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a b s t r a c t

We demonstrated a novel wide color-range tunable, highly efficient and low efficiency roll-off fluores-
cent organic light-emitting diode (OLED) using two undoped ultrathin emitters having complementary
colors and an interlayer between them. The OLED can be tuned to emit sky blue (0.22, 0.30), cold white
(0.29, 0.33), warm white (0.43, 0.42) and yellow (0.40, 0.45) according to the Commission Internationale
de L’Eclairage (CIE) 1931 (x, y) chromaticity diagram. The device fabrication was simplified by eliminating
doping process in the emission layers. The influence of interlayer thickness on luminous efficiency, ef-
ficiency roll-off and color tuning mechanism is thoroughly studied. The recombination zone is greatly
broadened in the optimized device, which contributes to stable energy transfer to both emitters and
suppressed concentration quenching. With a threshold voltage of 2.82 V, the color tunable organic light
emitting diode (CT-OLED) shows a maximum luminance of 39,810 cd/m2, a peak external quantum ef-
ficiency (EQE) 6% and the efficiency roll-off as low as 11.1% at the luminance from 500 cd/m2 to 5000 cd/
m2. This structure of CT-OLED has great advantages of easy fabrication and low reagent consumption. The
fabricated CT-OLEDs are tunable from cold white (0.30, 0.36) to warm white (0.43, 0.42) with correlated
color temperature (CCT) 6932 K and 3072 K, respectively, demonstrating that our proposed approach
helps to meet the need for lighting with various CCTs.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

In the past three years, organic light-emitting diode (OLED)
technology has played a unique role in solid-state lighting and flat-
panel displays market due to their remarkable properties such as
impressive color rendering, wide viewing angles, ease of fabricating
large-area panel and high compatibility with flexible substrates
[1,2]. Since the demonstration of first efficient OLED by Tang in
1980s [3], tremendous progress has been accomplished in this field.
For example, the internal quantum efficiency of OLEDs possible
close to 100% has been achieved by using phosphorescent and
e), menghong@pkusz.edu.cn
thermally activated delayed fluorescence emitters (TADF) [4,5].
White organic light-emitting diodes (WOLEDs) have been suc-
cessfully fabricated by using vacuum deposited or solution pro-
cessed organic thin film emissive layer (EML) having
complementary colors [6,7]. However, the OLED based products are
still very expensive and unaffordable to most of the consumers. So
it is desperately demanded to simplify the OLED device structure
and process to lower the fabrication cost [8]. Color tunable organic
light emitting diode (CT-OLEDs) firstly reported by Forrest [9],
which show potential to applied in display and lighting [10]. Some
previous works on CT-OLEDs showed that assembling materials,
including mixing of rare elements in complexes [11,12] and
adjusting the Eu3þ complex ratio in the matrix [13], can be used for
CT-OLEDs by controlling intensity ratio of the different spectral
peaks and reducing back-transfer quenching effect. Moreover,
driving separate light-unit device based on complementary light
theory and micro-cavity effects [14] is an effective route to realize
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CT-OLEDs, as Burrows [9] and Kwok [15] used the stacked OLED
structure and alternating current driven system [16]. Besides those
complicated device architectures and processing methods [17,18],
inserting an interlayer [19] in two or three complementary emitting
layers is also an important and effective route to achieve CT-OLEDs.
For example, Lee [20] group realized a color-shifted device by uti-
lizing a CdSe end-capped ZnS quantum dot interlayer to control
electron transport. Jou [21] group realized awide color range device
by using 1,3,5-tris(N-phenylbenzimidazol-2-yl) benzene (TPBi) as a
hole modulating interlayer inserted in three EMLs to modulate hole
carrier distribution. Yook group [22] also achieved a simple CT-
OLED with limited color adjustable range whose CIE coordinates
vary from blue-green light with CIE (0.24, 0.43) to orange light
(0.43, 0.39)23 by inserting a mixed interlayer of 4.40,400tris (N-car-
bazolyl)triphenylamine (TCTA) and 3-(biphenyl-4-yl)-4-pheny-5-
(4-tert-butylphenyl)-1,2,4-triazole (TAZ) between yellow and blue
EMLs, to control hole and electron transport. However, the emitters
of CT-OLEDs generally consist of double or triple layers of doped
EML which leads to complicated fabrication process due to the
difficulties in precisely controlling the doping concentration [24].
Moreover, organic EML materials are especially expensive. Thus,
there is an increasing demand for CT-OLEDs consuming less organic
EML materials to obtain wider color-tunable range, high efficiency
and reduced roll-off with easy fabrication process [25,26]. The
correlated color temperature (CCT), which is closely related to the
relative amount of blue and yellow emission in white spectrum, is
of special interest in designing WOLEDs with reports supporting
significant physiological impact of blue and yellow emission in
lightings on human beings [27e29].

In this work, we report a novel fluorescent CT-OLEDs opening
new horizons of double undoped ultrathin yellow and blue emis-
sive layers regularly applied in fabricating white OLEDs [30], which
consume a very small amount of organic EML material in device
fabrication process and can be tunable over warm white color and
cold white color with correlated color temperature (CCT) of 6932 K
and 3072 K, respectively. p-bis(p-N,N-di-phenyl-aminostyryl)ben-
zene (DSA-ph) is used as blue emitter which is a promising fluo-
rescent material and has been widely studied [31], whereas, 2,8-di
(t-butyl)-5,11-di [4 (t-butyl)phenyl]-6,12-diphenylnaphthacene
(tetra (t- butyl)rubrene) (TBRb) serves as the yellow fluorescent
emissive material. In particular, the electroluminescence (EL)
spectrum of DSA-ph overlaps the absorption spectrum of TBRb very
well, which ensures efficient energy transfer from DSA-ph to TBRb.
2-methyl-9,10-di (2-naphthyl) anthracene (MADN) is inserted be-
tween the two emitters as an interlayer of suitable thickness in
order to tune the energy transfer, which affects the illuminant color,
between blue and yellow emitters. In addition, N, N,’-bis-(1-naph-
thyl)-N, N’-diphenyl-1.1’-biphenyl-4.4’-diamine (NPB) and 1,3,5-
Tris (N-phenylbenzimidazol-2-yl) benzene (TPBi) as hole trans-
porting layer (HTL) and electron transporting layer (ETL), respec-
tively, are also applied. Relatively thicker TPBi ETL helps to prevent
exciton quenching by electrode, moreover, optimizing TPBI thick-
ness help to improve the carrier injection and transport to achieve
high efficient OLED. The optimized CT-OLED shows wide color-
range tunability, high efficiency and reduced roll-off at high
brightness.

2. Experiment details

All devices were fabricated on glass substrates with patterned
indium-tin-oxide (ITO) anode having a sheet resistance of 15 U/
square. The substrates were subjected to a routine cleaning process
with rinsing in deconex 12Pa-A, deionized water, acetone, iso-
propanol via ultra-sonifications for 15 min each and then dried
with nitrogen gun and finally treated in a UVeozone chamber for
15 min. The multi-functional layers including inorganic buffer
layers, organic layers and cathode materials were sequentially
deposited on the substrates without breaking vacuum
(~5.0 � 10�6 Torr). The evaporation rates of MoO3, organic layers,
LiF and Al were about 0.1 Å/s, 1 Å/s, 0.1 Å/s and 5 Å/s, respectively.
The deposition rates were monitored in-situ with quartz crystals.
The actual device area defined by the overlap of the ITO anode and
the Al cathode was 3 mm � 3 mm.

The basic structure of the devices is ITO/MoO3 (1 nm)/NPB
(60 nm)/TBRb (0.3 nm)/MADN (y nm)/DSA-ph (0.2 nm)/TPBi (x
nm)/LiF (1 nm)/Al (100 nm). The Schematic and energy level dia-
grams of the fabricated devices are shown in Fig. 1 and schematic
parameters are given in Table 1. MoO3 and NPB act as hole injection
layer (HIL) and hole transporting layer (HTL), respectively, whereas
LiF and TPBi act as electron injection layer (EIL) and electron
transporting layer (ETL), respectively. Devices A, B, C, D and E are
OLEDs with TBRb as yellow emitter. Devices A, D, E have fixed
MADN thickness and variable TPBi thickness (25, 35, 45 nm), to
prevent exciton quenching, whereas devices A, B and C have vari-
able MADN thicknesses (10, 15, 20 nm) and fixed TPBi thickness.
Themolecular structures of NPB, TPBi, TBRb, DSA-ph andMADN are
shown in Fig. 2.

The current density-voltage-luminance (J-V-L), current
efficiency-current density (CE-J) characteristics and the color co-
ordinates of unpackaged devices were measured with a computer
controlled Keithley 2400 Source Meter and Topcon BM-7A Lumi-
nance Colorimeter. The spectra of the devices were measured with
Ocean Optics Maya 2000-PRO spectrometer. All measurements
were carried out at room temperature and under ambient condi-
tions without encapsulation.

3. Results and discussion

F€orster resonance energy transfer [27] is often used to describe
the hopping of an exciton between identical molecules [32], but can
also be used to describe the energy transfer between different
species [33,34]. The range of interaction varies depending on the
strength of the interaction from short range (nearest neighbors) to
~10 nm [28]. F€orster energy transfer and Dexter energy transfer
processes are theoretically [35e37] and experimentally [38,39],

proven, and are widely accepted and applied in interpretation of
energy transfer process in organic semiconductor devices [40,41].
The interesting F€orster energy transfer process (within the range
~10 nm), in our CT-OLEDs is highlighted in Fig. 3. In our designed
OLED device, the yellow emitter, TBRb, has strong absorption be-
tween 450 nm and 550 nm, while DSA-ph has a peak emission at
470 nm and a shoulder at 502 nm (Supporting Information (SI):SI.
Fig. 1.). The good overlap between the emission of DSA-ph and the
absorption of TBRb shall lead to efficient F€orster energy transfer
from DSA-ph to TBRb when two different molecules are near
enough to ~10 nm.

However, in order to obtain wide color-range tunable OLED
device, thick MADN interlayer (�10 nm) is designed into the device
to realize two functions. Firstly, thickMADN efficiently captures the
injected holes and electrons just similarly acting as a host in
host�guest doping system tending to transfer more energy to DSA-
ph rather than TBRb as S1 energy level of MADN is much closer to
DSA-ph, and the lower molecular orbit of DSA-ph is more stable
than MADN. Secondly, F€orster resonance energy transfer between
DSA-ph and TBRb is partly restricted if the interlayer is thicker than
10 nm [42]. The energy transfer process among MADN, TBRb and
DSA-ph, discussed above, is illuminated in Fig. 3.

Schematic energy level diagram of the device can be seen in
Fig. 1. The corresponding hole (or electron) injection barrier was
determined by the energy level difference between the work



Fig. 1. Schematic parameters and energy level diagrams of the fabricated device.

Table 1
Structures of the OLED devices.

Devices Device structure: ITO/MoO3 (1 nm)/NPB(60 nm)/TBRb(0.3 nm)/MADN (x nm)/DSA-ph (0.2 nm)/TPBi(y nm)/LiF(1 nm)/Al (100 nm)

Device A MADN (10 nm)/DSA-ph (0.2 nm)/TPBi(25 nm)
Device B MADN (15 nm)/DSA-ph (0.2 nm)/TPBi(25 nm)
Device C MADN (18 nm)/DSA-ph (0.2 nm)/TPBi(25 nm)
Device D MADN (10 nm)/DSA-ph (0.2 nm)/TPBi(35 nm)
Device E MADN (10 nm)/DSA-ph (0.2 nm)/TPBi(45 nm)/

Device A, B, C with fixed TPBi thickness and variable MADN thickness.
Device A, D, E with fixed MADN thickness and variable TPBi thickness.
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Fig. 2. Chemical structures of organic materials used to fabricate color-tunable devices.
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function of the electrode and the highest occupied molecular
orbital (HOMO) of NPB (�5.5 eV) [43] or the lowest unoccupied
molecular orbital (LUMO) of TPBi (�2.9 eV) [23]. The current
density-voltage-luminance (J-V-L) and current efficiency-current
density characteristics of devices A to E are shown in Fig. 4 and
Table 2.

The increase in current density with respect to the applied
voltage gets slow from device A to device C due to the increase in
MADN interlayer thickness from 10 nm to 18 nm. The turn-on
voltages of the devices A, B and C are about 2.82 V, 2.90 V and
3.20 V, respectively. Device A with the thinnest interlayer has the
lowest turn-on voltage and the highest current density, and carriers
can be readily transported into DSA-ph and TBRb through thin
MADN interlayer in the device A. The turn-on voltage of device A is
only 2.82 V and the maximum current efficiency is 5.72 cd/A while
reaching the maximum external quantum efficiency (EQE) 1.87%, a
bit lower than that of device B and C, with the maximum current
efficiency 6.22 cd/A (EQE 2.007%) and 6.71 cd/A (EQE 2.126%),
respectively. It may be related to the smaller amount of MADN in
device A than in devices B and C, to capture the injected holes and
electrons, and then transfer the energy to the emitting layers. The
luminance of the EML reaches the peak value at 34,700 cd/m2 as the



Fig. 3. Schematic diagram showing the energy transfer process for emitting light with
different colors.

Fig. 4. (a) Voltage-current density (b) Voltage-luminance characteristics of devices (c) Cur
teristics of devices.
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MADN interlayer increases to 15 nm and slightly declines to
34,090 cd/m2 as the MADN interlayer increases to 18 nm. In order
to further explore the device working mechanism, we changed the
TPBi thickness (25 nm, 35 nm and 45 nm) which acts as an ETL.
Comparingwith reference device A, devices D and E showgenerally
better performance with the maximum current efficiencies of
5.66 cd/A (EQE 1.889%) and 6.16 cd/A (EQE 2.024%), respectively.
Moreover, the designed CT-OLEDs show warm white at 500 cd/m2

with the maximum EQE as a whole.
Owing to the fact that holes have higher mobility than electrons,

they reach the cathode prior to electrons leading to quenching by
cathode. Therefore, the increase in TPBi thickness moves the
exciton recombination zone far away from the cathode, which
helps to prevent exciton quenching, as shown in Fig. 4 (c). More-
over, the ultrathin emitters with high carrier concentration in the
recombination zone lead to a more serious concentration-
quenching [44] and this condition is exacerbated in higher carrier
concentration resulting in strong efficiency roll-off at high lumi-
nance in designed OLEDs. In the devices, most excitons are formed
on the interlayers and transfer energy to the blue and yellow
emitters. The recombination zone is greatly broadened as the
interlayer thickness increasing among device A, B and C, and the
exciton concentration decreases. Thus, improved luminous effi-
ciency is obtained and the efficiency roll-off can be suppressed.
rent efficiency-luminance decay characteristics of devices (d) EQE-luminance charac-



Table 2
Summary of CT-OLEDs performance.

Device V turn-on
a (V) L max (cd/m2) h c (cd/A) (EQE (%)) CIE p (x, y)b (CCT) CIE at 500 cd/m2 (x, y) (CCT) Roll-off (%) 500e5000 cd/m2

Max at 500 cd/m2

A 2.82 32,420 5.72
(1.871)

4.06
(1.328)

0.27, 0.30
(10,408 K)

0.47, 0.41
(2450 K)

16.1

B 2.90 34,700 6.22
(2.007)

5.67
(2.007)

0.43, 0.41
(3105 K)

0.41, 0.38
(3249)

16.0

C 3.20 34,090 6.71
(2.126)

5.29
(1.764)

0.40, 0.40
(3656 K)

0.46, 0.42
(2680)

21.1

D 2.83 39,810 5.66
(1.889)

5.19
(1.732)

0.43, 0.41
(3105 K)

0.46, 0.42
(2680 K)

11.1

E 2.83 36,040 6.16
(2.024)

5.72
(1.88)

19.1

a Turn-on voltage is defined as the luminance of OLEDs reaching 1 cd/m2.
b CIE p is the CIE at peak current efficiency.
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Therefore, the efficiency roll-off of all designed CT-OLEDs are lower
than 21.1% and the best efficiency roll-off is as low as 11.1% in device
D at the luminance from 500 cd/m2 to 5000 cd/m2 due to the
thickner TPBi preventing exciton quenching by lowering the high
concentration of excitons, which is relatively advisable compared
with previously reported CT-OLEDs [45e47] showing the best ef-
ficiency roll-off more than 30% from 500 cd/m2 to 5000 cd/m2.
Although exciton density in the ultrathin emitting layers seem to be
significantly high, the exciton recombination luminescence process
also vary fast to lower the exciton density. Triplet state quenched
also reduce as the exciton density reduce by thicker MADN sup-
pressing efficiency roll-off bymanaging the interlayer [48] and host
properties as showing in SI: Fig. 4.

Under low applied electric field, holes are injected from the
anode (ITO/MoO3) and easily transported to DSA-ph EML since the
HOMO of NPB, TBRb, MADN and DSA-ph are quite close while
electrons are injected from the cathode (LiF/Al) and tend to be
slightly confined in DSA-ph EML since the LUMO levels of TPBi,
DSA-ph, MADN and TBRb are�2.9 eV,�2.7 eV,�2.5 eV and�3.2eV
respectively. There are two small barriers (0.2 eV) transporting
electrons to yellow EML. Moreover, electrons cannot be transported
easily from MADN to TBRb in device A and tend to be located in
MADN interlayer. Especially in low electron density at low driving
voltage, tunneling the barrier between interface of MADN and TBRb
to emit yellow color is not remarkable, hence excitons in MADN
transfer energy to DSA-ph layer, which leads to some blue emission
from DSA-ph. Further, the LUMO energy gap between MADN and
NPB is only 0.1 eV and the TBRb is sufficiently thin (0.3 nm).

However, at low bias voltage, only few electrons are injected
through the interlayer while most of the electrons are blocked in
the blue EML by the interlayer. Holes and electrons recombine and
form excitons mainly at the interface of the interlayer and the blue
EML. Why the CIE coordinate is highly voltage dependent yellow
shifted as the applied voltage increases? This is because the elec-
tron is known to be theminor carrier in typical OLED devices due to
its intrinsically lowmobility [26], although this would dramatically
increase as the applied voltages increases. The increasing number
of electrons are transported to the yellow-emissive TBRb zone
resulting in a higher probability of recombination, showing that
more recombinations must be taking place in the yellow-emissive
zones. Moreover, F€orster resonance energy transfer effect is
remarkably strengthened by increasing applied voltage due to
higher concentration of excitons leading to a more yellow-emission
as observed. Therefore, as shown in Table 3 and Fig. 5, the device A
initially shows a predominantly blue-emission spectrum at 2.9 V
with CIE coordinates of (0.204, 0.29) (21,996K) with 4.956 cd/m2,
turns to pure white (0.301, 0.362) (6869 K) at 3.8 V with 58.81 cd/
m2, becomes yellow white (0.366, 0.376) (4396 K) at 4.4 V with
174.5 cd/m2 and then gradually becomes yellow (0.435, 0.417)
(3072 K) at 8.0 V with 6910 cd/m2. Thus, there is an increase from
4.956 to 6910 cd/m2 relative to the increase in applied voltage from
3.2 to 8 V in device A. The device B initially shows a predominantly
blue-emission spectrum at 2.9 V with CIE coordinates of (0.269,
0.269) (13,104 K) with 12.9 cd/m2, turns to pure white (0.33, 0.34)
(5606 K) at 3.2 V with 31.31 cd/m2, becomes yellow white (0.445,
0.404) at 4.1 V with 197 cd/m2 and then gradually becomes yellow
(0.469, 0.442) (2728 K) at 8.0 V with 13,940 cd/m2. Thus, there is an
increase from 12.9 to 13,940 cd/m2 relative to the increase in
applied voltage from 3.2 to 8 V in device B. In the device C, initially
CT-OLED shows a predominantly blue-emission spectrum at 2.9 V
with CIE coordinates of (0.206.0.338) (14,337 K) with 4.543 cd/m2,
turns to white (0.338.0.378) (5327 K) at 3.8 V with 41.35 cd/m2,
becomes yellow white (0.428.0.415) (3186 K) at 4.4 V with 207 cd/
m2 and then gradually becomes yellow (0.474, 0.43) (2563 K) at
8.0 V with 5973 cd/m2. Thus, there is an increase from 4.956 to
6910 cd/m2 relative to the increase in applied voltage from 3.2 to
8 V in device C. The best color temperature tunable range of
designed CT-OLEDs is from 14,337 K to 2563 K by increasing
voltage. The fabricated CT-OLEDs are tunable from cold white (0.30,
0.36) to warmwhite (0.43, 0.42) with correlated color temperature
(CCT) 6932 K and 3072 K, respectively.

As the MADN thickness increase from 10 nm in device A to
18 nm in device C, the color range tends to enlarge especially in
yellow region as shown in Fig. 5 mainly due to more excitons
located in thicker MADN and limited electrons transport in the
thicker MADN interlayer resulting in the improvement of current
efficiency as shown in SI: Figs. 2 and 3. At high bias voltage, more
electrons overcome the barrier and enter the yellow-emissive zone
to recombine with holes and emit yellow light. This phenomenon
also contributes to the tunable color-range enlargement to yellow
region. In addition, we can hardly see the blue emission from
MADN as shown in Fig. 6, which is located at 430 nm, indicating
that the energy transfer from MADN to DSA-ph and TBRb is quite
efficient. In the device A, B and C, most excitons are formed on the
interlayers and transfer energy to the blue and yellow emitters.
Moreover, the molecules in the ultrathin emitters are limited,
leading to high concentration in the recombination zone [28] and
the concentration-quenching gets more pronounced at high lumi-
nance, resulting in strong efficiency roll-off. The recombination
zone is highly broadened by optimized thicker interlayer and the
exciton concentration decreases. Thus, improved luminous effi-
ciency is obtained and the efficiency roll-off can be suppressed. A
peak EQE 6% at low voltage of the proposing fluorescence CT-OLEDs
are not remarkable due to thin emitting zone, ordinary functional
materials and the limited EQE of fluorescence luminescent mate-
rials, even so, it is possible to further improve the efficiency by



Table 3
The Luminance and CIE of device A, B and C change with voltage.

Voltage(V) Luminance (cd/m2) and CIE (x, y)

Device A Device B Device C

2.9 4.956 0.204, 0.29 12.9 0.269, 0.296 4.543 0.206, 0.338
3.2 8.846 0.22, 0.31 31.31 0.33, 0.34 7.173 0.237, 0.335
3.5 27.26 0.25, 0.34 65.49 0.388, 0.37 41.35 0.338, 0.378
3.8 58.81 0.301, 0.362 115.5 0.424, 0.387 72.9 0.375, 0.392
4.4 174.5 0.366, 0.376 317.9 0.46, 0.412 207 0.428, 0.415
5 413.8 0.408, 0.382 736 0.476, 0.423 538.3 0.458, 0.423
6.5 1904 0.432, 0.410 3670 0.487, 0.43 2229 0.479, 0.427
8 6910 0.435, 0.417 13940 0.469, 0.442 5973 0.474, 0.43

Fig. 5. The variation of CIE color coordinates of device A, B and C varying with voltages.
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using novel phosphorescent [49] or thermally activated delayed
fluorescence [50] emitters in this structure CT-OLED.

4. Conclusion

In summary, wide color-range tunable, highly efficient and low
roll-off efficiency fluorescent CT-OLEDs have been demonstrated
based on two undoped ultrathin emitters with complementary
colors and an interlayer between them. With a threshold voltage of
2.82 V, the CT-OLEDs show a maximum luminance of 39810 cd/m2,
the peak current efficiency of 8.99 cd/A, a peak EQE 6% and the
efficiency roll-off as low as 11.1% at the luminance from 500 cd/m2

to 5000 cd/m2, which can be tuned to emit sky blue (0.22, 0.30),
cold white (0.29, 0.33), warm white (0.43, 0.42) and yellow (0.40,
0.45) light. As the structure of the device is highly simplified with
ultrathin and undoped emitters, it shows great advantages of easy
fabrication and low reagent consumption. The fabricated CT-OLEDs
are tunable from cold white (0.30, 0.36) to warmwhite (0.43, 0.42)
with correlated color temperature (CCT) 6932 K and 3072 K,
respectively, demonstrating that our proposed approach helps to
meet the need for lighting with various CCTs. These encouraging
results indicate that OLEDs incorporating undoped ultrathin emit-
ters with desired chromaticity characteristics can be easily fabri-
cated and are promising candidates for color tunable solid-state
lighting applications.
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