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We demonstrate a broad-bandwidth and viewing-angle independent white emission from 
top-emitting organic light-emitting devices (TOLEDs) by integrating a microstructured cav- 
ity with a periodically and gradually changed cavity length. The results indicate that the 
microstructured cavity can resolve the viewing angle-dependence effect persisted in the 
conventional planar TOLEDs. The viewing-angle independence in both broad-band emis- 
sion spectra and Commision Internationale de L’Eclairage coordinates are obtained. More- 
over, the microstructured white TOLEDs show comparable luminance and current 
efficiency to that of the planar TOLEDs.

� 2013 Elsevier B.V. All rights reserved.
1. Introductio n

White organic light-emitting devices (WOLEDs) have 
been attracting great attention due to their potential appli- 
cations in low power consumption solid-state lighting 
sources and full-color flat-panel displays [1–4]. Compared 
to bottom-em itting WOLEDs, white top-emitting OLEDs 
(WTOLEDs) are considered more attractive in both lighting 
and display applicati ons [5,6]. As lighting sources, WTOL- 
EDs based on metallic anode instead of indium tin oxide 
possess low cost manufac turing potential . As displays,
WTOLEDs integrated with a low-temperatu re poly-silicon 
thin film transistor active matrix backplane have been rec- 
ognized as one of the best combination to achieve high- 
quality display image due to the fact that more compli- 
cated drive circuit is allowed underneath each of pixel 
without affecting its aperture ratio (AR) [7]. In addition,
it is also well established that pixels with high AR invari- 
ably lead to prolonge d operational stability owing to less 
current density required to drive each pixel in order to 
achieve a desired luminance [6]. Unfortunate ly, strong 
microcavity effect persisted in the TOLEDs results in nar- 
rowed emission bandwidth with strong angle-depen dent 
emission spectra [8,9], which is an obstacle to achieve 
WTOLEDs. Thus, an angle-indep endent broadband emis- 
sion is needed.
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The TOLED is generally constructed from two metallic 
electrodes, one high-reflectivity anode and one semitrans- 
parent cathode, with organic layers sandwiched between 
them. The electrodes parallel to each other and form a
Fabry–Perot resonator, which results in the strongly reso- 
nant microcav ity effect [8,10]. Employing a low-reflectivity 
anode to alleviate the undesirable microcavity effect on the 
viewing characterist ics has been proposed and demon- 
strated [7,11–14]. Introducing a refractive-index -matching 
layer on top of the semitranspa rent cathode has also been 
demonstrat ed with optimized viewing characteristics by 
decreasing the reflectance of the cathode [6,9,14–16].
However, all such demonst rations are unable to eliminate 
the microcav ity effect but only minimize the microcavity 
effect by careful design of the metallic electrodes or its 
capping layer [6,7,11,12,15]. Despite its negative effect on 
the viewing characteristics, the microcavity resonance 
has a positive effect on the emission efficiency through 
enhancing the spontaneou s emission intensity [17]. How- 
ever, most of the above methods were taking effect 
through alleviating the microcavity effect, which would 
lead to a less spontaneous emission. Recently, a micro- 
structured cavity with a periodically and gradually chan- 
ged cavity length has been demonstrat ed in order to 
resolve the angular-depen dence effect workable for mono- 
chromatic TOLEDs [18]. The resonant wavelength covering 
the whole visible range is possible in the microstructur ed 
cavity.

In this letter, the microstructured cavity has been 
applied into WTOLEDs to realize angle-indepen dence 
broad-band emission. In the microstru ctured WTOLEDs,
the shift of the peak emission wavelength with the viewing 
angle is successfully suppressed. Moreover, a desired broad 
emission spectrum and stable Commision Internationa le 
de L’Eclairage (CIE) coordinates at various viewing angle 
are both obtained.
Fig. 1. Schematic fabrication process of a microstructured WTOLED. (a)
Cleaning the glass substrate, (b) spin coating photoresist, (c) introducing 
periodic microstructure by two-beam laser interference lithography, (d)
depositing Ag anode, (e) spin coating PVK: m-MTDATA and (f) depositing 
organic and cathode layers.
2. Experim ental details 

2.1. Fabrication of microstructure on substrate 

A holographic lithography technique combined with 
filling process of the groove by spin coating of a polymer 
film has been employed to fabricate the WTOLEDs with 
periodic microstructure, which provides a simple approach 
with high controllability and reproducibility . Si substrates 
precoated with a 1600 nm-thick SiO 2 layer was cleaned 
using acetone, alcohol, and deionized water. Then photore- 
sist (NOA63, Norland) diluted in acetone at a concentr ation 
of 25 mg/ml was spin coated on the substrate at 7000 rpm 
speed for 20 s. The lithography experiments were 
performed by using an all-solid-state, diode-pumped,
continuous-wa ve, single-fre quency 266 nm deep-ultravi o- 
let laser. The sample was exposed for 900 ms by two laser 
beams which were split from the UV laser with beam size 
of �6 mm in diameter. At last, they were developed in 
acetone for 30 s. The microstructure recorded on the pho- 
toresist film with different period and depth can be ob- 
tained by adjusting the writing angle and the exposure 
time. The morphologies of the microstructure were 
characterized by an atomic force microscop y (AFM, iCON,
Veeko) in the tapping mode.
2.2. Fabrication and characterizati on of WTOLEDs 

The fabricatio n progress of WTOLEDs with the micro- 
structured cavity was shown in Fig. 1. Prepared Si 
substrates coated with corrugated photoresist film were 
immediatel y loaded into a thermal evaporation chamber.
The Ag anode was grown at a rate of 1 Å s�1 at a base pres- 
sure of 5 � 10�4 Pa and the thickness is 80 nm. Then Ag 
film was exposed in ultraviolet-ozo ne for 70 s to obtain a
thin Ag 2O as the anodic modification to improve the hole 
injection. Poly(N-vinyl carbazole) (PVK): 4,4 0,40 0-tris(3-
methylphen ylphe-nylamino)triphenylam ine (m-MTDATA)
(5 mg/ml) with doping ratio of 1:1 was then spun onto 
the Ag anode at 6000 rpm speed for 20 s for filling and 
smoothing the groove. PVK was a conducting polymer 
widely used in OLEDs as a hole-transpor t material, and 
the m-MTDATA doped into it for enhancing the hole injec- 
tion and transport. The solvent is chloroform. Then the 
sample was baked in vacuum for 40 min at 60 �C to evap- 
orate the organic solvent. After that, the sample was loaded 
into the thermal evaporati on chamber again. The organic 
layers, LiF, thin Al and Ag cathode were deposited sequen- 
tially. The AFM images of surface morphology for the pho- 
toresist, Ag anode and PVK: m-MTDATA layers are shown 
in Fig. 2a–c, respectively. The period of microstructur es is 
2 lm, and the groove depth of the three layers is 86.77,
86.03 and 30.92 nm, respectively. Therefore, a variation 
range of �55 nm for the gradually changed cavity length 
is obtained after depositio n of the Ag cathode. The white 
emission of the WTOLEDs is realized by using two primary 



Fig. 2. Surface morphologies of photoresist layer (a), Ag anode (b), PVK: m-MTDATA layer (c) and (d) simulated absorption spectra of the planar and 
microstructured devices.
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colors of blue and orange emission generate d from 
emitting layer. An orange-emittin g phosphorescen t
bis-(7,8-benzoquinolinato)iridium(III) (N,N0-diisopropyl-
benzamidin e) ((bzq)2Ir(dipba)) [19] doped into a suitable 
complemen t deep-blue-em itting fluorescent complex 
bis(2-(2-hydroxyphenyl)-pyridine)beryllium) (Bepp2) is 
used as the emitting layer. The structure of the WTOLEDs 
is Ag (80 nm)/PVK: m-MTDATA/ N,N0-diphenyl-N,N0-bis(1-
naphthyl)-(1,10-biphenyl)-4,40-diamine (NPB, 6 nm)/
Bepp2:(bzq)2Ir(dipba) (3.5% wt, 20 nm)/Bepp2 (25 nm)/LiF
(1 nm)/Al (1 nm)/Ag (20 nm). The active area of the device 
is 2 � 2 mm2. The electroluminescen t (EL) spectra at differ- 
ent observation angle were measured by Fiber Optic Spec- 
trometer, and a slit was used to limit the angular 
acceptance to �1�. The characterist ics of the devices were 
measured by Keithley 2400 programmabl e voltage–
current source and Photo Research PR-655 spectrophot om- 
eter. All of the measureme nts were conducted in air at 
room temperature .
3. Results and discussion 

Consideri ng the microcavity effect of the TOLEDs, the 
phase shift of the light wave after one cycle in the micro- 
cavity is given by 

�Ub �Ut þ
2p
k

X

i

2nidi ¼ 2mp ð1Þ

where k is resonant wavelength, Ub and Ut are the phase 
changes upon reflection at the bottom and the top contact,
respectively , di and ni is the thicknesses and refractive indi- 
ces of all organic layers within the cavity [20]. The resonant 
wavelength depends on 

P
nidi, namely the optical length of 

the cavity. The microstructur e integrated into the cavity 
can provide the gradually changed cavity length. A wide 
resonant spectrum covering the whole visible range is 
expectable, if the variation range of the cavity lengths is 
sufficient. In order to verify if the variation range of 
55 nm of the gradually changed cavity length is sufficient
to WTOLEDs, absorption spectra of WTOLEDs with and 
without microstructures were calculated by scattering 
matrix approach. For the microstructures considered here,
the structure of TOLED is divided into individua l layers 
along the depositio n direction of the device, each layer is 
either a diffraction grating or a uniform dielectric slab,
and all grating slabs have the same periodicity [21]. The 
overall scattering of the TOLEDs is determined by firstly
evaluating a matrix of scattering parameters for each indi- 
vidual layer through solving Maxwell’s equation, and then 
forming a scatterin g matrix for the entire structure by the 
relevant boundary conditions. Given an incoming wave 
from the top side, the reflection waves have been simu- 
lated. Absorption spectra are obtained from complemen- 
tary relation between reflection and absorption [22]. The 
simulated absorption spectra are shown in Fig. 2d. The 
absorption spectrum of the microstructur ed device is obvi- 
ously broadened compared to that of the planar one, and 
almost covers the whole visible range. There are two peaks 
in the absorption spectrum of the microstructured devices.
They are correspondi ng to resonance from the cavity 
formed at the crest and trough of the periodic corrugation,
respectively , where stronger resonance could be formed 
compared to that of the side portion between the crest 
and trough. These two peaks correspond to the blue and 
orange emission region, respectively , and are suitable for 
two-color-b ased white emission. Unlike the groove depth,
the period of the microstructure is not a very critical 
parameter for obtaining a desired bandwid th of the emis- 
sion spectra [18].

The angular dependent EL spectra of the planar and 
microstructur ed devices are measured and shown in 
Fig. 3. The spectra of the planar device show obvious angu- 
lar depende nce. A 40 nm blueshift can be observed at blue 
emission region of spectra, when the viewing angle is 
increased from 0� to 60 �. Moreover, the blue emission 



Fig. 3. EL spectra of the planar (a) and microstructured (b) WTOLEDs at 
viewing angles of 0�, 15 �, 30 �, 45 �, 60 � off the surface normal.

Fig. 4. CIE coordinates of the planar and microstructured WTOLEDs at 
different viewing angles. Inset: photograph of the operating WTOLEDs 
with and without the microstructure at observation angles of 0� and 60 �.

Fig. 5. (a) Current density–voltage–luminance and (b) efficiency-current
density characteristics of the planar and microstructured WTOLEDs. Inset 
in (b): external quantum efficiency-current density characteristics of the 
planar and microstructured WTOLEDs.
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was restrained obviously at the forward direction and its 
intensity increased compared to the orange emission with 
the increasing of the observation angle. The resonant 
wavelength for the planar device is around 480 nm as 
can be seen from Fig. 2d, which is close to the blue region 
of the white TOLEDs. Therefore, the angular dependence 
occurs at the blue region. With the increasing of the obser- 
vation angle, the resonant waveleng th move to short 
wavelength and overlap with blue emission, which results 
in the increased intensity of the blue emission at larger 
observation angle compare d to that of the orange emission.
While for the microstru ctured WTOLEDs, the usual varia- 
tion of the peak wavelength with viewing angles associ- 
ated with microcavity effects has been eliminated. In 
addition, the blue emission was extracted successfully .
The Commision Internationa le de L’Eclairage (CIE) coordi- 
nates of both planar and microstructured WTOLEDs are 
shown in Fig. 4. The results indicate that the CIE coordi- 
nates of planar devices obviously deviate from the white 
range and have a large shift from (0.37, 0.52) to (0.34,
0.40) when the viewing angle is changed from 0� to 60 �.
While in the case of the microstructured devices, the vari- 
ation of the CIE coordina tes are within ±0.01, which are 
from (0.37, 0.42) to (0.36, 0.41) when the viewing angle 
changed from 0� to 60 �. The photograph of the operating 
WTOLEDs with and without the microstructure at observa- 
tion angles of 0� and 60 � are shown in the inset in Fig. 4.
We can obviously observe a color shift in planar devices 
from yellowish to white. It is disadvantageous in practical 
application of the WTOLEDs. In contrast, no color variation 
can be observed by the naked eyes from the microstru c- 
tured WTOLEDs, and a consistent white emission can be 
observed at different viewing angle. Such results suggest 
that viewing angle-indep endent broadband white 
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emission can be realized by employing the microstru c- 
tured cavity.

The EL performanc es of the planar and microstructured 
WTOLEDs are compara ble. Current density–voltage–lumi-
nance and efficiency-current density characteri stics of the 
planar and microstructur ed WTOLEDs are shown in 
Fig. 5. The maximum luminanc e and current efficiency of 
the microstru ctured devices at forward direction are 
42150 cd/m 2 at 17 V and 12.65 cd/A at 6 V, respectivel y,
while it is 44155 cd/m 2 at 17 V and 12.39 cd/A at 7 V,
respectively , for the planar TOLEDs. Moreover, external 
quantum efficiency (EQE) has been calculated based on 
the measured EL spectra at different viewing angles 
[23,24]. The result is shown in the inset of Fig. 5b. The 
EQE of the microstru ctured WTOLEDs is higher than that 
of the planar WTOLEDs, which is attributed to the slower 
decrease of the emission intensity with the increasing 
viewing angle for the microstuctu red devices as shown in 
Fig. 3. The above data indicates that the employing of the 
microstructur ed cavity with the gradually changed cavity 
length in the WTOLEDs not only eliminates the microcavity 
effect but also retains high EL performanc es.

4. Conclusion s

In conclusio n, WTOLEDs with angle-indepen dent 
broadband emission have been demonst rated by integrat- 
ing a periodic microstructure into the device structure to 
construct a cavity with gradually changed cavity length.
In the microstructur ed WTOLEDs, the shift of the peak 
emission waveleng th with the viewing angle is success- 
fully suppressed. Moreover, a desired broad emissive spec- 
trum and stable CIE coordina tes are both obtained. The 
variation of the CIE coordinates is within ±0.01 when the 
viewing angle changed from 0� to 60 �. The results indicate 
a WTOLED can be fabricated by the simple and effective 
method. It is essentially important for the applications of 
WTOLEDs in both display and solid-state lighting.
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