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In this study, the blue top-emitting organic light-emitting devices (TEOLEDs) with different
metal anodes are fabricated. The effect of different anode materials on the spectra and effi-
ciency of blue TEOLEDs is studied. We demonstrate that Al is a more suitable anode mate-
rial for blue TEOLEDs due to its larger phase shift on reflectance (PSR) than the other
common metal materials, such as Ag and Au. The influence of light outcoupling layer
(LOL) on the transmittance and PSR of cathode is also investigated to obtain the optimum
condition for devices. Angle-independent electroluminescence (EL) spectra are obtained in
blue TEOLEDs for each metal anode but the device with Al anode possesses higher effi-
ciency and much thicker organic layers, which is beneficial to the lifetime of the device.
These results offer a practicable platform for the realization of TEOLEDs based full-color
displays and lightings.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Top-emitting organic light-emitting devices (TEOLEDs)
are of interest recently due to the light coupling out from
top side allowing TEOLEDs onto arbitrary substrates, such
as silicon and foil substrates. TEOLEDs possess higher aper-
ture ratio (AR) than the usual bottom-emitting devices [1–
3], which results in TEOLEDs more suitable for active ma-
trix (AM) display. AM OLED display has many advantages,
such as high resolution, fast response, low power con-
sumption, and large display area. To obtain a constant
and uniform drive current in AM OLEDs, pixel driving cir-
cuits commonly include four or more backplane thin film
transistors (TFTs) in combination with one capacitor
[4,5]. However, a large number of TFTs fabricated on the
substrate will invariably reduce the AR of each pixel in a
bottom-emitting OLED (BEOLED). Furthermore, the light
is emitted through a transparent indium tin oxide (ITO)
coated glass substrate in BEOLEDs, which leads to signifi-
cant waveguiding losses. Fortunately, TEOLEDs are struc-
turally unaffected by the number of TFTs integrated on
the substrate because the light emits from the top side
and are particularly suitable for high-resolution AM
displays.

To date, among the three primary colors, both top-emit-
ting and bottom-emitting blue OLEDs are currently lagging
behind green and red OLEDs in terms of device perfor-
mances. The ability to produce high efficient blue TEOLEDs
is very crucial to achieving the TEOLEDs based full color
displays and lighting sources. The phosphorescent emitters
can harvest both the singlet and triplet excitons, leading to
the potential for achieving 100% internal quantum effi-
ciency [6]. This important breakthrough has opened up
opportunity to fabricate high efficient blue phosphorescent
TEOLEDs. However, realization of a high-performance and
angle-independent blue TEOLEDs is still a major obstacle
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Fig. 1. (a) The phase shift on reflection for Ag, Au and Al. (b) The reflection
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to overcome. Currently, the development of phosphores-
cent iridium complex based emission layers, such as irid-
ium(III) bis[(4,6-difluorophenyl) pyridinato-
N,C20]picolinate (FIrpic) with the emission from 425 nm
to 600 nm has received much attention [7–9]. Here, we
also fabricated the blue TEOLEDs based on FIrpic emitter
and investigated the effect of materials and structure of
electrodes on the device performances.

Blue TEOLEDs have been widely investigated, but the
angle-dependent emission is inevitable due to microcavity
effect in the devices consisted of organic layers sand-
wiched between high reflective anode and semitranspar-
ent cathode. It can be overcome by applying a light
outcoupling layer (LOL) on the top cathode to increase
the transmission of the top electrode and reduce the
microcavity effects [10–12]. The resonant wavelengths
(RWs) of the microcavity for normal incidence are deter-
mined by the Fabry–Perot peak condition [13]:

uanodeð0; kÞ þucathodeð0; kÞ þ 2mp ¼
X

i

4pdiniðkÞ
k

ð1Þ

where k is the emission wavelength, ucathode(0, k) and
uanode(0, k) are the wavelength-dependent phase shift on
reflection (PSR) for top cathode and bottom anode, respec-
tively, m is an integer that defines the mode number of the
cavity, ni(k) and di are the refractive index and thickness of
ith organic layer, respectively. Considering the operating
voltage, the thickness of the device is often less than
130 nm. Consequently, the value of m must be 0 to meet
the peak condition. In terms of Eq. (1), a shorter RW needs
a thinner device. Generally, the thickness of the blue
TEOLED is about 80 nm, which is smaller than the red
and green TEOLEDs, more than 100 nm. As we know, it is
disadvantageous to the device lifetime when the device
thickness is too thin. At present, the lifetime of blue
TEOLED is shorter than that of red or green ones and the
device thickness should play a crucial role. How to fabri-
cate a blue TEOLED having similar thickness to the red or
green TEOLEDs is still an open problem. Utilizing an elec-
trode with high enough PSR is a route to achieve this goal
according to Eq. (1) and can be easily achieved because the
PSR is obviously different for various metal films [14]. In
addition, the reflectance and transmittance of the elec-
trodes also play an important role in cavity devices since
it affects the cavity strength as well as the outcoupled
spectra. Here, we will consider all of these parameters
and investigate their effect on the device performances.

For a certain RW, in terms of Eq. (1), the total thickness
of the device is determined by the PSR of two electrodes.
To evaluate the effect of electrode on device thickness, dif-
ferent metal anodes have been used in our blue TEOLEDs.
Considering the devices with two different anodes but
the same cathode, the difference of the device thickness
for the same RW k0 is obtained from Eq. (1):

um1ð0; k0Þ �um2ð0; k0Þ ¼
4pdm1nk0

k0
� 4pdm2nk0

k0
ð2Þ

ðdm1 � dm2Þ ¼
k0

4pnk0

� ½um1ð0; k0Þ �um2ð0; k0Þ� ð3Þ
where d is the total thickness of the active layers between
anode and cathode, u is the PSR, the subscripts m1 and m2
represent different metal anodes. Fig. 1a shows the PSR for
different metal films, Ag, Al, and Au, with a thickness of
120 nm. The calculation for PSR is based on the transfer
matrix theory [15], the incidence medium is 4, 4-N, N-dic-
arbazole-biphenyl (CBP). As can be seen, the PSR is very
different for various metal films and the Al film has the
largest PSR in the visible range from 380 nm to 780 nm,
which indicates that the device thickness with Al anode
will be larger than that based on Au or Ag anode at the
same resonant peak in terms of Eq. (3). For example, con-
sidering the device with resonant peak of 450 nm, where
the PSR is 2.5 and 1.9 for Al and Ag (Au), respectively.
The refractive index of 1.7 is used for organic materials
and the difference of the device thickness is calculated
from Eq. (3):
ðdm1 � dm2Þ ¼
450

4� 3:14� 1:7
� ½2:5� 1:9� ¼ 12:6 nm

This result indicates that the device thickness with Al
anode is 12.6 nm thicker than that of Ag (Au) based device.
Fig. 1b shows the reflectance and absorption spectra for
the 120 nm Al, Ag and Au films. We can see that high
reflectance and low absorptance are obtained for the Al
and Ag films, which is of benefit to the efficiency of the
and absorption spectra for Ag, Au and Al.
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TEOLEDs. In contrary, Au film possesses the lowest reflec-
tance and highest absorptance in the blue region, which
will decrease the efficiency of blue device.

In terms of Eq. (1), the PSR of cathode also plays an
important role in determining the device thickness.
Fig. 2a shows the calculated PSR of 17 nm Ag cathode
and composite cathodes consisted of 17 nm Ag combining
with different LOLs, tris (8-hydroxyquinoline) aluminum
(Alq3, 40 nm), MoO3 (35 nm) and TiO2 (28 nm) and the
refractive indices of Alq3, MoO3 and TiO2 are shown in
Fig. 2b. As can be seen, the Ag cathode has smaller PSR in
blue region and the PSR of the composite cathode increases
with a higher refractive index LOL introduced. As discussed
above, higher PSR of electrode is of benefit to fabricate a
thicker device and here we will select the material with
higher refractive index as the LOL. The optimum thickness
of each LOL is obtained through calculating the transmit-
tance of the cathodes as shown in Fig. 2c. The single layer
Ag cathode has the lowest transmittance. However, this
drawback has been overcome by applying a LOL as re-
ported [10–12,16]. Generally, the optical properties of
ITO are directly measured, which are very different to the
actual case that the light is emitted from organic layers
in TEOLEDs. Here, we also calculated the optical properties
of ITO for the comparison with that of cathodes discussed
above. The transmittance of cathodes with MoO3 and
TiO2 as the LOL is similar, more than 80% in visible region,
lower than that of ITO but higher than that of Alq3 as the
Fig. 2. (a) The phase shift on reflection for different cathodes, (b) the refractive in
cathodes and ITO.
LOL in the range of 425–780 nm. The increase of transmit-
tance through the top electrode will reduce microcavity ef-
fect and alleviate the viewing angle dependence of the
emission spectra. Consequently, MoO3 and TiO2 should be
the suitable LOL materials. Fig. 2d shows the calculated
reflectance of all the cathodes and ITO. It is valuable to note
that the electrode with a higher transmittance usually pos-
sesses a lower reflectance. High transmittance and low
reflectance are beneficial to alleviate the undesired micro-
cavity effect, which is considered problematic, particularly
for angular color non-uniformity (angle-dependence of
spectra). Here, considering the properties of the cathode
and the compatibility to the processes of fabricating TEOL-
EDs, we select MoO3 film as the LOL due to the ease of pro-
cessing (low evaporation temperature, melting point
�795 �C) relative to that of TiO2 film which maybe needs
a radio-frequency sputtering processing. The incidence
medium is 1, 3, 5-Tri(1-phenyl-1H-benzo[d]imidazol-2-
yl)phenyl (TPBi) for the calculation in Fig. 2. The optical
constants of the organic materials, LOL materials and ITO
were measured using a variable angle spectroscopic
ellipsometer.

With these data in hand, we tried to fabricate
blue TEOLEDs consisted of glass/anode (120 nm)/MoO3

(2 nm)/4, 4-N, N- dicarbazole-biphenyl (CBP, x nm)/
mCP:FIrpic (12 wt.%, 30 nm)/1, 3, 5-Tri(1-phenyl-1H-
benzo[d]imidazol-2-yl)phenyl (TPBi, y nm)/LiF (1 nm)/Al
(1 nm)/Ag(17 nm)/MoO3 (35 nm). Here, x is 28 and y is
dices of Alq3, MoO3, and TiO2, (c) the transmittance and (d) reflectance of
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40 for Al anode based device and x is 23 and y is 30 for
Ag and Au anodes based devices. For comparison, the
BEOLED was also fabricated with the same structure of
glass/ITO (180 nm)/MoO3 (2 nm)/ CBP (30 nm)/mCP:FIrpic
(30 nm)/TPBi (40 nm)/LiF (1 nm)/Al (120 nm). The mCP is
N,N0-dicarbazolyl-3,5-benzene. FIrpic and mCP were pur-
chased from Luminescence Technology Corporation and
all other materials were purchased from Sigma–Aldrich.
The materials were used as received without any process-
ing. All films were deposited at pressure below 4 � 10�6

Torr. Detailed processes of fabrication and measurement
for OLEDs have been described in our previous paper
[17].

Fig. 3a shows the calculated round-trip phase changes
for 85 and 100 nm organic layers sandwiched between
cathode and anode i:e:; u1ð0; kÞ ¼

P
i

4pdiniðkÞ
k

� �
, and the

phase changes at two reflective electrodes (i.e.,
u2ð0; kÞ ¼ ucathodeð0; kÞ þuanodeð0; kÞ;uanode ð0; kÞ and uanode

ð0; kÞ are the wavelength-dependent phase changes on
reflection from top cathode and bottom anode, respec-
tively) Here, three anode materials, Ag, Au, and Al, are cho-
sen and incidence mediums are TPBi and CBP in the
calculations for cathode and anode, respectively. The inter-
sections of uanodeð0; kÞ and uanodeð0; kÞ are the RWs of the
devices. As can be seen, when the thickness of organic lay-
ers is 85 nm, Al based device exhibits a shorter RW,
Fig. 3. (a) The calculated round-trip phase changes for 80 and 100 nm
organic layers between two electrodes and the phase changes on two
electrodes. (b) The calculated forward directed cavity emission for
different anodes.
�414 nm, than that of Ag or Au based devices, �452 nm.
the With the thickness of organic layers increasing to
100 nm, the RW of Al based device reaches about
460 nm. These results are in agreement well with that dis-
cussed above. In order to clarify the microcavity effect in
the devices, we calculated the cavity emission by consider-
ing wavelength-independment instrsinc luminescence
spectra of the emitter [18], as shown in Fig. 3b. The RWs
of cavity emission are in agreement with the results de-
picted in Fig. 3a except for Au anode based device. The
large discrepancy for Au based device is due to the low
reflectance and high absorptance of Au anode in the range
of 400–520 nm. The high absorptance of Au anode has the
similar effect as the filter that the emission in the range of
400–520 nm is absorbed, consequently resulting in a cavity
emission with a peak at about 527 nm and a shoulder peak
of about 454 nm. These results also indicates that not only
the PSR but also the reflectance/absorptance of the anodes
influence the spectra of TEOLEDs greatly. Consequently, it
is very essential to consider all the parameters for the opti-
cal design on TEOLEDs.

Fig. 4a–c shows the normalized EL spectra of devices
with Ag, Au, and Al anodes, respectively, and all of the
emission spectra are almost angle-independent. The nor-
malized EL spectrum of BEOLED is also plotted to clarify
the effect of microcavity on the spectra of TEOLEDs. As
can be seen, the microcavity narrows the half width at half
maximum (FWHM) of emission spectra in Ag and Al an-
odes based devices. The FWHM of emission spectra in Au
anode based device is increased a little relative to that of
BEOLED, which is attributed to the enhanced emission near
527 nm as depicted in Fig. 3b. The FWHM is 61 nm for the
spectrum of BEOLED, and it is �40 nm for Ag and Al based
devices and 74 nm for Au based device. We also explained
the FWHM of emission spectrum by the following equation
[19,20]:

FWHM ¼ k2

2L
� 1�

ffiffiffiffiffiffiffiffiffiffi
R1R2
p

pðR1R2Þ1=4 ð4Þ

where R1 and R2 are the reflectance of the two electrodes
and L is the optical length between the two electrodes.
As implied from Eq. (4), a smaller R1 and R2 are preferred
to obtain larger FWHM in TEOLEDs. In our devices, the
cathode reflectance R1 is uniform in all the TEOLEDs due
to the same cathode structure, but the reflectance of Au an-
ode is very low, resulting in a larger FWHM for Au based
TEOLED.

As we know, TEOLEDs combined with driving circuit)
such as organic thin film transistor (OTFT) or complemen-
tary metal oxide semiconductor (CMOS)) is the most effec-
tive method to obtain high-resolution displays. Thus,
TEOLEDs with appropriate electrode will simplify the fab-
rication process of the integrated device and be compatible
with the fabrication of driving circuit. Although Au or Al is
usually used as electrode in OTFT [21–23] or CMOS [24–
26], the Al is the optimum choice as the anode material
in blue TEOLED considering the Al based device has higher
efficiency than that of Au based device as shown in Fig. 5b.
In Fig. 4d, we calculated the emisson of Al based device at
different viewing angle of 0�, 15�, 30�, 45�, 60� following



Fig. 4. The EL spectra at different viewing angle for (a) Ag, (b) Au and (c) Al anode. (d) The normalized EL spectra by calculating and measuring of the device
with Al anode. (e) The CIE coordinates of all the TEOLEDs, an enlarged image in the upper right corner is shown in the inset.
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the approach reported by Deppe et al. [27], which was
excellent agreement with the experiment results.

The Commission Internationale de l’Eclairage (CIE)
coordinates of TEOLEDs at different viewing angles are
shown in Fig. 4e. We can see that the CIE coordinates are
almost constant. An enlarged view of the CIE coordinates
for different viewing angle is shown in the inset. The max-
imum differences for CIE coordinates in the range of 0–60�
are (0.002, 0.025), (0.001, 0.012), and (0.004, 0.027) for Ag,
Au, and Al anodes based blue devices, respectively. The
change is less than 0.4% for coordinate x and 3% for coordi-
nate y. To our knowledge, these are the stablest blue TEOL-
EDs reported to date. The CIE coordinates for forward
direction are (0.133, 0.189), (0.143, 0.338), and (0.129,
0.181) for Ag, Au, and Al anodes based blue devices, respec-
tively, and the CIE coordinates of BEOLED is (0.148, 0.299),
as shown in Fig. 4e. As can be seen, the color saturation of
Al and Ag based devices is improved relative to the
BEOLED, which indicates higher color purity can be
achieved in Ag and Al based TEOLEDs. The color purity is



Fig. 5. (a) The luminance–voltage–current density, (b) luminance-effi-
ciency and (c) EQE characteristics of TEOLEDs.

Fig. 6. The simulated spectra for green and red devices at viewing angles
from 0� to 60�.
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a very important parameter in display and lighting applica-
tions. However, the color saturation of Au based devices
becomes poorer than that of the BEOLED due to the broad-
ened EL spectra in Au based TEOLED.

Fig. 5a shows the luminance–voltage–current density
characteristics of all the TEOLEDs. At the same voltage,
the current density increases according to Al, Ag, and Au
sequence, which is due to the increase of work function,
�4.10, �4.73, and �5.20 V for Al, Ag, and Au, respectively
[28]. In addition, the thicker Al based TEOLED also leads
to the lower current density. The device with Ag anode
possesses the highest luminance in three devices at the
same voltage, which is attributed to the efficient hole-
injection and high reflectance of Ag anode. Fig. 5b shows
the efficiency–luminance characteristics of three blue de-
vices. The maximum efficiencies are 19.0, 14.8, and
22.9 cd/A for Ag, Au, and Al anodes based blue devices,
respectively, with the corresponding roll-off of 7.4%,
20.9%, and 8.7% up to a luminance of 5000 cd/m2. We can
find that the Al based device shows the highest efficiency
in all the devices, which may be due to the better charge
balance in Al based device because of the reduced hole-
injection from the anode. In addition, the high absorption
of Au anode results in the loss of the light inside the device
and reduces the device efficiency. The external quantum
efficiencies (EQEs) are calculated by measuring the emis-
sion spectra and the intensities at different emission an-
gles. As shown in Fig. 5c, the peak EQE for Au, Ag, and Al
based TEOLEDs is 6.0%, 7.6%, and 2.9%, respectively.

For full-color display applications, the technique of pat-
terning using a shadow mask and a three-step red–green–
blue (RGB) subpixel deposition technique is yet proven as a
viable high-volume manufacturing technique. Thus, it is
more valuable to fabricate green and red TEOLEDs with
the similar structure to achieve full color flat panel dis-
plays. We have stimulated the emission spectra of the
green and red TEOLEDs with the same cathode structure
to that of present blue TEOLED, which ensures the compat-
ibility and simplicity in the fabrication of future TEOLED
based full color flat panel displays. Fortunately, we also ob-
tained angle-independent emission spectra as shown in
Fig. 6. Details of the device structure and the fabrication
of the corresponding devices will be the topic of future re-
search. In addition, the power efficacy of a microcavity
TEOLED is measured by using an integrating sphere to cap-
ture all of the emitted light, which will also be investigated
in future.

In conclusion, we have investigated the influence of an-
ode materials (Ag, Au, and Al) on the performances of blue
TEOLEDs with Firpic as the emitter through theory and
experiment. A much thicker (100 nm) blue TEOLED is ob-
tained by utilizing Al anode due to its larger PSR than that
of Ag and Au anodes. In addition, the optical properties of
the Ag cathodes with and without LOL are also simulated.
High transmittance and PSR are obtained by introducing
the LOL, especially, the transmittance and PSR increase
with a higher refractive index LOL material introduced.
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These results provide new guides for device design that can
be used to improve the performance of TEOLEDs and accel-
erate the realization of TEOLED-based lighting sources and
full-color panel displays.
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