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We report the dependence of the characteristics of photovoltaic organic light-emitting diodes (PVOLEDs) on the composition
of the light-emission and electron-donating layer (EL-EDL). 5,6,11,12-Tetraphenylnaphthacene (rubrene): dibenzo{[f,f]-4,4,7,7-
tetraphenyl}diindeno[1,2,3-cd:1,2,3-lm]perylene (DBP) was used to form the EL-EDL, and C

60
was used as an electron-accepting

layer (EAL) material. A half-gap junction was formed at the EAL/EL-EDL interface. As the rubrene ratio in the EL-EDL increased,
the emission spectra became blue-shifted and the light-emission efficiency increased.The highest emission efficiency was achieved
with an EL-EDL composed of 95% rubrene and 5% DBP. The short-circuit current decreased as the rubrene content increased up
to 50% and then saturated, while the open-circuit voltage was almost unchanged regardless of the rubrene content. The power-
conversion efficiency and fill factor increased as the composition of the EL-EDL approached that of pure materials. By controlling
the rubrene : DBP ratio, the emission color could be adjusted.The emission efficiency of devices withmixed rubrene/DBP EL-EDLs
could be greater than that of either pure rubrene or pure DBP devices. We obtained an overall power-conversion efficiency of 3%
and a fill factor greater than 50%.

1. Introduction

Organic light-emitting diodes (OLEDs) and organic solar
cells (OSCs) are two of the most widely used organic
semiconductor devices. They are both fabricated using diode
structures, and so they have similar configurations. Because
of this, there has been much interest in creating combined
OLED/OSC devices. By controlling the bias conditions, such
dual-function photovoltaic organic light-emitting diodes
(PVOLEDs) can operate as either an OLED or an OSC [1, 2];
this dual-function capability has the potential to consider-
ably widen the range of applications of organic electronics.
PVOLEDs can be used to develop extremely energy-efficient
devices, for example, a display screen that can charge the
battery when not in use. In addition, smart windows can be
fabricated using PVOLEDs, which generate electricity during
the day and can be used as a large-area display at night.

OLEDs and OSCs have somewhat contradictory require-
ments in terms of the behavior of electrons and holes.
To obtain an efficient OLED, electrons and holes should
recombine to generate light. In an OSC, photogenerated
electrons and holes should be readily separated to contribute
to a photocurrent. The device structure of OLEDs or OSCs is
typically optimized for these particular requirements, and, as
a result, wemay expect that the device structure of a PVOLED
will be different to those of either an OELD or OSC. There
have been reports of dual-function organic diodes using a
number of different device structures, including conventional
organic diode structures [3–8], ionic junctions [9], half-gap
junction structures [1, 2, 10], and tandem structures [11].
However, the reported efficiencies of both electrical power
generation and light emission are considerably lower than
the respective efficiencies of conventional OLEDs and OSCs.
PVOLEDs with a structure similar to that of a conventional
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OLED showed photovoltaic behavior under ultraviolet (UV)
light rather than white light. Ionic junction PVOLEDs have
stability issues due to themigration of the ions. Tandem struc-
tured PVOLEDs have complex stacked structures because of
the separate units for the photovoltaic operation and light
emission. Half-gap junction PVOLEDs are fabricated using
a simple structure based on stable organic materials and can
generate electricity under white light. For these reasons, we
used a half-gap junction structure in this work.

The half-gap junction is composed of a light-emission
and electron-donating layer (LE-EDL) and an electron-
accepting layer (EAL). The lowest unoccupied molecular
orbital (LUMO) level of the EAL is located close to the
middle of band gap of the LE-EDL. A schematic diagram
illustrating the operation of a PVOLED based on a half-gap
junction structure is shown in Figure 1. In photovoltaicmode,
electron-hole pairs generated by incident light are separated
as shown in Figure 1(a). In the light-emission mode, the
excess energy generated from electron-hole recombination
at the interface between the LE-EDL and the EAL supplies
energy for another electron at the LUMO of the EAL to move
into the EL-EDL, as shown in Figure 1(b).

Here, we investigate the properties of PVOLEDs with
various compositions of the EL-EDL. The EL-EDL was fab-
ricated using 5,6,11,12-tetraphenylnaphthacene (rubrene) [12,
13] and dibenzo{[f,f]-4,4,7,7-tetraphenyl}diindeno[1,2,3-
cd: 1,2,3-lm]perylene (DBP) [14, 15]. DBP has a similar
HOMO level to that of rubrene, but a slightly lower LUMO
level, as shown in Figure 2(a). The composition of DBP
and rubrene in the EL-EDL is expected to influence the
light-emission and electricity-generation properties of the
PVOLEDs. We describe the characteristics of PVOLEDs for
various ratios of DBP : rubrene in the EL-EDL.

2. Experiments

The stacked structure of the PVOLEDs is shown in Fig-
ure 2(b), and it consisted of a 0.5mm thick glass sub-
strate, a 150 nm thick indium tin oxide (ITO) anode layer,
a 30 nm thick N,N-bis(naphthalen-1-yl)-N,N-bis(phenyl)-
benzidine (NPB) layer, a 30 nm thick rubrene : DBP layer,
a 45 nm thick C

60
layer, a 5 nm thick 4-7-diphenyl-1,10-

phenanthroline (BPhen) layer, a 1 nm thick LiF layer, and a
100 nm thick Al cathode layer. Chemical structures of above
organic materials are shown in Figure 3. The rubrene : DBP
layer functioned as an EL-EDL, and C

60
was used as an

EAL.The ITO layer deposited using plasma-beam deposition
had a sheet resistance of 10Ω/sq. Anodes were patterned
using photolithography and wet etching. Following anode
patterning, oxygen-plasma treatment was carried out using
the inductively coupled plasma (ICP) machine. The organic
layers and the LiF/Al layer were then deposited sequentially
using thermal evaporation at a pressure of 10−6 Torr.The EL-
EDL was deposited using a codeposition process. The ratio
of rubrene : DBP was controlled by adjusting the deposition
rates of rubrene and DBP independently and was calculated
as the volume ratio, that is, (rubrene volume)/(rubrene vol-
ume + DBP volume). An encapsulation process employing a
glass cap in a nitrogen environment was carried out following

the fabrication of the diodes. The light-emitting properties
were measured using a spectroradiometer in a dark box,
and the photovoltaic properties were measured using a solar
simulator with an air-mass coefficient (AM) specification of
AM1.5.

3. Results and Discussion

In this work, the electron injection process to the EL-EDL
may be explained as follows [10]. In the light-emission mode,
injected electrons and holes should be accumulated at each
side of the EAL/EL-EDL interface due to the large barrier.
Hence, exciplex states could be formed at the interface. Due
to the large concentration of electrons at the interface, the
electron-hole recombination energy of the exciplex could
contribute to exciting an electron in the LUMO of C

60
to a

C
60

− excited state [16] located at 1.1 eV above the ground state.
Because the height of the C

60

− excited state and the electron-
injection barrier height at the EAL/EL-EDL interface are
similar, the excited electronmay be injected into the EL-EDL.

The electroluminescence as a function of the current
density is shown in Figure 4(a) for various rubrene ratios in
the EL-EDL. In general, a higher rubrene ratio resulted in
more luminance; however, a pure rubrene EL-EDL showed
a less luminance than the 95% rubrene EL-EDL. A small
doping of 5% DBP to 95% rubrene resulted in the most
efficient light emission. The normalized emission spectra
of PVOLEDs are shown in Figure 4(b) as a function of
the rubrene composition. With a small addition of DBP to
rubrene (95% rubrene ratio), the emission spectrum was
changed from that of rubrene [17, 18] to DBP [15, 17, 19].
The emission spectra from high DBP ratio devices (rubrene
ratio of 0∼50%) became red-shifted from the previously
known DBP emission spectra. The high DBP ratio could
cause the formation of DBP aggregates. The DBP aggregates
may cause the red shift [20]. By changing the rubrene content,
the color of the emitted light could be changed from red
to green. DBP has a lower LUMO level than rubrene, so
electrons can be excited from the LUMO of C

60
to the

LUMO of DBP more easily than from the LUMO of C
60

to the LUMO of rubrene. Hence, electron transfer from the
EAL to the EL-EDL could be enhanced by using DBP as
a dopant. However, when the DBP ratio was larger than
50%, the emission efficiency decreased according to the DBP-
ratio increase. DBP-aggregate concentration may increase
according to the DBP-ratio increase. The increased DBP
aggregate concentration may reduce the emission efficiency.

Figure 5(a) shows current density curves as a function of
the bias voltage for various rubrene ratios. The short-circuit
current, 𝐼SC, decreased as the rubrene ratio increased up to
50% and then saturated. The increase in 𝐼SC with the DBP
ratio may be related to the lower light-emission efficiency
at the higher DBP ratio. The lower light-emission efficiency
may imply that exciton in EL-EDL diffuses farther before a
recombination reaction. The longer exciton diffusion length
can result in a larger 𝐼SC. Whereas there was a significant
change in 𝐼SC, the change in the open-circuit voltage,𝑉OC, was
small. Figure 5(b) shows the power-conversion efficiency, 𝜂,
and the fill factor (FF) as a function of the rubrene ratio. The
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Figure 1: Schematic diagram showing the operation of a PVOLED with a half-gap junction structure: (a) electricity-generation mode and
(b) light-emission mode.
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Figure 2: Schematic diagram showing (a) the energy bands of the junction materials and (b) the stacked structure of the devices.
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Figure 3: Chemical structure of (a) rubrene, (b) DBP, (c) NPB, and (d) BPhen.
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Figure 4: (a) Luminance as a function of current density and (b) normalized emission spectra for various rubrene ratios of the EL-EDL.
Legends in the figures show the rubrene percent ratios.
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Figure 5: (a) Current density as a function of bias voltage for various rubrene ratios and (b) power-conversion efficiency and fill factor as a
function of the rubrene ratio. Legends in (a) show the rubrene percent ratios.

value of 𝜂 decreased as the rubrene ratio increased from0% to
50% and then increased again as the rubrene ratio increased
above 50%, and finally saturated when the rubrene ratio was
above 95%.The FF showed a similar behavior to that of 𝜂; the
FF increased as the composition of EL-EDL approached that
of pure DBP or pure rubrene. The dependence of the FF on
the composition ratiomay be related to a conductivity change
of the EL-EDL according to the composition ratio.

4. Conclusion

We successfully fabricated PVOLEDs employing a rubr-
ene : DBP EL-EDL/C

60
EAL junction structure, which could

operate as either an OLED or an OSC, depending on the bias
conditions. The dependence of the operating characteristics
of the PVOLEDs on the rubrene : DBP ratio was investigated
using stacked ITO/NPB/rubrene : DBP/C

60
/BPhen/LiF/Al

diode structures. When operating in light-emission mode,
as the rubrene ratio increased, the emission spectra became
blue-shifted and the light-emission efficiency increased.
The highest light-emission efficiency was archived with a
95% rubrene : 5% DBP EL-EDL. This optimum efficiency
could be explained by a doping effect of DBP. The doping
effect and aggregate formation of DBP could explain the
overall dependence of the light-emission behavior on the
rubrene : DBP ratio.

When operating in photovoltaic mode, 𝐼SC increased as
the rubrene ratio increased up to 50% and then saturated, and
𝑉OC remained almost unchanged. 𝜂 and FF showed a similar

dependence on the rubrene ratio, and, as the composition
of EL-EDL approached that of the pure materials, 𝜂 and FF
increased. Changes in exciton diffusion length and conduc-
tivity according to the composition of EL-EDL could explain
these phenomena. However, additional works are required to
confirm the explanation.

The emission color could be controlled by varying the
rubrene ratio. The emission efficiency of the 95% rubrene
devices was higher than that of pure rubrene or pure DBP
EL-EDL devices. A power-conversion efficiency of approxi-
mately 3% and a FF greater than 50%were obtained.Thework
described here is expected to be useful in developing meth-
ods to control the light-emission and electricity-generation
properties of PVOLEDs.
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