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Highly efficient top-emitting white organic light-emitting diodes (TEWOLEDs) on silicon
substrates based on complementary blue and yellow phosphors are demonstrated. The
bottom copper anode with medium reflectance, which is compatible with standard com-
plementary metal oxide semiconductor (CMOS) technology, and the semitransparent cath-
ode with a top capping layer, are introduced to facilitate white light emission with

improved contrast and reduced angular dependence. Both TEWOLEDs, with and without

the capping layers, exhibit nearly lambertian-type emission. The spectrum of TEWOLED

?Zﬁiﬁiﬁng with a capping layer is similar to that of the bottom-emitting counterpart. Our TEWOLED
White light reaches high efficiencies of 27.7 cd/A and 17.6 Im/W at a current density of 10 mA/cm?, and
Cu low voltage of 4.4 V at 1000 cd/m?.

Capping layer © 2010 Elsevier B.V. All rights reserved.

1. Introduction

Organic light-emitting diodes (OLEDs) are considered as
one of the most powerful candidates for the next genera-
tion mainstream flat panel displays and solid-state lighting
sources [1-5]. In active matrix displays, top-emitting
architectures are preferable due to their intrinsic large
aperture ratio and the less risk of cross-talk in high resolu-
tion and large area displays. For full color and high resolu-
tion displays, white light combined with color filters is one
of the best schemes for low-cost mass production due to
the avoidance of precise and time-consuming shadow
mask process for red-green-blue (RGB) pixilation [6,7].
It’s pointed out that the technique which is capable of di-
rectly patterning the pixels in small dimensions (~10 pm
pitch for RGB pixels) is not available so far [8]. Note that
the pixel pitch of OLED microdisplays now is reduced to
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several micrometers to achieve high resolution. However,
it's a great challenge to achieve uniform and angular inde-
pendent white light emission in the top-emitting architec-
tures due to intrinsic strong microcavity effects. Basically, a
low reflective bottom anode and a highly transparent top
cathode stack are beneficial for white light extraction from
top-emitting architectures avoiding constructive interfer-
ence inside the devices [3,9-17]. In order to achieve high
resolution and high information-content Si-based micro-
displays, which have vast potential application in military
and consumer electronics market, TEWOLED is one of the
prerequisites as well as CMOS process selection. As men-
tioned above, no technique is competent enough to di-
rectly pattern the full color OLED pixels in microdisplays.
The solution now is based on white light and RGB color fil-
ters. For low cost mass production, a suitable active matrix
driving circuit scheme introducing the standard CMOS me-
tal interconnection (Al or Cu) is crucial, as it has to meet
the requirement of fabricating OLEDs directly on the top
metal layer of the chips. In addition, TEWOLEDs based on
Cu foil with high flexibility are very promising for flexible
full color active matrix displays.
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In this letter, we demonstrate highly efficient TEWOL-
EDs based on Cu bottom anode, which is compatible with
the standard foundry CMOS technology (for deep submi-
cron and below), paving the way for integrating organic
optoelectronic devices directly with the readily available
Si wafer. It’s reported that the production cost comes from
the interconnect metallization process in integrated cir-
cuits is over 50% of the total budget [18]. A new choice of
metal process, which is not compatible with the standard
foundry technology, will cost even much more. Undoubt-
edly, this is a great obstacle for mass production. In previ-
ous reported TEWOLEDs, Ag [11,16], Ag/ITO [14], Al [17],
Al/Ag [17], Al/Au [13], Al/ITO [19], Al/Ni [10], and Mo
[15] are selected as anodes, respectively. However, only
limited candidates are competent for commercialization.
Here, a Cu anode is adopted for TEWOLED to meet the
requirement of integrating OLEDs with foundry CMOS cir-
cuitry. Cu can then be used as contact material and as via
connection in the CMOS process [18,20]. In contrast, an
Al interconnect requires a W plug for via and subsequently
creates an additional interface of Al and W. No such inter-
face is existing between the via and interconnect for Cu as
via and anode material for OLEDs. This does significantly
simplify the fabricating process for OLED microdisplays
aiming for low cost and small size with augmented reality
that requires high resolution [4]. In addition, due to the
excellent thermal conductivity, Cu-based devices usually
exhibit superior heat dissipation [21], thus the issue of
thermal management in highly dense integrated devices
tends to be less severe. In order to further reduce the OLED
microcavity effect, an additional capping layer, 4,4',4"-
tris(N-3-methylphenyl-N-phenyl-amino)triphenylamine
(m-MTDATA), is deposited directly over the semitranspar-
ent cathode. It’s proved here that the manipulation of
white light emission profiles towards angular indepen-
dence and broad spectral coverage is much easier in Cu-
based TEWOLEDs than those based on highly reflective
electrodes, such as Ag and Al.

2. Experimental

The white OLED is based on the blue emitter iridium(III)
bis[(4,6-difluorophenyl)-pyridinato-N,C?] (FIrpic) and the
yellow emitter bis(2-(2-fluorphenyl)-1,3-benzothiozolato-
N,C?) ((F-BT),Ir(acac)) doped into a common host, N, N'-
dicarbazolyl-3,5-benzene (mCP), respectively. Pristine m-
MTDATA, N,N’-bis(naphthalene-1-yl1)-N, N’-bis(phenyl)-
benzidine (NPB), and 7-diphenyl-1,10-phenanthroline
(BPhen) serve as hole injecting layer, hole transporting
layer, and hole blocking/electron transporting layer,
respectively. The Cu anode is thermally deposited onto Si
substrate covered with insulating SiO,, following with m-
MTDATA:MoOy p-doping layer to reduce the ohmic loss.
The structures are listed below, Si/SiO,/Cu (60 nm)/m-
MTDATA:MoOy (15wt.%, 10 nm)/m-MTDATA (18 nm)/NPB
(5nm)/mCP (15 nm)/mCP:FIrpic (10wt.%, 5 nm)/BPhen
(2 nm)/mCP:(F-BT),Ir(acac) (4wt.%, 5 nm)/BPhen (40 nm)/
LiF (1 nm)/Al (2 nm)/Ag (18 nm)/m-MTDATA (0 and
50 nm). For comparison, ITO/m-MTDATA:MoOx(15wt.%,
10 nm)/m-MTDATA (18 nm)/NPB (5 nm)/mCP (15 nm)/

mCP:Flrpic (10wt.%, 5 nm)/BPhen (2 nm)/mCP:(F-BT),Ir(a-
cac) (4 wt%, 5nm)/BPhen (40nm)/LiF (1 nm)/Al
(100 nm), a bottom-emitting white OLED (BEWOLED) is
also fabricated. In order to achieve high efficiency, the pris-
tine 15 nm mCP is introduced to prevent the high energy
triplet exciton of blue emitter from diffusing into the NPB
layer, and 2 nm BPhen spacer is inserted between the blue
and yellow emitters to balance white emission. The cur-
rent-voltage-luminance characteristics were measured
with a PR650 spectrascan spectrometer and a Keithley
2400 programmable voltage-current source. All the de-
vices without encapsulation were measured in ambient
atmosphere at room temperature.

It’s reported that the out-coupling characteristics are
significantly dependent on the interference effects in the
cavity [22,23]. As depicted, the top light out-coupling stack
design strongly influences the emission profiles [9-11,13-
17,19,23,24]. In order to reveal the effects, we investigate
the influences of the capping layer on the reflectance,
transmittance and absorbance of the stack of BPhen/LiF/
Al/Ag/m-MTDATA (x nm) with software SETFOS [25].

3. Results and discussion

For monochromatic emission, the out-coupling effi-
ciency is not simply dependent on the transparency of
the top electrode [23]. It's even more complicated in
TEWOLEDs, because of the complex interplay of wide-an-
gle and multiple-beam interference effects. As indicated
in Fig. 1a and b, the stack with 50 nm capping layer exhib-
its a low reflectance and high transmittance in the blue re-
gion, but medium values in the yellow region. Additionally,
the stack with above 50 nm capping layer has low absor-
bance over the visible region (Fig. 1c). However, the de-
vices with a capping layer above 50 nm do not exhibit
improved luminance (not shown here).

As shown in Fig. 2, TEWOLED with (Device A) and
without (Device B) 50 nm capping layer exhibit similar
luminance-voltage characteristics, while Device A has
superior luminance due to the improved light out-coupling
efficiency. In contrast, the luminance of BEWOLED (Device
C) tends to grow more slowly as the voltage increased. One
of the reasons may be attributed to the different series
resistance of the electrodes. And also, the lower thermal
conductivity of the ITO/glass substrate than that of Cu/
SiO,/Si substrate may play a role, as great joule heat gener-
ated on the poor thermal conductive substrate may accel-
erate the degradation at high luminance level. In view of
practical use, the capping layer is not only beneficial for
the improvement of luminance of TEWOLED, but also for
the achievement of high contrast active matrix displays.
Device A with the capping layer reaches a contrast ratio
of 199, while that of Device B is only 66, under an ambient
illumination of 140 Ix [26,27]. A high contrast ratio is nec-
essary to achieve high gray scale and reduce eyestrain in
near-eye microdisplays with relative low perceptible lumi-
nance level. As for head-mount displays, the ambient illu-
mination could be much lower. Taking 10 Ix for example,
the contrast ratio of Device A is up to 351 when the on-
state brightness is set to 200 cd/m?.
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Fig. 1. (a-c) Calculated reflectance, transmittance and absorbance of the stack BPhen (40 nm)/LiF (1 nm)/Al (2 nm)/Ag (18 nm)/m-MTDATA (x nm) as a
function of m-MTDATA capping layer thickness and the wavelength, respectively. The optical constants used in the calculation are obtained by variable-
angle spectroscopic ellipsometry measurements. The dispersion of the complex refractive indices is also taken into account, as the emission profiles are

dependent on the dispersion.
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Fig. 2. Luminance-voltage characteristics of Device A, B and C, respectively. The lower left-hand inset indicates the measured angular distribution of the
devices and the bluish solid line represents a Lambertian-type distribution. The upper left-hand inset shows the photos of TEWOLEDs with and without the
capping layer, respectively. TEWOLED with the capping layer and BEWOLED radiate at a high brightness level are also presented in the lower right-hand

inset.

The current efficiency-current density-power effi-
ciency characteristics of the three devices are compared
in Fig. 3. Apparently, TEWOLEDs exhibit lower efficiency
at low luminance, while peak efficiency at low luminance
is observed in BEWOLED, and subsequently the efficiency
gradually decreases due to triplet-triplet annihilation as
the current density increases [23]. At the current density
of 10 mA/cm?, the efficiencies are 27.7 cd/A (17.6 Im/W),
24.8 cd/A (15.4 1m/W) and 26.8 cd/A (16.5 Im/W) for De-
vice A, B and C, respectively. As shown in the inset of
Fig. 3, the spectra of TEWOLEDs are narrower in the red re-
gion due to interference effects and the poor transmittance
of the cathode stack at long wavelengths, which have been
indicated in Fig. 1. According to our calculation, the BEW-
OLED is not optimized with the structure used here. The
optimized current efficiency is expected to be improved
by 40%, simply adjusting the thicknesses of m-MTDA-
TA:MoOy and m-MTDATA layer to improve light out-cou-
pling in BEWOLED. Hence the optimized BEWOLED

would still have slightly superior efficiencies. A thick p-
doping layer with negligible voltage drop is also expected
to improve the yield of both TEWOLEDs and BEWOLEDs
in mass production.

With the capping layer, the angular dependence of the
spectrum in TEWOLED is reduced, while the spectrum of
TEWOLED without the capping layer changes dramatically
as the viewing angle changes, shown in Fig. 4a and b. BEW-
OLED exhibits almost no angular dependence of the spec-
trum (Fig. 4c). The Commission Internationale de
L’Eclairage (CIE) coordinates measured in forward direc-
tion of Device A only change from (0.306, 0.430) to
(0.330, 0.445) over the luminance range of 100-4000 cd/
m?, and the variation is only (+0.003, +0.001) over 4000-
20000 cd/m?. Due to the dominant yellow emission as a re-
sult of constructive interference in Device B, the CIE coor-
dinates are quite stable over 100-20000 cd/m? with
negligible variation of (+0.009, +0.004). Device C (BEW-
OLED) has a convoluted shape of the CIE coordinates over
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Fig. 3. Current efficiency-current density-power efficiency characteristics of Device A, B and C, respectively. The external quantum efficiencies at a
luminance of 100, 1000, 10000 cd/m? are also shown in the boxes. Inset: the electroluminescent (EL) spectra of the devices at a current density of 40 mA/
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Fig. 4. Spectra of Device A, B and C at a current density of 40 mA/cm?, respectively. CIE 1931 color coordinates measured in forward direction over a
luminance range of 100-20,000 cd/m? are also plotted in the insets, respectively.

the luminance range, corresponding to a variation of
(+0.006, +0.004). The blue-shift of the color in Device C
may be caused by the slightly increased residual NPB emis-
sion under high driving voltage. However, this emission is
suppressed in TEWOLEDs with an optical cavity length of
~100 nm as the low light out-coupling efficiency in the
deep-blue region, which is also indicated by the whole
device simulation with software SETFOS. That’s why the
variation of the CIE coordinates with luminance of TEWOL-
EDs is different to that of BEWOLED.

4. Conclusions

In summary, we have demonstrated efficient TEWOLED
based on Cu anode for potentially full color small and large
area active matrix displays, or flexible OLED displays. In
this embodiment, we have deliberately considered the
technologic compatibility of integrating OLEDs with CMOS
circuitry, aiming for commercially low-cost OLED micro-
displays. In order to improve the contrast ratio (typical
for microdisplays), and reduce the angular dependence
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(typical for flexible displays), a low absorption loss capping
layer is used to balance the degree of constructive and
destructive interference for white light extraction.
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