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In this paper we report on a high-contrast top-emitting organic light-emitting device utilizing a moderate-reflection

contrast-enhancement stack and a high refractive index anti-reflection layer. The contrast-enhancement stack consists

of a thin metal anode layer, a dielectric bilayer, and a thick metal underlayer. The resulting device, with the optimized
contrast-enhancement stack thicknesses of Ni (30 nm)/MgF2 (62 nm)/ZnS (16 nm)/Ni (20 nm) and the 25-nm-thick
ZnS anti-reflection layer, achieves a luminous reflectance of 4.01% in the visible region and a maximum current efficiency
of 0.99 cd/A (at 62.3 mA /cm?) together with a very stable chromaticity. The contrast ratio reaches 561:1 at an on-state
brightness of 1000 cd/m2 under an ambient illumination of 140 Ix. In addition, the anti-reflection layer can also enhance

the transmissivity of the cathode and improve light out-coupling by the effective restraint of microcavity effects.

Keywords: top-emitting organic light-emitting device, contrast-enhancement stack, anti-reflection
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1. Introduction

Top-emitting organic light-emitting devices

(OLEDs)[12 are of increasing interest due to their sev-
eral favourable merits over bottom-emitting ones. 4
For example, the aperture ratio of the top-emitting
OLED is much higher than that of the bottom-
emitting device, since the thin-film transistor can
be buried under the bottom anode and the light is
extracted from the top cathode in a top-emitting
OLED. The high aperture ratio characteristics of a
top-emitting OLED make it preferred in the design of
an active-matrix OLED, and also provide the possi-
bility of realizing microdisplays of Si substrates. Top-
emitting and conventional bottom-emitting OLEDs
each are generally composed of a reflective back elec-
trode, a stack of organic functional multilayers, and
a (semi-)transparent electrode for light out-coupling.
Due to the high reflection of the back electrode, an
OLED generally exhibits intensively luminous re-
flectance, and thereby presents a rather low pixel
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contrast ratio (PCR) under strong ambient illumina-
tion, which is undesirable for many applications.

A variety of approaches to obtaining high-
contrast bottom-emitting OLEDs have been proposed,
such as bonding circular polarizers,l! inserting extra
layers for optical purposes,® using structures of low-

reflection cathodes,!6—10

and so on. Until recently,
a small number of papers about the improvement of
contrast ratio in top-emitting OLEDs have been pub-
lished, in all of those papers efforts were made to
reduce the luminous reflectance (Ry) of the device.
Yang et al.l'V! constructed a top-emitting OLED with
a Ry, of ~ 3.9% by utilizing the Mo bottom anode and
the anti-reflection coating capping layer on the top
cathode. Xie et al['?l demonstrated a top-emitting
OLED with a Ry, of 13% by employing Au as an an-
ode, copper-phthalocyanine as the hole injection layer,
and samarium (Sm) as the cathode. Chen et al.l'?]
obtained a Ry, of 23.9% by fabricating a top-emitting
OLED with a low reflectance p-type Si bottom anode
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and a high transmittance CsoCO3/Ag top cathode.!

In the paper, we
top-emitting OLED with a
Ni/MgF5/ZnS/Ni/MoO, (3 nm)/4, 4/, 4"-tris (3-
methylphenylphenylamino) (m-MTDATA, 45 nm)/4,
4/-bis|N-(1-naphthyl-1-)-N-phenyl-amino]-biphenyl
(NPB, 5 nm)/tris(8-hydroxyquinoline)
(Algz, 50 nm)/Sm (15 nm)/Ag (10 nm)/ZnS,
where the structures of Ni/MgF3/ZnS/Ni and ZnS
are denoted as the moderate-reflection contrast-
enhancement stack (CES) and the anti-reflection (AR)
layer with optimized thicknesses of Ni (30 nm)/MgF,
(62 nm)/ZnS (16 nm)/Ni (20 nm) and 25 nm, respec-
tively. The thicknesses of the MgFs/ZnS bilayer and

the AR layer are optimized with a transfer matrix

present introduce a

configuration of

aluminum

method ™! to minimize the spectral reflectance, R(\),
of the device. It achieves an Ry, value of 4.01%, corre-
sponding to the contrast ratio reaching 561:1 under an
ambient illumination of 140 1x and an on-state bright-
ness of 1000 cd/m?. It is also desirable to notice that
we simply use the optical characteristics of the CES
and the AR capping layer outside the active region,
which is unlike the previous high-contrast OLED in

that it involves inserting an extra layer into the active

1T

region of the device.

2. Experimental details

Figure 1 shows the structures of devices involved
in this paper. Si coated with a 1600-nm SiOg layer
is used as the substrate. The organic multilayers in
sequence consist of m-MTDATA (45 nm) as the hole
injection layer, NPB (5 nm) as the hole transport
layer, and Algsz (50 nm) as the emissive and elec-
tron transport layer. Sm (15 nm) with a low work
function (~ 2.7 eV) and low reflectivity in the visible
range serves as a semitransparent cathode. A 10-nm-
thick Ag film overlays the cathode to guarantee a long
lifetime and stable electroluminescence performance.
The resulting top-emitting OLED (device A) has the
following configuration of Si/SiO2/Ni (30 nm)/MgF,
(62 nm)/ZnS (16 nm)/Ni (20 nm)/MoO, (3 nm)/m-
MTDATA/NPB/Alqs/Sm/Ag/ZnS (25 nm), where
the structure of Ni (30 nm)/MgFs (62 nm)/ZnS
(16 nm)/Ni (20 nm) is denoted as the moderate-
reflection CES and the 25-nm-thick ZnS as the AR
layer. The thicknesses of the Ni/MgF5/ZnS/Ni CES
and the AR layer have been optimized with a transfer

(14 to0 minimize the spectral reflectance

matrix method
of device. Device B, without the AR layer with respect
to device A, is investigated to observe the influence of
the AR layer on the reflectance characteristic of the

device. For comparison, a control device (Device C)

ZnS ﬁ
MoO:;
Sm/Ag Sm/Ag
Alq, Alg,
NPB AB ﬁ
m=-MTDATA |~ m=-MTDATA l Sm/Ag
l Alqg,
7nS ZnS l NPB
MgF, m=-MTDATA
substrate substrate
Device A Device B Device C

Fig. 1. Schematic structures of devices A, B, and C.
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in which the conventional highly-reflective Ag (70 nm)
single-layer is used as an anode is also introduced, and
its organic multilayers and Sm/Ag cathode structure
are the same as those of Device A.

1600-nm-thick SiOs-covered silicon substrates are
cleaned with acetone and ethanol using an ultrasonic
bath, rinsed with deionized water, dried in an oven
and then transferred into the vacuum chamber. All
depositions are in a high vacuum above 5 x 10~* Pa
with a rate of 0.1 nm/s-0.3 nm/s. The electrical and
electroluminescent characteristics of the devices are
measured with a Keithley 2400 source measurement
unit and a Photo-Research PR-655 SpectraScan Col-
orimeter in room-temperature air. Optical constants
of the organic materials are measured with a vari-
able angle spectroscopic ellipsometry. The reflectance
and the transmissivity values of the multilayer thin
film systems are calculated using the transfer matrix
method.

3. Results and discussion

Figure 2 shows the calculated reflectance of the
CES structure and the Ag anode. The optimized CES
exhibits a moderate reflectivity in the entire visible
range of 380 nm—780 nm, which is helpful for reduc-
From the
calculated R()\) values of the three devices in Fig. 3,

ing the reflectance of the ambient light.

we find that Device A performs a significantly lower
reflectance. A wide low-reflectance band is obtained,
with two minima around 430 nm and 630 nm. The
difference between the reflectance curves of Devices A
and B exhibits that the AR layer is greatly benefi-
cial to the suppression of the reflectance of the entire
device structure. Furthermore, we notice that the re-
flectance of Devices A and B are less dependent on
wavelength than that of Device C, which could be at-
tributed to the use of CES. Since the Ag-based anode
has a much higher reflectivity, the microcavity effects
in Device C are obviously much stronger.
The Ry, of a device is defined as

A2 A2
Ry, =/ V(A)SA)R(A) AN/ V(A)SA)dA, (1)
A1 A1
where A; and Ay are 380 nm and 780 nm, respectively,
V(A) is the standard photonic curve, and S(\) the
spectral power distribution of the light source D65.
According to Eq. (1), the calculated Ry, values for
Devices A, B, and C are 4.01%, 25.7%, and 43.4%,
respectively.

The PCR of a device is given by
PCR = (Lon + RLLambient)/(LoI'f + RLLambient)7 (2)

where Lo, and L.g are the brightness of a pixel in
on- and off-states, respectively, and Lampient iS the
ambient illumination. Here, L., and L.g are set to
be 1000 cd/m? and 0 cd/m?, respectively. Figure 4
shows the variations of the calculated PCR, of Devices
A, B, and C under different ambient illuminations. As
shown in Fig. 4, the PCRs of Device A are drastically
larger than those of Devices B and C. For instance, the
PCR values of Devices A, B, and C are 561:1, 87:1,
and 52:1 under the ambient illumination of 140 Ix,
respectively. And even under a high ambient illumi-
nation of 10000 Ix, the PCR value in Device A is over
10 times higher than that in Device C.
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Fig. 2. Calculated reflectance of the Ag anode and the
CES structure.
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Fig. 3. Calculated reflection spectra for Devices A, B,
and C.

Considering the fact that the optical interference
in a device is strongly dependent on the incident angle,
the reflection characteristics of the resulting device
against different incident angles are discussed here.
The calculated reflectance spectra of Device A at view-
ing angles of 0° (normal to the electrode surface), 30°,
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and 60° are displayed in Fig. 5, which indicate that
the reflectance of our resulting device is weakly inci-
dent angle-dependent, and even at 60° the value is still
quite admirable.
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Fig. 4. Calculated contrast ratios of Devices A, B, and

70
60 -_ —<—0°
L —¥=30° (P)

) 50  TA30°(9)
= L —*=60° (P)
£ 40F —=60°(S5)
5
£ L
® 30
o i
Q
= 90k

10

0 -

] Il ] Il ] Il ] Il
400 500 600 700 800
Wavelength/nm
Fig. 5. Calculated reflectance spectra of Device A at

viewing angles of 0°, 30°, and 60°.

It has been reported that the out-coupling of
emitted light in a top-emitting OLED can be improved
by capping a dielectric layer with a proper thickness on
the top semitransparent cathode.l'®! This inspires us
to analyse the influence of the 25-nm-thick ZnS layer
on the efficiency of light out-coupling in the resulting
device. Assuming that the carrier recombination and
light generation take place in the Alqs layer and near
the Alqs/NPB interface, light emitted in a direction
toward the cathode needs to pass through a stack of
Algs, Sm, Ag, and ZnS before going into air. By us-
ing the transfer matrix method, the transmittivities
of The multilayer systems Alqs/Sm/Ag/ZnS (a), and
Alqs/Sm/Ag (b) are calculated. As shown in Fig. 6,
the transmittivity is enhanced from ~42% to ~71% at

a wavelength of around 550 nm due to the introduc-
tion of the ZnS layer, which effectively restrains the
influence of microcavity effect on the emission colour
and improves the out-coupling light intensity.
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Fig. 6. Calculated transmission spectra of two mutilayer
systems: (a) Algz (50 nm)/Sm (15 nm)/Ag (10 nm)/ZnS
(25 nm) and (b) Algz (50 nm)/Sm (15 nm)/Ag (10 nm)
at the normal angle.

Figure 7(a) shows the current density—voltage (J—
V') characteristics of Devices A, B, and C. We find
that the Ag anode-based Device C exhibits a better
performance than Devices A and B, which can be ex-
plained by the fact that the conductivity of Ag is much
higher than that of Ni although the work function of
Ag (~ 4.6 €V) is lower than that of Ni (~ 5.1 ¢V). Fig-
ure 7(b) exhibits that the brightness—current density
(B-J) characteristics of Device C are the best among
the three devices, which can be attributed to the high
reflectivity and the low resistance of the Ag anode,
while the B—J performances of Devices A and B are
affected to some extent by morphological deterioration
of device films due to the introduction of CES under
the OLED. Device A shows a higher brightness value
than Device B under the same current density, which
proves the AR layer can enhance the out-coupling of
emitted light. The maximum current efficiencies of
Devices A, B, and C are 0.99 (at 62.3 mA/cm?), 0.63
(at 39.5 mA /cm?), and 0.96 (at 57.8 mA /cm?) cd/A,
respectively. Device A also shows that it has the
most stable electroluminiscent spectrum characteris-
tics with respect to observation angle among the three
devices as shown in Fig. 8, with a Commission Interna-
tional de L’Eclairage (CIE) coordinates change of only
(0.0134, 0.0087) during a large viewing angle change
of 0° to 75° though its EL peak, and the full width at
half maximum (FWHM) shows an obvious change.
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Fig. 7. (a) J-V and (b) B—J characteristics of Devices A, B, and C.

540
5 540
540
45" 532
532
5 528

EL spectra/arb. units
=
=
=

Device A

Peak FWHM CIE (z, y)

108.4  (0.3352, 0.5366)
107.8  (0.3413, 0.5377)
105.7 (0.3432, 0.5392)
101.8  (0.3457, 0.5417)
98.7  (0.3468, 0.5426)
96.4  (0.3486, 0.5453)

0.02
0
. | . | . | . |
500 600 700 800
Wavelength /nm
b Device B
0.06 ( ) Peak FWHM CIE (z, y)
@ L —m—0° 528 1114 (0.3689, 0.5524)
2 005k —o—15° 528 1125 (0.3659, 0.5533)
g 0. —A-30° 528 1117 (0.3620, 0.5554)
i @ -v—45° 532 1114 (0.3510, 0.5602)
S 004l —4-60" 532 1112 (0.3430, 0.5620)
5 U —>-75 532 109.5 (0.3305, 0.5598)
>
£ 0.03
7}
5
E 0.02
3 0.01
0
I 1 I 1 I 1 I 1
500 600 700 800
Wavelength/nm
0.10 Device C
Peak FWHM CIE(z,y)
(c) —m-0° 540 115.3  (0.3708, 0.5443)
£ 0.08+ 5 540 116.1  (0.3701, 0.5437)
g=] © 540 1144 (0.3660, 0.5447)
= c 532 1121  (0.3615, 0.5474)
: | 107.9  (0.3578, 0.5540)
’C% 0.06 915 (0.3479, 0.5745)
~
]
£0.04
©
9]
2
n
3 0.02
ca)
0
1 " 1 1 " 1
500 600 700 800
Wavelength/nm

Fig. 8. Electroluminiscent spectra with different observa-

tion angles for Devices A, B, and C.

4. Conclusions

In this paper, we demonstrate a high-contrast
configuration of a top-emitting OLED with a
moderate-reflection contrast-enhancement stack of Ni
(30 nm)/MgF5 (62 nm)/ZnS (16 nm)/Ni (20 nm) and
an anti-reflection layer of 25-nm-thick ZnS layer cap-
ping on the cathode. A maximum current efficiency
of 0.99 cd/A is achieved at 62.3 mA/cm? and an ex-
tremely stable chromaticity is obtained with a CIE
coordinates change of only (0.0134, 0.0087) during
a large viewing angle change of 0°-75°. At a pixel
brightness of 1000 cd/m?, a contrast ratio of 561:1 is
obtained by our resulting device under an ambient il-
lumination of 140 lx, which is much higher than the
52:1 of the conventional device with an Ag anode. We
also find that the utilization of CES causes the device
performance to decrease due to morphological dete-
rioration of the device film and the 25-nm-thick ZnS
layer is beneficial to the improvement of the light out-
coupling from the device due to the effective restraint
of microcavity effects.
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