the  main  reason  for roll-off  in  power  efficiency  with  current  density.  Co-doping  method  through
rubrene  co-doping  with  some  additive  dopant,  C6,  DCJTB  and  Nile  red,  in  mixed  single  layer  are pro-
posed  for  suppressing  the  roll-off  in power  efficiency.  By  co-doping  suitable  Nile  red  with  rubrene,  the
efficiency  roll-off  is  found  to be largely  improved  in  whole  range  of  current  density.  Moreover,  improved
device  performance  is  also  realized  even  if with  a 3 wt%  fluorescent  doping  concentration.  The improved
performance  is  ascribed  that there  exists  a competitive  emission  mechanism  with  respect  to different
dopant.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Organic light-emitting devices (OLEDs) represent a promis-
ing technology for large, flexible, lightweight flat-panel displays
[1].  Initial device with simple sandwiched configuration, however,
sometimes does not show a sufficient performance for practical
applications. Afterward, more complicated device architectures,
such as multiple layer heterostructure consisting of separate elec-
tron and hole transporting layers [2,3] are developed and the device
performance has been improved for practical commercialization.
However, the heterojunction itself in the multilayer structures
may limit the device stability which is deteriorated by the charge
accumulation owing to the existence of higher electric field at het-
erojunction interface. The excitons are quenched and the lifetime
is restricted by the high local electric field. A mixed organic layer
structure, in which both the electron transport materials and the
hole transport materials are evaporated in one layer, is very effi-
cient in improving the performance by adjusting the mixing ratio
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[4,5]. In addition, doping of a fluorescent dye into the emission layer
is also an important mean to realize high performance OLEDs [6,7].

In our past work [4],  OLEDs with a mixed single layer were pro-
posed and almost identical performance compared with stacked
heterostructure device could be obtained. More important, the
lifetime of the device operation was  largely improved and the sup-
pression of dark spots was  also confirmed by evaluating the dark
spots growth [8].  With optimized mixing ratio of tris-(8-hydroxy-
quinoline) aluminum (Alq3) and 2,5-bis(6′-(2′,2′′-bipyridyl))-1,1-
dimethyl-3,4-diphenylsilole (PyPySPyPy), hole transport material
4,4′-bis[N-(1-napthyl)-N-phenyl-amion] biphenyl (�-NPD) and
dopant material 5,6,11,12-tetraphenylnaphthacene (rubrene), the
maximum power efficiency was improved to 3.45 lm/W for top-
emission OLEDs [9].

In most OLEDs, the device efficiency including external quan-
tum efficiency and power efficiency decreases monotonically with
current density and it also occurred in our mixed single layer
top-emission OLEDs. Our previous study demonstrated that the
efficiency roll-off could be suppressed after co-doping two  dyes
in the emission layer [10]. The decrease in efficiency with current
density has been attributed to several possible mechanisms, i.e.,
imbalance of electron and hole in emission layer, Joule heating pro-
duced during the electroluminescence process and non-radiative
exciton quenching processes [11]. To our mixed single layer OLEDs,
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Fig. 1. The chemical structure of organic molecules upon investigation.

the mixing ratio of all organic materials is optimized under var-
ious conditions [9].  This rules out the imbalance of carriers as
the main factor for the observed roll-off in efficiency. In this
paper, we investigated the effects of environment temperature and
exciton quenching on efficiency roll-off in a mixed single layer top-
emission OLEDs, and searching for which is the main factor for the
efficiency roll-off.

2. Experimental

In mixed single layer top-emission OLEDs,
aluminum–neodymium alloy (AlNd, Al:Nd = 98:2, Kobelco
Research Institute) is selected as a cathode in order to flatten
the electrode surface and avoid the short-circuiting. Thin gold
film is used as a semitransparent anode. The device has a struc-
ture of AlNd/PyPySPyPy + Alq3 + �-NPD + rubrene (100 nm)/MoO3
(50 nm)/Au (20 nm). The weight ratio of organic material in
a mixed single layer is optimized with PyPySPyPy:Alq3:�-
NPD:rubrene = 25:50:25:3. Glass substrate used is alkaline earth
boro-aluminosilicate glass (Corning 1737). Mixed organic mate-
rials were evaporated at a pressure of 4 × 10−6 torr at a rate of

1–3 ´̊A/s. The device area is 2 mm × 2 mm.  For investigating the
co-doping effects, coumarin 6 (C6), 4-dicyanomethylene-6-cp-
julolidinostyryl-2-tert-butyl-4H-pyran (DCJTB) and phenoxazone
(Nile red) were doped with rubrene into mixed single layer. Fig. 1
shows the chemical structure of organic molecules upon investi-
gation. Device characteristics are measured using semiconductor
parameter analyzer (HP 4155B) and luminance meter (Topcon
BM-3). For evaluating the effects of environment temperature,
device characteristics are measured under vacuum at temperature
range between −20 and 100 ◦C.

3. Results and discussion

3.1. Effects of environment temperature on efficiency roll-off

Although higher power efficiency was obtained at lower current
density in a mixed single layer top-emission OLEDs, the power effi-
ciency decreased with a ratio of 76.4% from 1 to 100 mA/cm2. We
firstly evaluate the effects of operational temperature on efficiency
roll-off through measuring the device characteristics with varied
temperature (−20 to 100 ◦C) under vacuum.

Fig. 2(a) and (b) shows the current density vs voltage (J–V), and
power efficiency vs current density voltage (�–J) characteristics of
devices at different temperature. The power efficiency increases

with temperature from −20 to 100 ◦C in whole current range.
Table 1 shows the detailed device parameter with varied tempera-
ture. The roll-off ratio in power efficiency from 1 to 100 mA/cm2

is also calculated as shown in Table 1. The power efficiency at
100 mA/cm2 increases from 0.95 to 1.58 lm/W with increasing of
temperature. However, roll-off ratio in power efficiency is not
changed. The driving voltage of device is lowered with tempera-
ture. For example, it decreases from 9.2 to 5.1 V at 100 mA/cm2. In
addition, the device luminance shows little changes under varied
temperature. In our previous study, hole and electron injections
to the mixed organic layer are both ascribed to be the Schottky
thermionic emission mechanism [12]. With increasing of temper-
ature, Schottky thermionic emission current increases owing to

Fig. 2. Current density vs voltage (J–V) (a) and power efficiency vs current density
voltage (�–J) characteristics (b) of rubrene-only doped device at different tempera-
ture.
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