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An alignment free mask patterning method has been proposed for fabricating the side-by-
side color tunable organic light-emitting diodes (OLEDs). The demonstrated color tunable
OLEDs consists of blue sub-OLEDs and inverted orange sub-OLEDs; both color sub-OLEDs
share the same electrodes. With time sequential pulse driving, the blue sub-OLEDs and
the inverted orange sub-OLEDs are alternately turned on. Tunable color, resulting from
the mixing of the blue and the orange emission, has been realized by simply varying the
amplitude ratio of the positive and negative pulses.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Since the demonstration of low-voltage organic light
emitting diodes (OLEDs) in 1987 [1], OLEDs have attracted
much attention for the application in flat panel display. Re-
cently, people also begin to pay attention to OLEDs’ appli-
cation in solid-state lighting, especially the room lighting,
due to their inherent advantages [2–4]. For example, the
efficiency of the white light OLEDs can be as high as
100 lm/W at a illumination level of 1000 cd/m2 [2], which
is beyond that of the incandescent bulb and comparable
with that of the fluorescent tube. OLEDs are a true sur-
face/area lighting source thus inherently offering very uni-
form illumination; also heat dissipation is not as
demanding as that of a point source like LEDs. OLEDs are
mercury free thus environmentally friendly. More impor-
tantly, OLEDs can be flexible like paper, transparent like
window or reflective like mirror, which will open new
architectural and design opportunities.

For decorative or color matching purposes, the color of
the OLEDs are required to be tunable. The first demon-
strated color tunable OLEDs make use of polymer blend
[5,6]: each component of the blend emits at a different
wavelength. The color is tuned by varying the bias voltage.
Higher voltage leads to the emission increase from the blue
component. However, this method cannot switch off the
orange emission. As a result, the color can only be tuned
from orange to white. Moreover, the luminance of individ-
ual color cannot be separately controlled. Yang and Pei re-
ported using electrochemical doping to make the two color
polymer LEDs, in which two colors can be obtained by
changing the polarity of the bias voltage [7].

To truly achieve real time color tunability, tandem
structure with two to three color sub-cells serial connected
was employed [8–12]. By extracting the intermediate elec-
trodes, each sub-cell can be separately addressed, thus
offering a route for independently controlling the lumi-
nance of each sub-cell. Alternately, a side-by-side red,
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green and blue sub-cells arrangement scheme can be
adopted for realizing the color tunability. In both cases, a
wide range of color, defined by the color triangle of the
sub-cells, can be obtained by separately tuning the lumi-
nance of each sub-cell. However, both methods require
fine patterning/aligning either the intermediate electrodes
for the tandem case or the organic layers for the side-by-
side scenario. It is known that the fine mask alignment is
an expensive, complicate and time consuming step [13],
and thus it is desirable to eliminate the fine alignment in
the fabrication of color tunable OLEDs.

In this work, an alignment free mask patterning method
has been proposed for fabricating the side-by-side color
tunable OLEDs. The demonstrated color tunable OLEDs
consists of blue normal bottom-emitting sub-OLEDs (b-
NBOLED) and orange inverted bottom-emitting sub-OLEDs
(o-IBOLED); both sub-OLEDs share the same electrodes and
hence only one sub-OLEDs can be turned on at a certain
bias polarity. With alternate current (AC) driving, the b-
NBOLED and the o-IBOLED are alternately turned on. The
luminance of both sub-OLEDs can be separately controlled
by varying the amplitude of the positive bias and the neg-
ative bias respectively. If the frequency of the AC driving is
Fig. 1. Fabrication steps of the proposed color tunable OLED. The o-IBOLED is
without fine mask. Both o-IBOLED and b-NBOLED share the same electrodes. (For
referred to the web version of this article.)
high enough, a new color resulting from the mixing of the
blue and the orange emission appears. By simply changing
the amplitude ratio or duty ratio of the AC driving, the mix-
ing color can be continuously tuned in a wide range.
2. Fabrication and driving method of the proposed color
tunable OLEDs

Fig. 1 illustrates the fabrication steps of the proposed
color tunable OLEDs and reveals the mask alignment free
advantage of our method. Before the deposition, the ITO
is pre-patterned to be an electrode for the OLEDs and an
electrical contact for the Al electrode. Then, the o-IBOLED
defined by a fine pattern shadow mask and a rough com-
mon shadow mask are deposited. At this step, the two
masks mentioned above are used simultaneously to pat-
tern the organic layers of o-IBOLED. Then the rough com-
mon shadow mask, which is used to protect the ITO
contact from being covered by the organic layers, is re-
moved and the remaining fine pattern shadow mask serves
to define the Al anode of o-IBOLED alone. Here, ITO elec-
trode which serves as the cathode for the o-IBOLED and
firstly deposited with a fine mask, followed by depositing the b-NBOLED
interpretation of the references to color in this figure legend, the reader is



Fig. 2. (a) Cross section view of the proposed side-by-side color tunable OLED, (b) driving setting and (c) circuit diagram of the color tunable OLED. The o-
IBOLED and b-NBOLED are alternately turned on by the AC source. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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the anode for the b-NBOLED is not finely patterned, so no
fine mask alignment is needed at this step. The second step
is to deposit the b-NBOLED using two rough masks: com-
mon shadow mask and electrode shadow mask. Again, no
fine alignment is needed at this step. At first, the organic
layers of b-NBOLED are deposited through these two
masks. Then the common shadow mask is removed and
the Al cathode of b-NBOLED is defined to connect to the
ITO contact by the electrode shadow mask. Although a part
of the b-NBOLEDs are deposited over the previously de-
fined o-IBOLEDs, they cannot work because no current is
passing through them. Both o-IBOLED and b-NBOLED share
the same ITO and Al electrodes. A schematic cross section
and a circuit diagram of the proposed color tunable OLED
are shown in Fig. 2.

The advantages of the proposed fabrication method are
that: firstly, the ITO electrode need not to be fine patterned
to a strip shape as it is the common electrode for both o-
IBOLED and b-NBOLED; secondly, fine shadow mask align-
ment is not necessary during the deposition of the organic
layers. Conventional side-by-side color tunable OLED usu-
ally requires fine pattern the ITO to be the electrode for the
red, green and blue OLED and fine align the organic layers
with their corresponding electrode [13]. The proposed
method eliminates these requirements and hence may sig-
nificantly reduce the process TAC time, improve the yield
and cut down the manufacturing cost for industry.

To drive the devices, a square wave voltage source with
frequency of 100 Hz and duty ratio 1:1 is applied to the ITO
electrode while the Al electrode is connected to a common
ground, as shown in Fig. 2b. The o-IBOLED and b-NBOLED
are alternately turned on, i.e., when the negative pulse
comes, only o-IBOLED works and emits orange light and
when the positive pulse comes, only b-NBOLED works
and emits blue light. Therefore, the color tunable OLED
actually emits flashing light. It is well known that when
the flashing frequency is lower than 60 Hz, flickering can
be detected by the human eye. By setting the frequency
of the square wave to be 100 Hz, very stable emission
has been observed. If the distance between the blue and
the orange emission is shorter than human eye’s spacing
resolution, a new color resulting from the mixing of the
blue and the orange emission appears. As will be shown
below, the mixing color can be tuned to be any linear
superposition of the orange and the blue emissions by
varying the amplitude ratio of positive and negative pulses.
3. Results and discussion

To determine the driving voltage of the devices, the
luminance–voltage characteristics of the devices were
measured. As shown in Fig. 3a, the o-IBOLED exhibits a
remarkably higher turn on voltage of 10.6 V than that of
3.7 V for the b-NBOLED, which is likely due to the poorer
electron injection of the ITO/Yb cathode than that of the
Al/LiF cathode. To further reduce the driving voltage of
the o-IBOLED, electrical doping the electron transporting
layer can be adopted [14,15]. The efficiency characteristics
of the devices are also shown in Fig. 3b.

To drive the devices, a square wave with positive and
negative pulse amplitude Vb and Vo, which control the
luminance of b-NBOLED and o-IBOLED respectively, is ap-
plied to the ITO electrode. Three typical driving settings
and the resultant emission spectra are summarized in
Fig. 4. In case 1, by setting Vb = 8 V and Vo = 0 V, the b-
NBOLED is turned on while the o-IBOLED is switched off,
resulting in a pure blue emission. In case 2, by pulling
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Fig. 3. (a) Luminance–voltage and (b) efficiency characteristics of the o-IBOLED and b-NBOLED.
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down the Vo to �16.6 V, both b-IBOLED and o-NBOLED are
alternately turned on with a frequency of 100 Hz. It seems
that the blue and the orange emission come from the same
position as they are close enough. As a result, color mixing
effect occurs. By carefully tuning the intensity of the blue
and the orange emission, the resultant mixing color exhibit
a CIE coordinate of (0.38, 0.29) and a color rendering index
(CRI) of 54.2. To further achieve pure white color and high-
er CRI, sub-OLEDs with complementary emission such as
Fig. 4. Driving settings, EL spectra and corresponding device photos when the d
light (case 3) respectively. (For interpretation of the references to color in this fi
blue and yellow should be adopted [4]. In case 3, the blue
emission is switched off by setting Vb = 0; thus only orange
emission can be observed.

Theoretically, the color can be freely and continuously
tuned in a wide range: from pure blue to pure orange by
simply adjusting the Vb and the Vo. For example, by fixing
the Vb = 8 V and gradually decreasing the Vo from �14.2
to �16.6 V, the orange emission is enhanced accordingly,
which in turn shifts the CIE coordinates from near blue
evice is tuned to emit blue light (case 1), white light (case 2) and orange
gure legend, the reader is referred to the web version of this article.)



Fig. 5. (a) EL spectra of the device when the negative pulse amplitude (a) or the positive pulse amplitude (b) is continuously changed. (c) The color range
that can be achieved by using the proposed driving settings. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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(0.21, 0.23) to near white (0.38, 0.29), as shown in Fig. 5a.
While by fixing the Vo = �16.6 V and gradually decreasing
the Vo from 8 V to 5.4 V, the blue emission is reduced
and therefore changes the CIE coordinates from near white
(0.38, 0.29) to near orange (0.57, 0.37). As shown in Fig. 5a
and b, the light emitted from red and blue elements of the
device can be varied independently of the other, allowing
for continuous color tuning between the extremes of the
color offered by the individual element. In Fig. 5c, the CIE
coordinate of the spectra in Fig. 5a and b is calculated
and plotted, to illustrate the color tuning range that has
been achieved.

It is also worth to be noted that the proposed driving
scheme not only can tune the color easily, but also improve
the lifetime of the devices effectively. Because when one
color sub-OLED works the other color sub-OLED is rever-
sely biased. It has been pointed out that the buildup of
trapped space charges or the mobile ions during the for-
ward bias is harmful to the stability of organic material
[16]. With the help of the reverse bias, the accumulated
space charges or the mobile ions can be driven out from
the organic layers and therefore improve the lifetime of
the devices [16–18].
4. Summary

In summary, by combining b-NBOLED and o-IBOLED to-
gether, we have achieved the fabrication of side-by-side
color tunable OLEDs without mask alignment. The inten-
sity of b-NBOLED and o-IBOLED can be independently con-
trolled by the positive and the negative pulses of the
square wave voltage source. Continuous color tuning has
been demonstrated by simply adjusting the amplitude ra-
tio of the positive and negative pulses. Due to elimination
of mask alignment, the process TAC time may be reduced,
yield may be improved and therefore manufacturing cost
may be cut down. The performance of the demonstrated
color tunable OLEDs can be further improved with finer
metal mask and efficient electron injection layer for the
o-IBOLED.
5. Experiment

The device was fabricated on 80 nm thick ITO coated
glass with a sheet resistance of 25 X/h. The o-IBOLED
was grown first by sequential evaporation with structure
glass/ITO (80 nm)/Yb (8 nm)/TPBi (40 nm)/6% Ir(2-phq)2(-
acac):CBP (20 nm)/NPB (60 nm)/MoO3 (8 nm)/Al
(150 nm), (ITO: indium-tin-oxide; TPBi: 2,20,200-(1,3,5-ben-
zinetriyl)tris(1-phenyl-1-H-benzimidazole); Ir(2-phq)2(-
acac):bis(2-phenylquinoline)(acetylacetonate)iridium(III)
; CBP: 4,40-bis(carbazol-9-yl)biphenyl; NPB:N,N0-bis(naph-
thalen-1-yl)-N,N0-bis(phenyl)-benzidine), where ITO, Yb
and TPBi function as cathode, electron injection layer and
electron transporting layer, respectively, Ir(2-phq)2(acac)
was chosen as orange emission dopant and CBP works as
the host, NPB, MoO3 and Al serve as hole transporting
layer, hole injection layer and anode respectively. After
the fabrication of o-IBOLED, mask was removed and b-
NBOLED was deposited with structure glass/ ITO(80 nm)/
MoO3 (8 nm)/NPB (60 nm)/6% BCZVBi:CBP (20 nm)/TPBi
(40 nm)/LiF (1 nm)/Al (150 nm), (BCZVBi: 4,4-bis(9-ethyl-
3-carbazovinylene)-1,1-biphenyl), where ITO, MoO3 and
NPB act as anode, hole injection layer and hole transport-
ing layer, respectively, BCZVBi was selected as blue emis-
sion dopant, TPBi, LiF and Al function as electron
transporting layer, electron injection layer and cathode
respectively. All organic layers were thermally evaporated
in a multi-source vacuum organic chamber at a base pres-
sure of around 5 � 10�7 Torr, while all inorganic layers
were thermally evaporated in metal chamber with the
same vacuum condition. The luminance–voltage
characteristic of the device was measured by the
HP4145B semiconductor parameter analyzer and a cali-
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brated UDT PIN-25D silicon photodiode. The electrolumi-
nescent (EL) spectra were obtained with the PR650
spectrophotometer.
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