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a b s t r a c t

To make a full color organic electroluminescent display, conventionally it requires three
fine metal shadow masks (FMM) to pattern the red, green and blue light-emitting layer.
In this work, by arranging the blue light-emitting layer as a shared layer for all sub-pixels,
we demonstrate that a full color display can be achieved by two FMM processes, thus
reducing one FMM process compared to conventional method. The red, green and blue
sub-pixels can be optimized independently despite the reduction of one FMM process.
Also, the performance of the red and green sub-pixels is not degraded by the shared blue
light-emitting layer. Due to elimination of one FMM, the process TACT time, mask cost and
alignment error can all be reduced, thus cutting down the manufacturing cost of full color
organic electroluminescent display.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Organic electroluminescent display (or organic light-
emitting display, OLED) featuring wide range of working
temperature, low power consumption, wide viewing angle,
fast response time, high contrast and vivid color are very
attractive for next generation flat-panel-display applica-
tions [1–8]. A typical OLED pixel consists of two or more
organic layers sandwiched between a transparent indium–
tin-oxide (ITO) anode and a reflective metallic cathode. A
full color pixel in general consists of three sub-pixels which
emit three primary colors red (R), green (G) and blue (B). The
sub-pixel can be patterned by a find metal shadow mask
. All rights reserved.
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(FMM) with many tiny openings. Through the openings,
organic light-emitting materials are deposited and defined
onto the substrate. The FMM typically is made by electro-
forming or etching the stainless steel, which can generate
an opening as small as 50 lm [1]. The FMM has some intrin-
sic limitations such as expensive, thermal expansion,
mechanical bending and difficult handling when the size is
increased, rendering it unsuitable for large area and high
resolution display applications [1–3]. To circumvent this
problem, alternative color patterning schemes are proposed
like inkjet printing of soluble OLED materials [4,5], laser-
induced thermal transferring of organic materials [6,7],
and combination of unpatterned white OLED with photoli-
thography patterned color filter [3,8], etc. However, all of
them are still in their developing phase and not ready for
commercial production. Till now, FMM is still the most
mature and successful method for commercial production
despite its intrinsic shortcomings.

The FMM is aligned to a substrate by a high precision
mechanism. As shown in Fig. 1, there are two alignment
methods namely active and passive alignment. In an active
approach [9], CCD cameras are used to capture the align-
ment marks of the substrate and FMM. The relative
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Fig. 1. Active (a) and passive (b) alignment method for aligning a shadow mask to a substrate. Due to precisely moving and adjusting of the substrate or
mask, the alignment process tends to be slow.
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position between the FMM and the substrate is then calcu-
lated by a computer. The mask or substrate is then reposi-
tion by a high precision motion system to reduce the
alignment error. For a passive alignment [10–12], align-
ment pins or stand-off are placed on the mask frame, the
edges of the substrate are then aligned to the FMM by plac-
ing them in contact with the pins, as shown in Fig. 1(b).
Both alignment methods tend to be time consuming due
to the precisely moving and adjusting of the substrate or
mask. For a full color display, R, G and B sub-pixels with
different emission area are generally adopted to reduce
Fig. 2. Device structures of conventional three FMM processes (a) and proposed
surrounded by a dot line.
the differential aging of R, G and B sub-pixels [13]; thus
one has to employ three different FMMs and perform three
alignments for patterning the R, G and B sub-pixels, yield-
ing a long process TACT time and expensive mask cost. To
relieve this issue, Samsung and Sony proposed stacking a
blue layer on the patterned G (and R) layer as a common
layer for all sub-pixels, thus eliminating the patterning of
the B sub-pixels [14,15]. To avoid exciton recombination
in the common B layer in the G (or R) sub-pixels, a wide
band-gap host with hole-blocking ability was adopted for
the G (and R) dopants, which inevitably increases the
two FMM processes (b). The light-emitting layers need to be patterned are



Fig. 3. Current density–voltage (a), luminance–voltage (b) and effi-
ciency–current density (c) characteristics of the devices. The key charac-
teristics of the devices made by two FMM processes are not degraded by
the shared blue light-emitting layer.
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driving voltage of the pixels; for example, at a luminance of
239 cd/m2, the driving voltage is 6.5 V for the Ir(ppy)3

based G pixels [14].
In this work, in order to avoid using wide band-gap host

for the G (and R) dopants, we deposit the patterned G (and R)
layer on the common B layer. In such configuration, the exci-
ton main recombination zone is located in the interface of
G/ETL due to the higher mobility of holes than that of
electrons. Thanks to the narrower band-gap of the G (or R)
emitter compared with that of the B emitter, the G (or R)
emitter therefore naturally serves as a trap site for the carri-
ers and thus self-confine the exciton recombining in the G
(or R) layer, hence preventing excitons leakage to adjacent
B common layer. With the B light-emitting layer as a shared
hoe-transporting layer for all sub-pixels, we demonstrate
that a full color display can be achieved by only patterning
the R and G sub-pixels; thus eliminate one FMM process
compared to conventional method. The R, G and B sub-pixels
can be optimized independently despite the reduction of
one FMM process. Also, the performance of the red and
green sub-pixels is not degraded by the shared B light-emit-
ting layer. Due to elimination of one FMM, the process TACT
time, mask cost and alignment error can all be reduced, thus
cutting down the manufacturing cost of full color OLED
display.

2. Results and discussion

Fig. 2(a) shows the typical device structures for con-
structing a full color OLED display. Fluorescent B emitter
BcZVBi was employed due to its relatively bluer emission
than that of the phosphorescent emitter like FIrPic; while
phosphorescent emitter Ir(ppy)3 doped in CBP and Ir(bt-
p)2(acac) doped in CBP were employed as a G and R light-
emitting layer respectively, due to their high efficiency
and good color saturation. NPB and TPBi were employed
as a shared hole-transporting and electron-transporting
layer respectively for all sub-pixels. TcTa was used as an
exciton-confining layer for the phosphorescent emitters.
In conventional three FMM processes, the B light-emitting
layer NPB:BcZVBi in sub-pixels B-3, G light-emitting layer
TcTa/Ir(ppy)3:CBP in sub-pixels G-3 and R light-emitting
layer TcTa/Ir(btp)2(acac):CBP in sub-pixels R-3 are pat-
terned separately by three FMMs with different size open-
ings. In the proposed two FMM processes as shown in
Fig. 2(b), all sub-pixels share a blue light-emitting layer
NPB:BcZVBi. For sub-pixels G-2 and R-2, the shared
NPB:BcZVBi works as a hole-transporting layer, while for
sub-pixels B-2, the NPB:BcZVBi functions as a B light-emit-
ting layer. Thus the B FMM process is eliminated; one only
need to pattern the TcTa/Ir(ppy)3:CBP for sub-pixels G-2
and TcTa/Ir(btp)2(acac):CBP for sub-pixels R-2.

There are several reasons for selecting the blue light-
emitting layer NPB:BcZVBi as a shared layer. Firstly, the
OLED behaves like a Fabry–Perot cavity [16,17], especially
when the two electrodes are reflective as in top-emitting
OLED. Cavity with thicker organic layers results in longer
resonant wavelength. In other words, to optimize the
emission efficiency, the B sub-pixels should have the thin-
nest organic layers while the R sub-pixels have the thickest
organic layers. By arranging the B light-emitting layer as a
shared layer, the cavity length of the B sub-pixels can be
guaranteed the shortest while that of the G and R sub-pix-
els can be separately tuned by changing the thickness of G
and R light-emitting layer respectively. Thus, one can still
optimize the performance of the R, G and B sub-pixels
independently despite the elimination of one FMM pro-
cess. Secondly, the B emitter in general has the widest
energy band-gap, which can be used to confine the exci-
tons recombining in the G or R light-emitting layer. Hence,
one may only observe monochromatic emission in the G-2



Fig. 4. EL spectra at different driving voltage of the R (a), G (b) and B (c) sub-pixels. Color gamut of the display made by two FMM processes (d).

Table 1
Key performance of the devices at 1000 cd/m2.

Device V (V) gext (%) gL (cd/A) gP (lm/W) CIE (x,y)

G-2 6.4 16.8 60.5 29.7 (0.34, 0.61)
G-3 6.4 16.6 59.5 29.2 (0.34, 0.61)
R-2 7.3 7.6 7.0 3.0 (0.67, 0.33)
R-3 7.2 7.6 7.0 3.1 (0.67, 0.33)
B-2 5.8 2.6 4.6 2.5 (0.15, 0.17)

34 S. Chen, H.-S. Kwok / Organic Electronics 13 (2012) 31–35
or R-2 sub-pixels despite the presence of B light-emitting
layer. Lastly, possible photoluminescent process of the
shared layer excited by the G or R photons is completely
eliminated due to extremely weak absorption of the B
light-emitting layer at G or R color region.

To examine if the shared B light-emitting layer degrades
the performance of the G-2 or R-2 sub-pixels, bottom emit-
ting OLEDs were fabricated with structures:

G-2: ITO/NPB (20 nm)/8% BcZVBi:NPB (20 nm)/TcTa
(10 nm)/8% Ir(ppy)3:CBP (20 nm)/TPBi (40 nm)/
LiF (1 nm)/Al (100 nm);

G-3: ITO/NPB (40 nm)/TcTa (10 nm)/8% Ir(ppy)3:CBP
(20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (100 nm);

R-2: ITO/NPB (20 nm)/8% BcZVBi:NPB (20 nm)/TcTa
(5 nm)/6% Ir(btp)2(acac):CBP (20 nm)/TPBi
(40 nm)/LiF (1 nm)/Al (100 nm);
R-3: ITO/NPB (40 nm)/TcTa (5 nm)/6% Ir(btp)2(acac):CBP
(20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (100 nm);

B-2: ITO/NPB (20 nm)/8% BcZVBi:NPB (20 nm)/TPBi
(40 nm)/LiF (1 nm)/Al (100 nm).

The fabrication and test method can be referred to our
previous publications [18,19]. Fig. 3 shows the current
density–voltage, luminance–voltage and efficiency–current
density characteristics of the devices. It can be seen clearly
that the introduction of the BcZVBi:NPB shared layer almost
does not alter the characteristics of G-2 and R-2. Only a
slightly decreasing of current density in devices G-2 and
R-2 is observed, mainly caused by smaller mobility of
NPB:BcZVBi than that of neat NPB. For example, at a driving
voltage of 6.4 V, G-2 exhibit a current density of 1.67
mA/cm2, luminance of 1014 cd/m2 and efficiency of
60.5 cd/A, compared with 1.87 mA/cm2, 1113 cd/m2 and
59.5 cd/A for G-3. At a voltage of 7.2 V, R-2 exhibit a current
density of 15.90 mA/cm2, luminance of 1113 cd/m2 and effi-
ciency of 7 cd/A, compared with 15.99 mA/cm2, 1124 cd/m2

and 7.03 cd/A for R-3. The identical characteristics of G-2
and G-3, R-2 and R-3 indicate that all excitons may mainly
recombine in the G or R light-emitting layer despite the
presence of the B emitter BcZVBi. This may be likely due to
the wide energy band-gap of BcZVBi and the introduction
of exciton-confining layer TcTa, which effectively confine
the excitons recombining in the G or R emitting layer.
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To verify this assertion, the electroluminescent (EL)
spectra of the devices are examined. As can be seen from
Fig. 4(a) and (b), the EL spectra of G-2 and R-2 at 6–10 V
are almost the same as those of G-3 and R-3, confirming
that all excitons recombine in the G or R emitting layer de-
spite the presence of B emitting layer in devices G-2 and R-
2. Such excellent exciton confinement is likely due to the
introduction of TcTa. Without the TcTa exciton-confining
layer, a blue emission originates from BcZVBi is observed
as shown in Fig. 4(a). It is well known that the triplet exci-
tons have long life time thus long diffuse length. They tend
to diffuse to adjacent layer, leading to exciton leakage
hence efficiency loss. It is therefore necessary to introduce
a thin layer of TcTa with high triplet energy level [20] and
extremely low electron mobility [21] to effectively prevent
excitons leakage to adjacent shared layer NPB:BcZVBi.
Fig. 4(d) shows the CIE coordinates of devices R-2, G-2
and B-2. The color gamut of the display based on R-2, G-
2 and B-2 is 63% NTSC. The low color gamut is mainly
due to the unsaturated color of the G and B emission. To
further improve the color gamut, microcavity structure
may be employed to obtain narrower spectra hence satu-
rated color [22]. The key performance of the devices is
listed in Table 1.

3. Summary

In summary, we demonstrate that a full color OLED dis-
play can be achieved by two FMM processes. The reduction
of one FMM compared with conventional three FMM pro-
cesses is due to the adoption of a shared B light-emitting
layer. The R, G and B sub-pixels can be optimized indepen-
dently despite the elimination of one FMM process. Also,
key characteristics like driving voltage, luminance, effi-
ciency and spectra are not degraded by the shared blue
light-emitting layer. Due to reduction of one FMM, the pro-
cess TACT time, mask cost and alignment error can all be
reduced, thus cutting down the manufacturing cost of full
color OLED display.
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