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Abstract White organic light-emitting diodes (WOLEDs) are ideal candidates for
next generation solid state lighting. In order to overcome that operational stability
limitation of all phosphorescent material based OLEDs, hybrid WOLED with a
combination of blue emitting florescent and phosphorescence based other color
emitting systems are used. In this study, hybrid WOLED by fabricating WOLED
devices with varying dopant concentration and layer thickness were fabricated and
tested for their performances and stability. The power efficiencies of the devices
were found to vary from 3.43 to 16.5 lm/W and devices showed a wide color range
from cool white (CIE—0.34, 0.42) to warm white (CIE—0.47, 0.48) and moving
towards yellow color. The devices fabricated over an area of 16 mm2 showed good
performance and color stability at constant current driving and showed lifetime of
T90 of 60 min at brightness of 3000 cd/m2.

20.1 Introduction

In recent years, Organic light-emitting devices (OLEDs) have shown great potential
for full-color displays, backlight for liquid-crystal displays and solid state lighting.
White organic light-emitting diodes (WOLEDs) are an ideal candidate for the solid

M. Seetharaman (&) � A. Awasthi � J. S. Meenakshinathan � G. Garg
A. Mohan � K. Manohara � S. Bindu � M. Balakrishnan � M. Katiyar
National Centre for Flexible Electronics, Indian Institute of Technology,
Kanpur, Uttar Pradesh 208016, India
e-mail: madhus@iitk.ac.in

M. Katiyar
Material Science and Engineering, Indian Institute of Technology,
Kanpur, Uttar Pradesh 208016, India

© Springer Nature Switzerland AG 2019
R. K. Sharma and D. S. Rawal (eds.), The Physics of Semiconductor Devices,
Springer Proceedings in Physics 215,
https://doi.org/10.1007/978-3-319-97604-4_20

123

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_20&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_20&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97604-4_20&amp;domain=pdf


state lighting over other technologies due to their advantages such as large area
surface diffusive emission, potentially low cost manufacturability and eco friend-
liness. For solid state lighting applications, WOLEDs should have good color
coordinates and color rendering index (CRI > 80), in addition to high power effi-
ciency and long operational lifetimes [1]. Being current driven devices, OLEDs can
be operated at very high luminance at increased current densities. However, the
operational lifetime of a device was found to reduce drastically at high current
densities, due to different failure mechanisms such as material decomposition and
joule-heating.

In order to achieve high power efficiency and performance, highly efficient
phosphorescent OLEDs (PhOLEDs) are being developed. In OLEDs, light is
emitted by the recombination of holes and electrons in the emitter molecule layer.
The recombination generates singlet and triplet excitons in the ratio of 1:3. In
fluorescent emitter molecules, the singlet excitons emit light whereas, triplet exci-
tons undergo non-radiative transitions without contributing to light emission. [2] In
order to overcome this limitation and to utilize triplet excitons for light emission,
phosphorescent emitters based on organometallic rare earth metal complexes with
Iridium (Ir-) or Platinum (Pt-), which induce spin orbit coupling. Thus, by using
phosphorescent emitters, OLEDs can operate with internal quantum efficiency close
to 100%. Even though researchers have shown high performance and lifetimes in
red, green and yellow color emitting PhOLEDs, blue PhOLEDs are known for
lower lifetimes [3–6].

For white light emission, color mixing is the most widely used method. White
emission can be obtained by mixing two complementary colors (blue and yellow)
or three primary colors (red, green and blue). Various techniques have been
reported for producing white light by color mixing [6]. Among them, one of the
most promising techniques is the use of stacked WOLEDs, which connect indi-
vidual color emission units. It helps to produce various hues and stable color can be
achieved over a wide range of driving currents. In our previous studies, we have
found out that a fully phosphorescent WOLED can produce very high performance,
but the operational lifetimes of the devices are very low.

In order to achieve good stability and longer lifetimes, a hybrid WOLED which
employs both fluorescent and phosphorescent emission systems is needed. Even
though, the introduction of blue fluorescent emitter limits the power efficiency and
performance of the WOLED, with optimal design of the stack through charge
balance and recombination zone control, good performance and color stability can
be achieved using bi-layer hybrid structure. In this study, we have developed hybrid
WOLED using a bi-layer of blue fluorescent and yellow phosphorescent emitting
host-dopant systems. A fluorescent host and dopant were used for blue emission,
whereas, widely used host, 4,4′-Bis(N-carbazolyl)-1,1′-bipheny (CBP) and a high
performance yellow phosphorescent dopant, Iridium(III) bis (4-phenylthieno [3,2-c]
pyridinato-N,C2-) acetylacetonate (PO-01) were used in the fabrication of bi-layer
hybrid WOLED [7–9].
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20.2 Materials and Methods

OLEDs were fabricated on 0.7 mm thick glass substrates coated with 150 nm thick
Indium Tin Oxide (ITO).The substrates were cleaned in deionized water, isopropyl
alcohol and dried. Further, the layers were patterned and pixelated using pho-
tolithography. Afterwards, the substrates were exposed to argon-oxygen plasma for
removing any impurity and ITO work function improvement prior to deposition.
The sequential deposition of all the organic and metal layers were carried out in
high vacuum thermal evaporation cluster tool, under a vacuum of 10−8 Torr. The
fluorescent blue host, dopant and HIL were purchased from DOOSAN electronic
materials, Korea; while CBP, N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-
4,4′-diamine (NPB) and 2,2′,2″-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimida-
zole) (TPBi) were purchased from E-Ray optoelectronic materials, Taiwan; PO-01
was purchased from Lumtec corporation, Taiwan and Lithium Fluoride (LiF) was
purchased from Sigma Aldrich. The thickness of layers, deposition rates and doping
concentrations were controlled and measured in situ using calibrated quartz crystal
based thickness monitors. The deposition rates of all the organic layers were
0.1 nm/s and LiF was deposited at 0.01 nm/s. After deposition, the OLEDs were
immediately encapsulated using glass with an UV curable epoxy and were char-
acterized (Fig. 20.1). The characterization of the devices was done using Keithley
2400 source meter and spectroradiometer (Konica Minolta CS1000) at room
temperature.

20.3 Results and Discussion

For commercial lighting applications, OLED should have a brightness of more than
1000 cd/m2 with a lifetime (T70) in the order of thousands of hours. So, all the
devices were tested at brightness 1000 cd/m2 or higher. The fluorescent blue
emission stack was previously optimized to achieve a power efficiency of 2 lm/W
and current efficiency of 3.9 cd/A with a very good operation stability in terms of
both color and performance. The blue OLED (Device-B1) has turn on voltage of
4 V, with a peak luminance of 15,000 cd/m2 at 10 V with color co-ordinates (0.17,
0.20). Since, the blue fluorescent OLED was already optimized and known, the
yellow phosphorescent OLED was fabricated with different concentrations of yel-
low dopant in the same stack. The yellow phosphorescent emission OLEDs with
different concentrations of yellow dopant was optimized. The devices with struc-
ture: ITO/HIL/NPB/CBP + PO-01(x)/TPBi/LiF/Al/protective layer were fabricated
with concentration, x varying from 5 to 15 wt% in the CBP host layer. The device
D1 fabricated with 5 wt% concentration of yellow dopant achieved brightness of
1120 cd/m2 at a voltage of 6.5 V with CIE co-ordinates (0.48, 0.49) with a current
efficiency of 27.7 cd/A and power efficiency of 13.4 lm/W. The device D2 with 10
wt% dopant concentration performed with an operational voltage of 6.0 V at a
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brightness of 1380 cd/m2 with CIE co-ordinates (0.507, 0.487) with a current
efficiency of 34.7 cd/A and power efficiency of 18.2 lm/W. Whereas, the device D3
with 15 wt% concentration of dopant achieved a brightness of 1080 cd/m2 at a
voltage of 6.0 V with CIE co-ordinates (0.52, 0.47) with a current efficiency of
36.1 cd/A and power efficiency of 18.9 lm/W on a device area of 16 mm2

(Fig. 20.2)
Progressively, the devices were tested for lifetime under constant current con-

ditions at higher brightness level of around 3000 cd/m2 for stability. The device D1,
when tested at brightness of initial luminance of 3200 cd/m2 and the luminance
value dropped to 2710 cd/m2 with voltage changing from 7.98 to 8.48 V in one
hour of testing. While device D2 showed a slightly better performance, with
brightness dropping from 3130 to 2650 cd/m2 with operational voltage changing
from 6.83 to 7.21 V in a span of one hour. Further, the device D3 when tested,

Fig. 20.1 a Schematic diagram and b energy level diagram of bi-layer hybrid WOLED
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the luminance dropped from 3180 to 2250 cd/m2 with voltage changing from 7.25
to 7.53 V (Fig. 20.3).

It was observed that, with the increase in the concentration from 5 (D1) to 10 wt%
(D2) yellow dopant concentration, the performance improved with a luminance
efficiency steadily increasing from 13.5 to 18.2 lm/W while, at 15 wt% concentra-
tion dopant device (D3), there was only slight improvement in performance and was
non proportional to the dopant concentration, due to the poor charge balance in the
device. Also, there is marginal increase in stability of devices, D1 from D2 whereas;
further increase in the concentration does not have much impact on the performance,
even though better stability can be observed in device D3.

Fig. 20.2 a I–V characteristics and b L–V characteristic of blue and yellow 16 mm2 area OLED
devices

Fig. 20.3 Luminance drop of different OLED devices under constant current driving

20 Towards High Performance Large Area Two Color Hybrid … 127



In order to develop hybrid WOLED, blue fluorescent emitter layer was incor-
porated in the above device structure and devices with structure—ITO/HIL/NPB/
fluorescent blue host-dopant emission layer/CBP + PO-01/TPBi/LiF/Al/protection
layer were fabricated (Fig. 20.3). The device (W1) with 10 wt% concentrations of
blue dopant and yellow dopant in the respective bi-layers showed an operating
voltage of 7.5 V at 1100 cd/m2 with CIE co-ordinates (0.47, 0.48) with a current
efficiency of 29.9 cd/A and power efficiency of 12.5 lm/W. The device showed
good color stability even at higher brightness. Under constant current driving for
one hour, starting at an initial luminance of 1400 cd/m2, luminance value decreased
to 1170 cd/m2 with voltage changing from 8 to 8.42 V. The devices showed a T87
(almost 90% luminance from the initial higher luminance value) of one hour. But, it
was observed that the color of the device D4 has a warm white. In order to achieve
cool white light, the concentration of the yellow dopant was reduced to <1%. The
device W2 with 0.6 wt% concentration of yellow dopant, showed cool white color
with CIE co-ordinates (0.34, 0.42) at 1000 cd/m2, but the performance dropped
drastically, with a current efficiency of 10.4 cd/A and power efficiency of 3.43 lm/
W (Fig. 20.4).

During lifetime testing under constant current driving, the luminance dropped
from 1300 to 613 cd/m2 in one hour (Fig. 20.5). The decrease in luminance over
time in W2 could be attributed to poor management of excitons in the emission
layer where the dopant concentration is very low [5]. However, on comparing the
relative emission spectra of W1 and W2 shows that even at lower concentrations,
the phosphorescent based yellow emission is dominant than a much higher con-
centration based fluorescent blue emission (Fig. 20.6). Further detailed study is
needed to understand the complex mechanism involved in the luminance degra-
dation and to improve stability of these hybrid WOLED devices. Another way is to
incorporate a second blue emission layer in the structure to improve the color with
10 wt% yellow phosphorescent emission layer and studies are ongoing to develop
blue-yellow-blue emission layer based hybrid WOLEDs.

Fig. 20.4 a I–V characteristics and b L–V characteristics of 16 mm2 area WOLEDs—W1 and W2
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Fig. 20.5 Luminance drop observed in devices—W1, W2 and B1 over time period of 1 h

Fig. 20.6 a Images of warm white OLEDs (W1), b cool white OLED (W2), c relative spectra of
W1 and d that of W2 at 1000 cd/m2 brightness
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20.4 Conclusions

We have successfully demonstrated the process of developing hybrid WOLED
using bi-layer of blue fluorescent and yellow phosphorescent emitting host-dopant
system. Yellow OLEDs were made with a phosphorescent host-emitter system was
optimized for different concentration and their stability over constant current
driving was observed. The devices showed a steady increase in performance with
increased concentration of the dopant mainly due better exciton formation.
Optimum performance with a current efficiency of 34.7 cd/A and power efficiency
of 18.2 lm/W was achieved at 10% concentration of yellow dopant and very good
stability Progressively, a blue fluorescent emitting system was incorporated in the
yellow phosphorescent OLED stack to fabricate hybrid WOLEDs. Different
WOLED devices with varying concentration and layer thickness were fabricated
and tested for their performances. The power efficiencies of the devices were found
to vary from 3.43 to 16.5 lm/W at 1100 cd/m2 brightness and devices showed a
wide color range from cool white (CIE—0.34, 0.42) to warm white (CIE—0.47,
0.48) and moving towards yellow. The devices ware optimized with achieve current
efficiency and power efficiency of 29.9 cd/A and 12.5 lm/W respectively with CIE
coordinates (0.47, 0.48). The devices fabricated over an area of 16 mm2 showed
good performance and color stability at constant current driving and showed life-
time of T90 of 60 min at higher brightness (3000 cd/m2). The development of
hybrid WOLED shows a new way to produce high performance WOLEDs along
with good operational stability, which was the major limitation of phosphorescent
WOLEDs. Studies are on-going to develop WOLEDs with more efficient blue
emitting fluorescent materials and incorporation of additional blue emission layer
and out-coupling films to achieve power efficiencies of 30 lm/W or more, aimed
towards developing large area WOLEDs and on different substrates like ultrathin
glass and other flexible substrates for commercial applications.
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