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a b s t r a c t

White top-emitting organic light-emitting devices (TEOLEDs) were fabricated on a glass substrate with
metal/organic multilayer of (Ag/Alq3)2 (Alq3 is tris-(8-hydroxyquinoline) aluminum) as cathode. White
TEOLEDswithhighefficiencywereobtaineddue to themicrocavityeffects.Andthe (Ag/Alq3)2 cathode,which
adjusted the optical characteristics of the devices, played an important role. In addition, Alq3eAgeAlq3
multilayer could work as a buffer layer, which would simplify the process of encapsulation for devices. We
also calculated the electroluminescence spectrum of devices encapsulated with Al2O3 (150 nm) and
Al2O3(75 nm)/ZrO2(75 nm). And the results indicated that the CIE coordinates is almost the same between
with and without encapsulating.

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

White organic light-emitting devices (WOLEDs) have aroused
a great deal of attention in the past decade because of their potential
use in full-color flat-panel displays and lighting source. In particular,
top-emitting organic light-emitting devices (TEOLEDs) have much
more advantages than the bottom-emitting one inflat-panel displays
due to higher aperture ratio. Thus, white TEOLEDs are particularly
suitable for high-resolution active matrix displays and solid state
lighting. In addition, one of the advantages of OLEDs, compared with
other display technologies, is the possibility of making flexible
displays [1e4]. In order to apply, encapsulation is important for OLED
to prevent light-emitting materials and electrodes by blocking
permeation of water vapor and ambient oxygen, and to protect
devices from external shocks. Thin-film encapsulation is indis-
pensible to realize top-emission OLED (TEOLED) without desiccant
[5]. In addition, the CIE color coordinates should not changewhen the
devices are encapsulated. Previously, a number of different schemes
for thin-film encapsulation were reported in the literature [3,6e8].
Recently, Al2O3 and hybrid multilayers with polyurea/Al2O3 and
Al2O3/ZrO2 were used in thin-film encapsulation [9,10].

However, it remains a challenge to generate white light in TEO-
LEDs because of the strong microcavity effects in the devices. Thus,
extensiveefforts have focusedoneliminating themicrocavityeffects
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All rights reserved.
inwhite TEOLEDs [11e14]. Besides, Kim et al reported the TEWOLED
utilizing microcavity effects [15], M. Thomschke et al reported the
TEWOLED with optimized efficiency and angular emission charac-
teristics [16], and TEWOLED with down-conversion phosphors
was reported by Ji et al. [17]. A three-peak bottom-emitting white
organic light-emitting devices with thin metal/dielectric/thin
metal/dielectric/thickmetal as cathodewas reportedbyLuet al. [18].
In addition, a three-peak or two-peak TEWOLED with metallic-
dielectric photonic crystal anode were reported in our previous
work [19,20]. However, all the reported TEWOLEDs will have some
issues when building flexible OLEDs, for which thin-film encapsu-
lation is necessary. For all the devices reported above, a buffer layer
must be deposited on the top cathode for encapsulating. And this
may change the optical characteristic of the devices, for example,
the spectrum and the CIE coordinates. In this paper, we report the
white TEOLEDs utilizing microcavity effects with multi-layer [Ag/
tris-(8-hydroxyquinoline) aluminum]2 as cathode (tris-(8-hydrox-
yquinoline) aluminum is Alq3), which can be encapsulated directly.

It iswell knownthat the resonancewavelength (RW)of a cavity is
a dominant factor in the determination of the emissionwavelength
of a device using a microcavity structure. According to the resonant
conditions of the microcavity, the RW of a microcavity for normal
incidence is determined by the FabryePerot peak condition [21]:
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Fig. 1. (a). The calculated round-trip phase changes for 100 nm organic layers between
two electrodes ½i:e:; 41ðlÞ ¼ P

4pdiniðlÞ=l� and the phase changes for two electrodes
½i:e:; 42ð0; lÞ ¼ 4cathodeð0; lÞ þ 4anodeð0; lÞ�; (b) The reflectance and transmittance of
the cathodes.
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where l is the emission wavelength, 4cathode(0,l) and 4anode(0,l)are
the angle- and the wavelength-dependent phase changes on
reflection from the top cathode and the bottom anode, respectively,
and m is an integer that defines the mode number, ni(l) and di are
the refractive index and the thickness of the organic layers. Based
on such a principle, to achieve a multiple-peak WOLED showing EL
peaks at desired wavelengths, one shall modify the phase property
to satisfy the FabryePerot peak condition at desired wavelengths.
Such cathode could be realized by multilayers of stacking organic
materials and thinmetal layer. In order to obtain strongmicrocavity
effect, we chose Ag as anode due to its high reflectance over the
whole visible range.

2. Experimental

The top-emitting devices with a structure of silica coated silicon
substrate/Ag (150 nm)/MoOx (1.5 nm)/4,40,400-tris(3-methylphenyl-
phenylamino)-tripheny-lamine (m-MTDATA, 30 nm)/N,N0-bis-
(1-naphthyl)-N,N’diphenyl-1,1-biphenyl-4,4’diamine (NPB, 10 m)/
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) iridium(acetylacetonate) [(F-BT)2Ir(acac)]
(7 nm)/4,7-diphenyl �1,10-phenanthroline (Bphen, 35 nm)/LiF
(1 nm)/Al (1 nm)/[Ag(20 nm)/Alq3(x nm)]2 were fabricated. In the
devices, Ag/MoOx, m-MTDATA, NPB, DPVBi, CBP: (F-BT)2Ir(acac),
Bphen, and LiF/Al/(Ag/Alq3)2were used as anode, hole injection layer,
hole transporting layer, blue emitting layer, orange emitting layer,
electron transporting layer and cathode, respectively. x ¼ 75 and 85
for cathode 1 (devices A) and cathode 2 (devices B), respectively. The
neat CBP is introduced to separate blue and orange emitting layers.
For comparison, the bottom-emitting device (ITO glass substrate)
with the same organic layers (device C) was fabricated, which have
the structure of ITO-coated glass substrate/m-MTDATA(30 nm)/
NPB(10 nm)/DPVBi(15 nm)/CBP(3 nm)/CBP:[(F-BT)2Ir(acac)] (7 nm)/
Bphen(35 nm)/LiF (1 nm)/Al (200 nm). All films were deposited at
pressure below 4 � 10�6 Torr. The deposition of each layer and the
measure of devices characteristics were described before [17].

3. Results and discussion

Fig. 1(a) shows the calculated round-trip phase changes for
100 nm organic layers sandwiched between two reflection elec-
trodes ½i:e:; 41ðlÞ ¼ P

4pdiniðlÞ=l�, and the phase changes at two
reflective electrodes for normal incidence [i.e., 42ð0; lÞ ¼ 4cathode
ð0; lÞ þ 4anodeð0; lÞ, incidencemedium is Bphen andm-MTDATA for
cathode and anode, respectively]. The points of the intersection of
41(l) and 42(l) are the RWs of the devices. Alq3 is used as the
dielectric material not only due to its stability and low cost, but also
due to its high transparency in the visible range and compatibility
with the OLED fabrication [22]. Ag is used as the metal due to its
lower absorption loss in the visible range and highest conductivity
among electrode materials. The phase shift is calculated by the
transfer-matrix method [23]. As can be seen, two RWs peaks were
obtained for device A (447 nm and 559 nm) and device B (460 nm
and 569 nm). Fig. 1(b) shows the reflectance and transmittance of
the two cathodes. Moderate reflectance is obtained at RWs, which
insures strong microcavity effects in the devices. As can be seen, at
short wavelength the reflectance of cathode 2 is higher than that of
cathode 1, so we can estimate that the blue emission will be
stronger in device B than that of device A.

Fig. 2(a) shows the normalizedmeasured EL spectra at voltage of
6, 8, and 10 V for device A. The spectrum of the device A shows two
peaks at 452 and 560 nm due to microcavity effects. Insert is the
normalized measured EL spectra at voltage of 6 V for viewing angle
of 0�, 30�, and 60�. As can be seen, with increasing viewing angle,
the peak wavelength shifts to a shorter wavelength due to the
microcavity effects in the TEOLEDs. A warm white emission was
obtained, and the Commission Internationale de l’Eclairage (CIE)
coordinates (at voltage of 6 V) were (0.308, 0.376) at a viewing
angle of 0� and changed to (0.288, 0.406) at 30� and (0.245 0.390) at
60�. Fig. 2(b) shows the normalized measured EL spectra at voltage
of 6, 8, and 10 V for device B. The spectrum of the device B also
shows two peaks at 464 and 568 nm due tomicrocavity effects. And
red shift of the resonant peaks was observed relative to device A. All
the results was due to the utilizing of thicker Alq3 layer,85 nm Alq3
for device B. Insert is the normalizedmeasured EL spectra at voltage
of 6, 8, and 10 V for device C, which shows two main peaks at 448
and 548 nm originating from DPVBi and (F-BT)2Ir(acac). In devices
A and B, the resonant peaks are near the DPVBi and (F-BT)2Ir(acac)
emission peaks which results in the comparable efficiency to the
device C. Comparing Fig. 2(a) with Fig. 2(b),we find that the blue
emission intensity relative to the orange emission is stronger for
device B than that of device A. And this result is in excellent
agreement with our estimation. Fig. 2(c) shows the normalized
measured EL spectra at different viewing angle of 0�, 30�, and 60�

and a voltage of 6 V for device B. The spectrum of the device B



Fig. 2. (a) The normalized measured EL spectra at different voltage for device A. Insert is the normalized measured EL spectra at different viewing angle and voltage of 6 V; (b) The
normalized measured EL spectra at different voltage for device B. Insert is the normalized measured EL spectra at different voltage for device C, and (c) The normalized measured EL
spectra of devices B at different viewing angle and voltage of 6 V. Insert is the CIE coordinate of device B at different view angles and voltage of 6 V. (d) The structure of cathode and
multiple-beam interference.

Fig. 3. The normalized measured and simulated EL spectra of the white TEOLED.
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shows two peaks due to microcavity effects. As can be seen, the
peak wavelength shifts to a shorter wavelength due to the micro-
cavity effects in the TEOLEDs with increasing viewing angle. Insert
is the CIE coordinates at different viewing angles and a voltage of
6 V. A white emission was obtained, and the CIE coordinates were
(0.301, 0.352) at a viewing angle of 0� and changed to (0.271, 0.365)
at 30� and (0.234, 0.344) at 60�. The results indicate that a better
white emission can be achieved only by changing the thickness of
Alq3, but with a little decrease in current efficiency. Fig. 2(d) shows
the structure and multiple-beam interference of cathode. Owing to
the large difference between the refractive indices ofmetal and that
of Alq3, multiple-beam interference would occur within the
multilayer, and a strongly wavelength-dependent phase shift and
the optical properties (transmittance and reflectance) could be
induced by only changing the thickness of Alq3.

In Ref. [10], Al2O3 and Al2O3/ZrO2were used as the encapsulation
thin-film, and the results demonstrated that Al2O3/ZrO2 was more
reliable than Al2O3 for encapsulation of devices. In our devices,
the structure of cathode is Ag (20 nm)/Alq3(x nm)/Ag(20 nm)/
Alq3(x nm) (x ¼ 75 and 85 for device A and B, respectively). Indeed,
only the first Ag layer was used as electric contact. The other layers,
Alq3(x nm)/Ag(20 nm)/Alq3(x nm), can work as buffer layer when



Fig. 4. The voltage-current density-luminance characteristics of the device. Insert the
efficiency-voltage characteristics of the white devices.
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depositing Al2O3 byRFmagnetron sputtering. Here,weused 150nm
Al2O3 and Al2O3/ZrO2 as the encapsulation thin-film and calculated
the spectrumofdevice B. The theoretic spectrumof deviceBwithout
encapsulationwas also calculated. The results were plotted in Fig. 3.
As can be seen, the simulated spectrum is in excellent agreement
with experiment result. The slight difference is due to the measure
error of the thickness of organic and metal layers. We can also see
that the introduction of encapsulation thin-filmAl2O3 or Al2O3/ZrO2
almost do not change the emission spectrum of devices, which
makes the device have almost the same CIE color coordinates as
without encapsulating. The CIE coordinates are (0.334, 0.400) for
device B, (0.338, 0.420) for device with Al2O3 encapsulating and
(0.342, 0.397) with Al2O3/ZrO2 encapsulating. All the results indi-
cated that thus devices with this kind of cathode can be encapsu-
lated directly without buffer layer.

Fig. 4 shows the voltage-current density-luminance character-
istics of the devices A, B, and C. The luminance of the devices A, B
and C are 16,540, 13,910, and 10,740 cd/m2 at 10 V, respectively.
Insert shows the efficiencies versus voltage characteristics of the
devices. The maximum current efficiency of the devices are 9.51,
8.79, and 9.23 cd/A for devices A, B, and C, respectively. Currently,
P. Freitag et al. [14] reported a high efficient metalemetal micro-
cavity white TEOLED using pin structure. The efficiency of our
device can be improved by optimizing the thickness of the emitting
layers and using pin structure.

4. Conclusion

In summary, the top-emittingwhite organic light-emitting devices
with a (Ag/Alq3)2 cathodeare demonstrated. The characteristic of light
emissionof TEWOLEDs canbeadjustedbyonlychanging the thickness
of Alq3 layer in multi-layer cathode. The multi-layer cathode has two
effects. One is to adjust the optical characteristic of the devices to
achievewhite emission. The other is to work as buffer layer to protect
the devices when encapsulating. The results will provide guidance in
fabrication of TEWOLEDs with optimum performance, such as effi-
ciency and simplifying the process of fabrication of devices.
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