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A top-emitting warm-white organic light emitting diode (TEWOLED) was fabricated with a
conductive transparent MAM cathode [MAM = MoO3 (40 nm)/Ag (17 nm)/MoO3 (40 nm)],
which had a higher color rendering index (CRI) than that of corresponding ITO-based bot-
tom-emitting organic light-emitting device (OLED). We measured and calculated the opti-
cal transmittance of multilayer MAM fabricated on PET substrate by vacuum thermal
evaporation. The average transmittance in visible range is above 84%, which is similar to
the conventional indium tin oxide (ITO). The weak microcavity effect on the device perfor-
mance was also studied. MAM multilayer has the potential for using as transparent con-
ductor electrodes for white OLEDs, especially for flexible devices due to its unique
optical and electrical properties.

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

White organic light emitting diode (WOLEDs) are of
interest recently due to their potential use in full-color
flat-panel displays and low power consumption solid state
lighting sources [1–7]. As lighting sources, TEWOLEDs will
be superior to bottom-emitting OLEDs because they can be
fabricated on opaque and flexible substrates, such as metal
foils and plastics, replacing rather expensive glass sub-
strates coated with indium tin oxide (ITO). In addition,
TEWOLEDs combined with red, green, and blue color filters
and driving circuit, such as organic thin film transistor
(OTFT) [8–10] and complementary metal oxide semicon-
ductor (CMOS) [11–13], are the most effective method to
obtain high-resolution displays due to a high aperture ratio
in active matrix OLEDs. However, due to the strong micro-
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cavity effects, it remains a challenge to generate white
light in top-emitting devices. Especially, TEWOLEDs with
high color rendering index (CRI) are hardly achieved. Thus,
extensive efforts have focused on eliminating the
microcavity effect in TEWOLEDs [14–16]. Besides, the
TEWOLEDs utilizing microcavity effect [17–19], down-
conversion phosphors [20] were also reported. But all the
reported TEWOLEDs have some disadvantages, such as
the use of active metal calcium [14], sputtering deposition
process for ITO [15], the low CRI [17–20] and efficiency
[16,20]. In order to achieve advanced performance, one of
the strategies is to use high transmittance top electrode
in TEWOLEDs. Due to the rising cost of indium, brittleness,
need for high growth temperature and special technology,
and the diffusion nature of indium ions which is harmful to
the long-term performance of OLEDs, the currently used
ITO has significant shortcomings for low-cost, large-area,
and flexible device applications [21,22]. An alternative to
ITO as transparent conductors is the use of dielectric/me-
tal/dielectric (D/M/D) multilayer, which suppresses the
reflection of the metal layer and achieves selective high
transparent effect [23]. In 1998, Bender et al. reported
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Fig. 1. The measured optical transmittance curves of MAM and ITO, the
calculated optical transmittance of MAM is also plotted.
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ITO/Ag/ITO (IMI) structure with higher conductivity [24].
Recently, Lewis et al. reported flexible OLEDs based on
IMI stacks which fabricated onto polyethylene terephthal-
ate (PET) by sputtering deposition process [22]. In addition,
multilayer InZnSnOx/Ag/InZnSnOx, ZnS/Ag/ZnS, WO3/Ag/
WO3, and ITO/Ag/WO3 were also reported as electrodes
for OLEDs [25–28]. But all the reported multilayer elec-
trodes above were almost used in monochrome OLEDs,
having no white light emission devices reported.

In this article, we reported a warm and high color-ren-
dering TEWOLED with MoO3/Ag/MoO3 (MAM) multilayer
used as a cathode. We prepared conductive transparent
MAM coating on PET substrates by vacuum thermal evap-
oration and measured the optical transmittance. The TEW-
OLED we fabricated had a comparable efficiency but
superior CRI relative to bottom-emitting OLED.

2. Experimental details

The device A consisted of PET substrate/Al (100 nm)/
MoO3 (1.5 nm)/4, 40, 40 0-tris(3-methylphenyl–phenylami-
no)-tripheny-lamine (m-MTDATA, 30 nm)/N, N0-bis-(1-
naphthyl)-N, N’diphenyl-1, 1-biphenyl-4, 40diamine (NPB,
10 nm)/4, 40-bis(2, 20-diphenylvinyl)-1, 10-biphenyl (DPVBi,
15 nm)/4, 4-N, N- dicarbazole-biphenyl (CBP, 3 nm)/CBP:
bis(2-(2-fluorphenyl)-1, 3-benzothiozolato-N, C20)irid-
ium(acetylacetonate) [(F–BT)2Ir(acac)] (7 nm)/4, 7-diphe-
nyl -1, 10-phenanthroline (Bphen, 30 nm)/LiF (1 nm)/Al
(1 nm)/Ag (1 nm)/MoO3 (40 nm)/Ag (17 nm)/MoO3

(40 nm). In this device, Al/MoO3, m-MTDATA, NPB, DPVBi,
CBP: (F–BT)2Ir(acac), Bphen, and LiF/Al/Ag/M/A/M were
used as the anode, hole injection layer, hole transporting
layer, blue emitting layer, orange emitting layer, electron
transporting layer and cathode, respectively. Here, we
use metal Al as the anode replacing the common metal
Ag because Al film has larger phase shift on reflection than
that of metal Ag. The neat CBP is introduced to separate
blue and orange emitting layers to avoid the Dexter energy
transfer between the two emitters. For comparison, the
bottom-emitting device (ITO glass substrate) with the
same organic layers (device B) was fabricated, which con-
sisted of glass coated with ITO /m-MTDATA (30 nm)/NPB
(10 nm)/DPVBi (15 nm)/CBP (3 nm)/CBP: (F–BT)2Ir(acac)
(7 nm)/Bphen (30 nm)/LiF (1 nm)/Al (200 nm). All films
were deposited at pressure below 4 � 10�6 Torr. The depo-
sition of each layer and the measure of devices character-
istics were described before [20].
3. Results and discussion

Ryu et al. reported that the Ag thin film was the domi-
nant factor of the sheet resistance in a dielectric/Ag/dielec-
tric multilayer [28]. Consequently, a low resistance of
multilayer cathode will be obtained by adjusting the thick-
ness of Ag layer in MAM electrode. We measured the sheet
resistance of the prepared MAM multilayer by four-point
probe and a low resistance of 11 X/h was obtained. If
the film boundary effects are negligible, the sheet resis-
tance of the multilayer is the sheet resistance of MoO3,
Ag, MoO3 layer coupled in parallel: [28].
1
Rtotal

¼ 1
RMoO3

þ 1
RAg
þ 1

RMoO3
:

Rtotal, RAg, RMoO3 is the sheet resistance of MAM, Ag,
MoO3 layer, respectively. Fig. 1 shows the measured and
calculated optical transmittance curves of multilayer
MAM as a function of the wavelength. The optical trans-
mittance is calculated by the transfer-matrix method
[29]. The measured optical transmittance curve of ITO
was also plotted in Fig. 1. It can be seen that a high average
transmittance of over 84% is obtained for the MAM-based
transparent multilayer, which is comparable with the con-
ventional ITO. Here, we also calculated the transmittance
of MoO3 (y nm)/Ag (17 nm)/MoO3 (y nm) for different y va-
lue (the data was not shown) and found that the MAM
multilayer had the highest transmittance when y = 40.
Considering the electric and optical properties, we choose
a 17 nm Ag layer for MAM coating. One should note that
the MAM multilayer with superior features is obtained
by simple thermal evaporation without subjecting to sub-
strate heating and post-annealing, which is especially
favorable for flexible OLEDs and top-emitting OLEDs.

Fig. 2a shows the normalized EL spectra of device A and
B at operating voltage of 6, 8, and 10 V. It can be seen that
the narrowness of the full width at half maximum (FWHM)
of the DPVBi and (F-BT)2Ir(acac) emission in device A is not
observed at all. Insert is the normal spectra normalized to
blue emission. We can see that the devices have the same
blue emission spectral profile. However, the spectra have
large difference in long wavelength region. In order to ex-
plain this, we calculated the phase shift characteristics of
the TEWOLED by the transfer-matrix method [29], as
shown in Fig. 2b, the calculated round-trip phase changes
for organic layers sandwiched between two reflection elec-
trodes [i.e., u1ðkÞ ¼

P
i

4pdiniðkÞ
k ], and the phase changes at

two reflective electrodes [i.e., u2(k) = ucathode + uanode]. In
our calculation, the multilayer MoO3 (40 nm)/Ag (17 nm)/
MoO3 (40 nm) was considered the cathode. The point of
intersection is the resonant wavelength (RW). It can be
seen that a RW at 635 nm is observed. Insert is the absorp-
tance and reflectance of multilayer MAM. The absorptance
is almost the same over the visible range, which will not af-
fect the distribution of the spectrum intensity. High reflec-
tance (>25%) at longer wavelength (>600 nm) will benefit



Fig. 2a. The normalized EL spectra of devices A and B at different voltage
of 6, 8, and 10 V; Insert is the EL spectra of devices A and B normalized to
blue emission.

Fig. 2b. The calculated round-trip phase changes for 95 nm organic layers
between two electrodes and the phase changes on two electrodes for
normal incidence; Insert is the calculated optical reflectance and absorp-
tance curves of MAM coating.

Fig. 2c. The normalized EL spectra by calculating and measuring of the
devices (top) and the calculated forward directed cavity emission of
device A (down).

Fig. 3. The CIE coordinates of devices A and B at different operation
voltage.
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to the light emission near 635 nm due to constructive
interference. High reflectance at shorter wavelength would
attenuate the blue emission intensity near 439 nm where
the destructive interference arises. In order to clarify the
microcavity effect in the device, we calculated the cavity
emission by considering wavelength-independment instrs-
inc luminescence spectra of the emitters [30], as shown in
Fig. 2c. The calculated resonant wavelength of the device is
638 nm, which is agreement with the calculated result for
the phase shift. We can see that the cavity emission is var-
ied with wavelength, which will result in a different en-
hanced emission st different wavelength for device A.
Thus, device A shows a more enhanced orange emission
and less enhanced blue emission. The spectrum of device
B is also shown in Fig. 2c. As can be seen from the power
distribution of the spectrum of device B and the trend of
the cavity emission, we can deduce the spectrum of device
A. In Fig. 2c, we also calculated the normal emisson of the
device, which is excellent agreement with the experiment
results. All of the descriptions above result in the differ-
ence of the spectra between devices A and B.
Fig. 3 shows the CIE coordinates of devices A and B
operated from 5 to 10 V. The CIE coordinates of device A
change from (0.3532, 0.3270) to (0.4277, 0.3894) and that
of device B change from (0.2562, 0.2689) to (0.323, 0.3533)
over all the range of operation voltages. We can see that
the CIE coordinates are fairly stable at high operation volt-
ages for the two devices. Besides, the device A has a higher
color rendering index (CRI) of 84 at correlated color tem-
perature (CCT) of Tc = 3736 K (Ideal CCT values for warm
white is 2500–4500 K [2]) than that of device B (CRI = 75
at Tc = 8224 K), which is an important parameter for light-
ing sources. This TEWOLED satisfies the CRI need for future
solid-state lighting applications (with a CRI > 80) [31].

Fig. 4a shows the current density–voltage–luminance
characteristics of the devices, revealing a luminance of
6398 and 6435 cd/m2 at 9 V for devices A, and B, respec-
tively. When the operating voltage is below 8 V, device A
has a lower current density than that of device B. Fig. 4b
shows the voltage-efficiency characteristics of the devices.
The maximum current efficiency can reach 8.66 and
9.10 cd/A for devices A and B, respectively. We can also
see that the MAM-based device has a lower roll-off of effi-
ciency than that of ITO-based one due to the microcavity
effect. The microcavity effect increases the optical mode
density and consequently increases the radiation rate,



Fig. 4a. The voltage-luminance-current characteristics of the devices.

Fig. 4b. The voltage-efficiency characteristics of the devices.
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which reduces the possibility of triplet–triplet annihilation
[32,33]. However, the TEWOLED exhibits a lower efficiency
than that of the ITO-based device. The poor contact and
high energy barrier at MAM/organic interface may be
two important factors which influenced the performance
of MAM-based device. In addition, the thick MoO3 layer
will increase the operating voltage of the devices, as de-
scribed in Ref. [34], in which thick (>10 nm) MoO3-doped
NPD hole injection layer increased the operating voltage
of the device.
4. Conclusions

In summary, we have successfully obtained a warm-
white top-emitting organic light-emitting device with
MAM multilayer transparent cathode. A high average
transmittance of 84% and low resistance of 11 X/h for
MAM coatings was obtained. Therefore, the MAM-based
electrode structure can be used as a low resistance trans-
parent cathode and anode for transparent or top-emitting
OLEDs, especially for flexible devices, in practical applica-
tions. Comparing to ITO-based device, MAM-based TEW-
OLED exhibits some superior performance, such as high
CRI and low CCT, which are the key factors to estimating
the performance of lighting sources. Most important, the
MAM multilayer can be prepared by vacuum thermal
evaporation, which is compatible with OLEDs fabrication
process.
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