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ABSTRACT: The use of a black cathode with a metal-organic-metal structure is an
attractive approach to achieving a high contrast organic light emitting device (OLED)
for future-generation flat panel displays. However, the large reduction in OLED power
efficiency is currently restricting the use of black cathode for industrial applications. In
this paper, a high contrast, high-efficiency tandem OLED employing a black cathode
is proposed and experimentally demonstrated. The OLED is implemented by stacking
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two organic phase tuning layers between a composite intermediate layer of LiF/Al/Cg, and LiF/Al and optimizing their thicknesses. Elec-
troluminescence spectrum and brightness-current measurement reveal that the phase tuning layer emits photons. Such a tandem device can
increase the current efficiency by 110%, and reduce the operating voltage by 1.3 V, in comparison to the conventional high contrast
OLED. Measured reflection spectra validate the high-contrast capability of the OLED, and demonstrate experimentally an average reflec-
tance of 5.9 % in the visible range from 400 nm to 750 nm, which is much lower than 20.3% for the conventional high contrast OLED.

B INTRODUCTION

The advantages of organic semiconductors, namely, wide
choice of materials, easy fabrication, low cost and transparency,
have made organic optoelectronic devices attractive for many

sapplications.”® In particular, organic light emitting diodes
(OLEDSs) have recently been used for the development of flat
panel displays (FPDs) due to (i) their wide viewing angle, (ii)
their ultra thin thickness requirements , (iii) their ability to emit
light without the need for external backlight sources, (iv) the pos-
1osibility of growing them on flexible substrates and (v) their low
power consumption. In a conventional single-cell OLED, the
reflective metal layer benefits the out coupling efficiency of an
OLED because the back emission from the organic layer is also
reflected forward. Concurrently, such OLEDs have the drawback
150f low contrast ratio due to the reflection of ambient light by the
highly reflective cathode, which degrades the performance of
OLEDs especially in outdoor applications where strong ambient
light might be present.® Recently a black-layer structure is intro-
duced to increase the contrast ratio consisting of a thin semi-
20transparent metal layer, a phase-tuning (PT) layer made of organic
materials and a thick reflective metal layer.”® The low reflection
is produced by the cancellation (destructive interference) of two
reflected light waves, one from the front thin metal layer and

another one with © phase difference with respect to the rear thick
ssmetal layer.® Due to the simplicity of thermal evaporation me-
thods, organic materials, such as tris8-hydroxyquinoline alumi-
num (Algs) ®1° and copper phthalocyanine,* are the proper candi-
dates for the realization of the PT layer. To obtain the 7 phase
difference, the thickness of organic PT layer must be around 80
sonm, which is close to the typical thickness of the emissive layer of
OLEDs. Due to the high carrier injection barrier between the PT
layer and the intermediate metal layer, the operating voltage more
than doubles whereas the current efficiency is reduced by 50%,
because the black cathode absorbs half of the generated light
ssemitted by the emissive layer. A two-fold increase in the operat-
ing voltage and a 50% reduction in the current efficiency lead to a
75% reduction in the total power efficiency. Such a large reduc-
tion in power efficiency undoubtedly restricts its application in
industry. In this letter, we study the interface between the inter-
somediate layer and the organic PT layer, and show that the high
hole-injecting energy barrier at such interface leads to lower cur-
rent efficiency and higher operating voltage. Based on the recent
discovery that dipole formation between fullerene Cqy and Al can
increase the work function of Al,> we propose a high contrast
sstandem OLED based on inserting an ultrathin Cgq layer between
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Figure 1. Schematic diagram illustrating the design of the high contrast

tandem OLED. (a) The structure and (b) photograph of a conventional
single cell OLED (Device 1) illuminated with ambient light. (c) The struc-

sture of the single cell OLED with a phase tuning layer (Device 2). (d)
Principle of the destructive optical interference (e) Photograph of Device 2
illuminated with ambient light. (f) Schematic diagram, (g) architecture and
(h) photograph of the high contrast tandem OLED (Device 3).

1othe intermediate layer of Al and the PT layer, and use electrolu-
minescence (EL) spectral measurements to demonstrate that the
PT layer can emit light in addition to its phase-tuning role. The
additional role of emitting light from PT layer is prospected to
solve the problem of ultralow current efficiency in conventional

1shigh-contrast OLEDs. The LiF/Al/Cg, composite layer can also be
used for realizing high-efficiency tandem organic solar cells in
future

BMEXPERIMENTAL METHODS

Device fabrication. The OLED structures were fabricated
20using thermal sublimation of organic materials in an ultra-high
vacuum environment onto transparent glass substrates coated with
indium tin oxide (ITO), similar to the process reported in [5,13].
Prior to gas treatment, the procedure for cleaning the substrate
included ultrasonication in detergent for 30 minutes, spraying
2swith de-ionized water for 2 minutess, ultrasonication in de ionized
water for 20 minutes and drying by rotating at the spinning speed
of 2000 rpm in a spin coater for 40 seconds. UV-0zone treatment
was then made in a chamber with a high-purity oxygen flow. Im-
mediately after the treatment, the sample was transferred into a
sogrowth chamber with a base pressure of 5x10° Pa for subsequent
depositions of various layers. Algs and NPB (N,N’-
di(naphthalene-1-yl)-N,N’- diphenylbenzidine were chosen as the
electron transporting and emitting layer and the hole transporting
layer, respectively, and a top Al layer was chosen as the cathode.
35 TPBI (1,3,5- tris(N-phenylbenzimiazole-2-yl) benzene) was used
as an exciton blocking and electron transporting layer. DCM1 (4-
(dicyanomethylene)-2-methyl-6-.(p-dimethylaminostyryle) ~ 4H-
pyran) is a kind of fluorescent laser dye, which was doped into the
host material of Algs to tune the emitting color in this work. To
aoincrease the electron injection efficiency, a thin layer of LiF buf-
fer was inserted between the Al and Algs layers, as usually done
for conventional OLEDs. The top Al layer had also in the shape of
narrow strips, crossing the bottom ITO strips to form active de-
vice area of approximately 4x4 mm?.

s MEXPERIMENTAL RESULTS AND DISCUSSIONS

3.1. Proposed High Contrast Tandem OLED

Figure 1 illustrates the structures and working principles of
three OLEDs, namely (i) a single-cell OLED (Device 1), (ii) a
conventional high-contrast OLED (Device 2) and (iii) the pro-

soposed high contrast tandem OLED (Device 3). As shown in
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Figure 2. B-J characteristics of Devices 1-3.

Figure 1a, for Device 1, two organic layers are sandwiched be-
sstween a transparent anode of indium tin oxide (ITO) and an al-
most-fully- reflective back metal layer, such as Al. Ambient light
penetrates through the glass substrate/ITO/ Organic layers, and
mostly reflects off the thick Al mirror. Therefore, the output light
of such an OLED structure results from both the external envi-
soronment and internal active organic layer. As such, the contrast of
this device is very low as shown in Figure 1b. Figure 1c shows the
schematic diagram of a conventional high-contrast OLED em-
ploying an organic PT layer. Compared to the structure of Device
1, there is an additional metal-organic-metal (MOM) structure on
esthe top of the emissive cell. The LiF (<1 nm)/Al (<8 nm) were
used as semitransparent intermediate layers. Ambient light pene-
trates through the glass substrate and the emissive layer, and par-
tially reflects off the semitransparent intermediate layers. The
transmitted light through the latter reflects off the aluminum mir-
7oror and interferes with the light reflected off the intermediate lay-
ers. The phase difference A ¢ between the two light waves reflect-
ed off the upper and lower cells is expressed as:

_2n(2)-d

A
=77

)

where 77, dand Aare the refractive index, thickness of the PT layer
7sand the wavelength of light, respectively. Factor 2 in the Eq. (1) is
due to the round trip of the light wave in the PT layer. By chang-
ing d, Ag can be varied in the range of O~x. For Ag= =, destructive
optical interference occurs as illustrated in Figure 1d. The cancel-
lation of the two reflected light beams results in a dark cathode as
soshown in Figure le. Based on the black MOM structure illustrated
in Figure 1c, the design of the proposed high contrast tandem
OLED, Device 3, is illustrated in Figure 1f and 1g. It consists of
an upper cell (coated with a thick aluminum mirror) and a lower
cell connected through semi-transparent intermediate nano-layers.
ssCompared to the structure of Device 2, bilayers of Cg (3
nm)/NPB (20 nm) are inserted between the intermediate layer of
Al and the PT layer of Algs. Due to the low work function of
composite LiF/Al layers and the high work function of Al/Cg
layer,'? the intermediate layers of LiF/Al/Cg, act as the cathode
sofor the lower cell and the anode for the upper cell, respectively.
Thus LiF/Al/Cg can be called an anode-cathode layer (ACL).
Therefore, while both upper and lower cells emit light, the PT
mechanism ensures that the tandem OLED device attains high
contrast operation by changing the thickness of NPB/Alqg; layers
95in the upper cell.



3.2. EL of the Proposed High Contrast Tandem OLED

Current Efficiency. Figure 2 shows the measured brightness-
current density characteristics for the three devices. It is obvious
from Figure 2 that the brightness of Device 2 is approximately

shalf of that of Device 1 at a given current density. For instance, at
40 mA/cm?, the EL of Device 2 is 2400 cd/m?, compared with
4050 cd/m? luminescence for Device 1 at the same current densi-
ty. Such reduction in luminance for Device 2 is due to the addi-
tional MOM black cathode introduced on top of the bottom emis-

wsive cell.® Almost half of the photons emitted by the bottom emis-
sive layer are reflected by the bottom and top surfaces of the black
cathode. Therefore, even if the PT layer thickness is optimized to
suppress the reflected light through destructive optical interfe-
rence, the current efficiency of this OLED structure is limited

1ssince half of the generated light is lost by the black cathode.
Therefore, the theoretical current efficiency in such black-
cathode-based OLEDs is only half of that of Device 1. However,
for the proposed Device 3, the EL at the same current density
dramatically increases to 5100 cd/m?, and in comparison with

20Device 2, the brightness increases by 110%. Interestingly, the EL
of Device 3 is even higher than that of Device 1. Our measured
results show that besides the bottom cell, the top MOM structure
of Device 3 possibly contributes to photon emission as well.

EL spectra. To investigate the impact of Cg layer on the
2semission spectrum generated by the PT layer, the energy bands at
the interface between the composite intermediate layer and the PT
layer were analyzed. Generally, the hole-injection barrier in this
interface is the energy difference between the work function of
the composite intermediate layer and the highest occupied mole-
socular orbit (HOMOQO) which is analogous to the top of the valence
band in an inorganic semiconductor. Figure 3 schematically illu-
strates the energy band diagrams of the interfaces between the
composite intermediate layer and PT layer for Device 2 and De-
vice 3. The work function of Al and the HOMO of Algs are re-
asspectively 4.3 eV and 5.7 eV, the hole-injection barrier is 1.4
eV, which is high enough to stop hole injection from Al to Algs.
Although the PT layer of Algs in Device 2 is a fluorescent materi-
al, the blockage of hole injection restricts the exciton formation in
the PT layer, and consequently makes the PT layer non-emissive.
40lt is important to note that dipole formation between Cg and Al
has recently been observed by Lee et a/*? which results from the
covalent bonds created by charge transfer. The work function of
the Cg, monolayer adsorbed on Al was consequently changed
from 4.3 eV to 5.2 eV, making it a suitable anode for organic
sslight-emitting devices 2 and organic solar cells. > Therefore,
for Device 3 the work function of Al/Cg, and HOMO of NPB are
5.2 eV and 5.4 eV, respectively.!*” The hole-injection barrier is
1.4 eV for Device 2 and reduces to 0.2 eV for Device 3. This bar-
rier is low enough for hole injection from the ACL layer to the PT
solayer. The injected holes pass through the hole-transporting mate-
rials of NPB, and are then captured by electrons in the PT layer of
Algs to form excitons.®® The transition of the formed excitons
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Figure 3. Energy diagrams for (a) Device 2 and (b) Device 3 at the
ssinterface between the intermediate layers and the PT layers.
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Figure 4. EL spectra for (a) Devices 1-5, (b) Device 6 and (c) Device 7.

60

yields photon emission from the PT layer. As a result, Device 3
has two emissive cells in tandem, namely, the lower cell and the
upper MOM cell. We term the resulting Device 3 as the high con-
trast tandem OLED.

65 To directly prove the ACL role of LiF/Al/Cg, EL spectrum
measurement is employed. Figure 4a shows schematic diagrams
of two additional OLED structures, where the Algz layer in De-
vice 1 has been replaced by TPBI and Algz;:DCM1 as mentioned
earlier. The electroluminescence (EL) spectra of Devices 1-5 are

70also shown in Figure 4a. As seen in Figure 4a the spectra of De-
vices 1-3 are similar and this is attributed to the fact that their
active layers are made of the same Algs; material, whose EL spec-
trum exhibits a peak at around 532 nm. However, for Device 2 or
Device 3, both the bottom cell and the PT layer contain Alg; ma-

sterials , making it hard to distinguish which Algs layer emits the
the dominant light. To track the light emitting source, we used
two different fluorescent materials, whose EL spectra are distinct
from each other. For Device 4, NPB was commonly used as the
hole transporting material. When inserting an exciton blocking
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Figure 5. J-V characteristics of Devices 1-3.

layer of TPBI between the NPB layer and the cathode in Device
54, excitons were generated and locked inside the NPB layer,® and
then emitted photons through radiative transition. It is believed
that the EL spectrum for Device 4 is mainly generated by the NPB
layer. As for Device 5, light emission is known to be generated by
the DCM1 material through the “Forster Energy Transfer” and
10*“Charge Trapping” induced by the interaction between the Algs
and DCM1 molecules.?® The EL spectra of Devices 4 and 5 are
also shown in Figure 4a, displaying two different peaks around
435 nm and 610 nm and which are in good agreement with the EL
spectra of NPB and DCM1 molecules, respectively.?*?? Based on
1sthe results of Figure 4a, two new OLEDs were fabricated, namely,
a conventional high-contrast OLED (Device 6) and a high-
contrast tandem OLED (Device 7), which are shown in Figure 4b
and Figure 4c, respectively, together with their corresponding EL
spectra. For Device 6, light emission from only NPB is observed,
2oindicating that the PT layer cannot generates photons, whereas,
for Device 7, light emission from both the DCM1 and NPB layers
are observed simultaneously, as evident from its two-peak spec-
trum. Therefore, both the upper cell and the lower cell of Device 7
emit light, implying that the composite LiF/Al/Cg, layer works as
2san efficient ACL.

3.3. Operating voltage

Figure 5 shows the J-V/characteristics for the three devices. At
a current of 4 mA, the operating voltage of Device 2 is 12.3 V,
almost 7 V higher than that of Device 1. This indicates that the
soextra 80 nm thick Algs layer introduces a considerably high resis-
tance, resulting in a remarkably higher operating voltage. This is
consistent with previous reported results. 2 For Device 3, the op-
erating voltage is 11.0 V, which is 1.3 V lower than that of Device
2. Since the hole injection barrier of the MOM structures for both
ssDevice 2 and Device 3 is higher than 0.2 eV, the current flow
through the MOM is dominated by the injection limited current
(Y110 as described in Ref. 24, which is expressed as:

00, qy
J. ~ =guEN exp| ——= |exp| ==+ E |, 2
e = qu Xp( KT j Xp( KT j 2

where ¢ is the electron charge, u is the hole mobility, £ is the
aoelectric field, N is the density of state, and ¢ is the hole injection
barrier. From Eq. (2), if ¢ is reduced, at a given current, E will
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Figure 6. (a) The spectral reflectance of Device 1-3. (b)The refractive
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also reduce accordingly. With £being proportional to WL, where
Vis the operating voltage and L is the thickness of organic layer,
the reduction of ¢ leads to the reduction of the operating voltage.

3.4. Reflectivity

50 Figure 6a shows the optical reflectance spectra of Devices 1-3
measured at a 5° off the surface normal. The average reflectance
of the OLED is 80% for Device 1, 20% for Device 2, mainly due
to the addition of the MOM structure. Since there are two PT
layers in Device 3, Eg. (1) need to be expanded as :

s Ap = 2[”1(1)'(11/"1‘ nz(l)'dz] @)

where m(4) and m,(4) are the refractive indices of NPB and Algs
respectively, and ¢, and @ are the thicknesses, of NPB and Alggs,
respectively. To attain maximum destructive interference with the
stacked NPB/Alg; PT layers in Device 3, the phase difference
sobetween the two light waves reflected off the upper and lower
cells should be n. Generally, the spectral range of the ambient
visible light extends from 400 nm to 750 nm, however, the elimi-
nation of the light around 550 nm is the main concern since 550
nm is the most sensitive wavelength to the human eyes. As shown
6sin Figure 6b, at 550 nm, the refractive indices of Alg; and NPB
are 1.7 and 1.8 respectively. With the NPB thickness being fixed
at 20 nm, the optimal Algs thickness is 59 nm, according to Eq.
(3). The measured reflectivity from the proposed Device 3 was



only 5.9% over the range of 400 to 750 nm. To our knowledge,
this is the lowest reflectance among all high contrast OLEDs
based on the use of an organic PT layer. Within the human-eye-
sensitive range of 500-600 nm, the reflection value is further re-
sduced to 4%, almost approaching the reflectance of air/glass inter-
face.

B CONCLUSIONS

We have proposed the use of a black cathode employing
LiF/Al/Cg, as intermediate semi-transparent layers and NPB/Alq;
10as PT layers to realize a high-contrast and high efficiency OLED.
The electroluminescence spectra and bright-current-voltage cha-
racteristics for different OLED structures have been investigated,
and results have shown that tandem OLED with PT layers can
emit light in addition to their role of light phase tuning, opening
1sthe way for improving the current efficiency of high contrast
OLEDs. An increase of the current efficiency by 120%, a de-
crease of operating voltage by 1.4 V and a lowered ambient ref-
lectivity of 5.9% over the visible range from 400 nm to 750 nm
have been attained in the high contrast tendem OLED, attributed
20to the photon emission from the PT layer, the reduced carrier
injection barrier, between intermediate layer and PT layer, and the
proper optical design, respectively. Such big improvements in
current efficiency, operating voltage and reflectance make the
proposed high contrast tandem OLED much more attractive than
2sconventional high contrast OLEDs for display applications.
Moreover, the new developed connecting layer of LiF/Al/Cgy can
have application in other tandem OLED structures and tandem
organic solar cells.
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