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Realization of Polymeric Optical Integrated Devices
Utilizing Organic Light-Emitting Diodes and
Photodetectors Fabricated on a Polymeric Waveguide

Yutaka Ohmori, Senior Member, IEEE, Hirotake Kajii, Masamitsu Kaneko, Katsumi Yoshino, Fellow, IEEE,
Masanori Ozaki, Akihiko Fujii, Makoto Hikita, Hisataka Takenaka, and Takayuki Taneda

Abstract—Direct fabrication of organic light-emitting diodes
(OLEDs) and organic photodetectors (OPDs) on polymeric
substrates, i.e., polymeric waveguide substrates to form flexile
optical integrated devices is demonstrated. The OELD and OPD
were fabricated by organic molecular beam deposition (OMBD)
technique on a polymeric or a glass substrate, for comparison. The
device fabricated on a polymeric substrate shows similar device
characteristics to that on a glass substrate. Optical signals of
faster than 100 MHz have been created by applying pulsed voltage
directly to the OLED utilizing diamine derivative, or rubrene or
porphine doped in 8-hydoxyquinolinum aluminum derivatives, as
an emissive layer. Electrical signals are successively converted to
optical signals for optical transmission of moving picture signals
with OLED fabricated on a polymeric waveguide. OPDs utilizing
phthalocyanines derivatives with superlattice structure provide
increased pulse response with input optical signals, and the OPD
with the cutoff frequency of more than 5 MHz has been realized.

Index Terms—Optical integrated circuits, organic light-emitting
device, organic photodetectors, polymeric waveguide.

1. INTRODUCTION

RGANIC light-emitting diodes (OLEDs) [1] utilizing

fluorescent dye or conducting polymer have attracted
great interest because they have advantages for thin-film
flat-panel display. An additional advantage is that they are
simple for fabrication on various kinds of substrates, including
polymeric substrates. Metal phthalocyanines are well-known
materials which show good stability, photo activity, and with
high mobility. Among them, fluorinated phthalocyanine shows
high-electron mobility and will be suitable for photo-absorption
and carrier generation layers of organic photodetectors (OPD)
with combination with metal phthalocyanines. Forrest et al.
reported high-speed OPD utilizing organic materials [2]. On the
other hand, polymeric waveguide devices have attracted great
attention with regard to their use for optical interconnection
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with high-speed transmission and flexible optical circuits. The
combination of polymeric waveguide [3], OLED, and OPD
will realize a flexible optical integrated devices [4], [5].

In this paper, we discuss the characteristics of OLEDs fabri-
cated on polymeric substrates, i.e., polymeric waveguides and
their application for optical transmission experiments. We also
discuss photo response of OPDs, which consist of multilayered
phthalocyanine derivatives and/or organic dye thin films.

II. EXPERIMENTAL

OLED with various emissive materials including red, yellow,
green, and blue light emission have been investigated. The or-
ganic layers for OLEDs and OPD were vacuum deposited by
organic molecular beam deposition (OMBD) at a background
pressure of 10™°Pa. For substrates used for the experiments
polymeric substrates were used, however, glass substrates were
also used as comparison. Polymeric waveguides were used as
substrates, however, polyimide films were also employed as
polymeric substrates, because they have high-thermal stability,
high-optical transparency, and they are one of promising candi-
dates for optical devices such as polymeric optical waveguide
devices.

The output light from the OLED was introduced perpendic-
ular to the substrate, using 45° cut mirror. That is, one of the
edges of the polymeric waveguide was cut in 45°, which serves
as a mirror, in order to introduce the optical output from the
OLED to the waveguide. For a polymeric waveguide [3], deuter-
ated-polymethylmethacrylate (d-PMMA) and ultraviolet (UV)-
cured epoxy resin for core and the cladding of the polymeric
waveguide, respectively, were used. The polymeric waveguide
has a square core size of 70 pym. A graded-index multimode
silica optical fiber with the core size of 200 um and the length
of 100 m was used for transmission experiments.

Schematic of polymeric optical integrated device fabricated
on a polymeric waveguide is shown in Fig. 1. Here, OLEDs are
used as electrooptic conversion devices and OPDs are used as
opto-electric conversion devices. Polymeric waveguide is con-
nected with an optical fiber with optical connectors. Electrical
video or audio signals are converted with organic electrolumi-
nescence (EL) device to optical signal, and are transmitted to op-
tical fiber through polymeric waveguide. And then, the optical
signals are received to OPDs through the polymeric waveguide.
The converted output signals of photodetectors are displayed on
terminals such as displays, facsimiles, or phones.

1077-260X/04$20.00 © 2004 IEEE
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Fig. 1. Schematic of a polymeric optical integrated device.

The application of the proposed polymeric integrated devices
will be used for local area network (LAN) for home use or for
short-distance interconnections. For the use of the polymeric
waveguide and organic devices, i.e., OLED and OPD, the
transmission speed will be in the range of several hundreds
megahertz.

In Fig. 2, schematic of the OLED and OPD are shown.
A typical OLED, which is shown in Fig. 2(a), con-
sists of indium-tin-oxide coated polymeric substrate with
buffer layers with thin layers of silicone oxide and sil-
icone nitride multilayers, hole transporting layer of 4,
4'-bis[N-(1-napthyl)-N-phenyl-amino]-biphenyl (a-NPD),
emissive layer (doped type or undoped type), electron trans-
porting layer of 8-hydroxquinoline aluminum (Alg,), termi-
nated with cathode of silver-containing magnesium (Mg:Ag).
As a dopant of the emissive layer, 5,6,11,12-tetraphenyl-naph-
thacene (rubrene) or 5,10,15,20 tetraphenyl-21H,23H-porphine
(TPP) molecule was doped in Alq,, respectively. In order to
reduce the straight capacitance of the diode, the active size of
the device were employed as small as 0.01 mm? and others.
After deposition of the organic layers and the metal electrode,
the OLEDs are sealed in an inert gas (Ar gas).

The OPDs were fabricated by OMBD technique similar
to the OLED, whose typical device structure is shown in
Fig. 2(b). The device consists of ITO transparent anode,
photo absorbing, and carrier generation layers of alternating
TiOPc and F14 MPc (M =Cu or Zn) layers or TiOPc and N,
N’-bis(2,5-di-tert-  butylphenyl)-3,4,9,10-perylenedicarbox-
imimide (BPPC) layers, and a contact layer to the cathode of
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP).

As photo-absorbing layers in the OPD, superlattice structure
of alternate layers of TiOPc and fluorinated phthalocyanine
(Fi6MPc, M =Zn or Cu), or TiOPc and BPPC were em-
ployed, and a number of the periods were chosen from a
single heterostructure to ten periods of alternate layers. The
total layer thickness with the superlattice structure for the
photo-absorption layer was kept at the same value as 40 nm.
The 20-nm-thick BCP layer inserted between the cathode and
photo-absorption layers serves as a carrier blocking layer,
and also prevents the photo-absorbing layer from the damage
during metal deposition. After deposition of organic and metal
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Fig. 2. Typical device structures. (a) OLED. (b) OPD.

electrode, the device was sealed in an inert Ar gas, similar to
the OLED. The organic materials are shown in Fig. 3 together
with those for OLED. The measurement of photo response has
been performed with and without applied reverse bias to the
organic photodetectors under an illumination of pulsed light
of red LED (wavelength: 640 nm, output power: —6 dBm)
through polymer optical fiber with 1 mm in core diameter.
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TABLE 1

SUMMARY OF EMISSION CHARACTERISTICS OF VARIOUS KINDS OF OLEDS
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Materials a-NPD Alg, Rubrene TPP

Emission 655nm
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Fig. 3. Typical EL spectra of NPD, Alq3, rubrene, and porphine as emissive
materials.

III. RESULTS AND DISCUSSIONS FOR OLEDS

Some of the emission spectra of organic EL diodes are sum-
marized in Fig. 3. The emission intensities are normalized as
a unity. There are two types of organic materials for OLED;
one for undoped type such as a-NPD and Alq;, and the other is
for doped type such as rubrene and porphine derivative (TPP),
which are doped in a carrier transporting materials.

In case of a device in which a-NPD as an emissive layer,
the device consists an ITO-coated glass substrate, 60-nm-thick
«-NPD as a hole transporting and emissive layer, 5-nm-thick
4,4’ -bis(carbazol-9-yl)-biphenyl (CBP), 10-nm-thick 2’,9-
dimethy-4,7-diphenyl-1,10-phenanthroline (BCP) as hole-
blocking layers, and 15-nm-thick (Alqs) as an electron trans-
porting layer, terminated with a silver containing magnesium
(Mg:Ag) cathode. The device emits clear blue emission cen-
tered at about 435 nm, and the turn-on voltage of the device
is about 3 V. The emission intensity reaches to 8 mW/cm? at
an injection current density of 1 A/cm?, and to 25 mW/cm?
at 5 A/cm?2. It finally reaches to a maximum intensity of
40 mW/cm?. The clear light pulses were created by direct
modulation of the OLED with an active area of 0.01 mm? under
the applied pulse of 100 MHz.

Second device is made with Alq; as an emissive material.
The device consists an ITO-coated glass substrate, 50-nm-thick
a-NPD as a hole transporting layer, 50-nm-thick Alq,; as an
emissive and electron transporting layer, terminated with a
silver containing magnesium (Mg:Ag) cathode. The device
emits clear green emission centered at about 520 nm. The
emission reaches to 30 mW/cm? with an applied voltage of
10 V and at an injection current density of 6 A/cm?. However,
the modulation characteristics are rather poor compared with

a-NPD device, and its high-frequency modulation limited to
60 MHz. It is difficult to obtain optical pulses of more than
60 MHz using the green emitting Alq, as an emissive material,
because the fluorescence lifetime of Alg, is more than 10 ns.

The third device consists of rubrene doped in Alqs layer as
an emissive layer. In Fig. 3, shown is the emission spectra of
OLED with 9.1 vol % of rubrene doped in Alq, layer. The de-
vice consists of 50-nm-thick a-NPD as a hole transporting layer,
30-nm-thick rubrene doped in Alg; as an emissive layer and
10-nm-thick Alqs as an electron transporting layer, terminated
with a Mg:Ag cathode. The device emits clear yellow emission
centered at about 560 nm. The emission reaches to 30 mW/cm?
at a current density of 5 A/cm?. The modulation characteristics
will be discussed in later paragraph.

The emission spectrum of red light-emitting device is also
shown in Fig. 3. The device consists of 50-nm-thick a-NPD as
a hole transporting layer, 30-nm-thick TPP doped in Algs as an
emissive layer, 10-nm-thick BCP layer as a hole blocking layer,
a 10-nm-thick Alq, layer as an electron transporting layer, and
terminated with a Mg:Ag cathode. The mole fraction of TPP is
only 1%, and it is sufficient for emitting red light. The emission
spectra have two peaks centered at 650 nm and 720 nm. The
modulation frequency reaches at 100 MHz as is similar to the
device with «-NPD as an emissive layer. However, the emission
intensity is rather poor compared with other materials due to the
poor emission efficiency, and the maximum emission intensity
is 3 mW/cm? at a current density of 5 A/cm?. The emission
characteristics of OLEDs are summarized in Table I with the
pulse modulation characteristics.

In Fig. 4, emission characteristics are compared as a func-
tion of injection current for the OLED with 50-nm-thick Alq,
as an emissive layer and 50-nm-thick a-NPD as a hole trans-
port layer fabricated on a glass and polyimide substrate. The
device emits clear green emission centered at about 520 nm. As
shown in Fig. 5, the emission reaches 50 000 cd/m?, at an ap-
plied voltage of 10 V and the current density of 5 A/cm?. The
emission intensity is equivalent to about 30 mW/cm?. The emis-
sion characteristics of the OLED fabricated on a polymeric sub-
strate shows similar characteristics to that on a glass substrate,
however, the emission efficiency is rather high in the device with
polymeric substrate. The emission reaches 50 000 cd/m?2, at an
applied voltage of 10 V and the current density of 6 A/cm?. The
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difference will come from the difference of the thickness and
the refractive index of the substrates. The external emission in-
tensity will depends upon them.

The modulation characteristics are shown compared with
the device with Alg, and rubrene doped in Alq, as an emissive
layer, which is shown in Fig. 5. The modulation characteristics
of Alqg, device is rather poor compared with that of rubrene
doped device. Although the modulation characteristics at
50 MHz is shown in Fig. 5(a), the high-frequency modulation
limit of the Alq, device is 60 MHz. It will be due the fluo-
rescence lifetime of Alqs, which is more than 10 ns [6], [7].
As is shown in Fig. 5(b), the OLED with rubrene doped in
Alq, layer shows 100 MHz modulation by applying 9 V pulse
voltage to the OLED, and the modulation ratio of output light
is about 30%. In order to enhance the response of the OLED,
it is effective to apply bias voltage to the OLED in addition to
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the pulsed voltage. The response of more than 100 MHz was
obtained by applying lower pulsed voltage with a bias voltage.
The bias voltage is selected as equivalent to the turn-on voltage
of the OLED.

The OLED is fabricated directly on a polymeric waveguide,
which is shown Fig. 6. Both sides of the polymeric waveguide
are covered with thin film of silicone oxide (Si;O3) and silicone
nitride (SizN4) to prevent oxide and humid gases to penetrate
into organic layers. Multilayer of Si»O3 and Si3Ny is effective
to stick indium-tin-oxide electrode to the polymeric waveguide
substrate and to prevent the harmful gas to penetrate into the
organic layers. In order to improve the reflection at the 45° cut
mirror, gold metal is deposited. The output light from the OLED
(active area: 100 pm in square) through the transparent anode is
reflected at the 45° cut, and is led to the core of the waveguide.
The ITO anode was fabricated by using a mirrortron-type sput-
tering system (Thin-Film Process Soft Inc., Japan). Using the
sputtering system, we can obtain high-quality ITO film without
annealing process of the deposited film. The ITO film has a re-
sistivity in the order of the 4 x 10™* Qcm. The polymeric wave-
guide (core size: 70 pm in square) is connected to the polymeric
optical fiber (core size: 62.5 um in diameter), and the output
light from the fiber is led to the photo detectors. The OLED
is consisted of an ITO-coated polymeric waveguide substrate,
50-nm-thick a-NPD as a hole transporting layer, 30-nm-thick
dimethyl boryl anthracene derivative [8] as an emissive layer,
20-nm-thick 2,5-bis (2/, 2" - bipyridin—6-yl)-1,1-dimethyl-3,4-
diphenyl silacyclopentadiene (PyPySPyPy) [9]-[12] as an elec-
tron transporting layer, terminated with a bilayer cathode of LiF
and aluminum.

In Fig. 7(a), the emission spectrum of rubrene doped OLED
is shown for a device fabricated on a glass substrate and that fab-
ricated on a polymeric waveguide. The emission spectrum from
the OLED fabricated on a glass substrate is denoted as “glass,”
and that from the device fabricated on a polymeric waveguide
and after transmission of the polymeric waveguide is denoted
as “waveguide.” The device size of the yellow light-emitting
LED was 0.016 mm?. In Fig. 7(b), the typical modulation sig-
nals from the OLED fabricated on a polymeric waveguide as a
substrate. The optical pulse was created by applying a 6 V pulse
with a 50 MHz repetition. The response shows that we can ob-
tain more than 50 MHz light pulse with the OLED fabricated on
a polymeric waveguide for optical interconnection applications.

The proposed polymeric integrated devices can also be
applicable to electrooptical conversion devices for transmitting
high modulation signals in data communication systems of
local-area networks (LANSs), such as home networks and car
LAN. Using the yellow light-emitting OLED with an active
size of 0.015 mm? fabricated on the polymeric waveguide
for generating optical pulses as electrooptical conversion
processing, optical transmission experiments were demon-
strated as shown in Fig. 8(a). The video and audio signals are
converted to NTSC signals, and the signals are modulated by
pulse frequency modulation (PFM), in which the pulse width
is kept constant and the pulse generation cycle is modulated,
to ensure error-free transmission. The baseband frequency
of PFM signals is kept at 20 MHz. The transmission signals
have a bandwidth of the video and audio signals from 50 Hz
to 4.2 MHz, and 60 Hz to 10 kHz, respectively. Typical PFM
signals have a carrier wave of 20+5 MHz as shown in Fig. 8(b).
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The PFM converted voltage signals are applied to the OLED.
In this case, the OLED was driven by applying a low dc

bias of 2.4 V. The optical signals emitting from the OLED
are transmitted through polymeric waveguide with a 45° cut
mirror, and through the standard multimode optical fiber with
core size of 200 pm and the length of 100 m. After transmission
of 100 m, the clear transmitted signals are obtained as shown in
Fig. 8(b). As is shown in Fig. 8(c), the clear NTSC signals are
reproduced using the optical transmission system of OLED.
We can obtain clear moving picture after transmission over
100 m using the optical transmission system with he OLED.
These results show that this optical integrated device, on which
OLED was mounted on a polymeric waveguide, can be used as
electrooptical conversion devices for optical link.

IV. RESULTS AND DISCUSSIONS FOR OPDs

TiOPc shows the absorption band region of 950-550 nm with
the peak wavelength at 729 nm and have a shoulder at 652 nm,
and for Fi6ZnPc there are the absorption band of 900-500 nm
with the peaks at 645 and 810 nm. These results show that these
materials have good photo sensitivity to the red LED (640 nm)
used for this experiment.

In Fig. 9(a), the comparison of photo response of the OPD
with five periods of multilayered TiOPc/F;¢ZnPc devices (in-
dividual layer thickness, d = 4 nm) is shown. The device con-
sisted ITO anode, five periods of multilayered TiOPc/F1¢ZnPc
as carrier generation and recombination layers, BCP as contact
layer to anode and silver anode. Shown in curve (a), in Fig. 9(a),
the device shows the good rectifying characteristics under dark
conditions. On the other hand, under red light illumination from
the LED, the device shows good photo response in the reverse
bias region, as is shown in curve (b), in Fig. 9(a).

Photo-response output signals of OPDs are shown in Fig. 9(b)
for five periods (individual layer thickness, d = 4 nm) of multi-
layered TiOPc/F16ZnPc devices. The device is measured under
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different reverse bias voltages, no bias voltage for curve (a),
—2 V applied field for curve (b), and —5 V applied field for
curve (c). It was found that the device has response to the light
pulse at a few kilohertz of frequency without applying reverse
bias voltage. The cutoff frequency of the multilayered metal-ph-
thalocyanine hetero-junction device reached to the limit at about
6 kHz without the external reverse field. The magnitude of cur-
rent density was increased with the increase of applying reverse
bias voltage, and it reaches to 100 KHz with reverse voltage of
2 V, and then it reaches to 1 MHz of cutoff frequency under
reverse bias voltage of 5 V. The reason why the reverse bias
application enhances the high-frequency photo-response will
be due to the dissociation of photo-generated excitons [13] in
each interface in the multilayer structure of metal-phthalocya-
nine thin films, and are accelerated by applying reverse bias in
the device structure. Furthermore, increased applied reverse bias
decreases the dielectric relaxation time due to the decrease of
stray capacitance in the multilayered structure. Also, the elec-
tric constant of the multilayered materials are field-dependent.
These results enhance the photo response of the OPD in the
high-electric field in the reverse bias field.

In Fig. 9(c), the photo response of multilayered OPD with dif-
ferent number of layers is shown, in which the photo absorption
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layer is kept at a constant thickness of 40 nm. The output inten-
sity is shown in the modulation depth of the output signals in the
OPD. Among them, ten periods of multilayered TiOPc/F;¢ZnPc
device [curve (c) in Fig. 9(c)] shows the remarkable increase in
cutoff frequency up to more than 1 MHz. The incident photon
reached to the photo-absorption layers of TiOPc and F;¢ZnPc
and the photo-generated excitons are effectively dissociated to
free electrons and holes by external field applied, and then re-
combine in the thin-film multilayer resulting into photocurrent
in the external circuits. Furthermore, the acceleration of photo-
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Fig. 10. Photo-response of OPD with TiOPc/F16CuPc under reverse bias
conditions.

generated carriers in the thin layers by applying reverse bias
voltage improves the cutoff frequency of the thin multilayered
device. These results show that the cutoff frequency remarkably
increases with decreasing the layer thickness under the same
total layers thickness. The results will be due to fast dissocia-
tion and recombination of photo-generated carriers in thin layers
with decreasing the layer thickness and increasing the numbers
of interfaces of the organic layers.

In case of fluorinated cupper phthalocyanine as an n-type
carrier generating layer, the frequency dependence of the output
intensity is shown in Fig. 10. The device has a 4 kHz cutoff
frequency under no bias field, which is shown in curve (a), in
Fig. 10. On the other hand, as is shown curve (b) in Fig. 10,
the cutoff frequency is improved to 1 MHz utilizing ten periods
of multilayered TiOPc/F;5CuPc device under reverse bias of
2 V. Application of reverse bias improves the photo response
by about two orders of magnitude.

In order to improve the device characteristics of the OPD,
fluorinated phthalocyanine is replaced by electron conductive
BPPC layers. In Fig. 11(a) and (b), photo response of the
OPD with five periods of TiOPc and BPPC layers are shown
for pulsed light input of 100 KHz and 1 MHz with reverse
bias at 4 V, respectively. The device consisted of ITO anode,
multilayer of TiOPc, and BPPC layers, where the total layer
thickness was kept as 40 nm, BCP contact layer to anode, and
silver anode. As is shown in Fig. 11, the OPD have good photo
response under reverse bias conditions both for 100 KHz and
1 MHZ input light. In Fig. 11(c), output intensity of the OPD
with five periods of TiOPc and BPPC multilayers is shown.
Increasing the reverse bias condition, the photo response is
increased as is the same as for the device with TiOPc and
fluorinated phthalocyanine multilayers. The cutoff frequency
for the device with TiOPc and BPPC multilayer increased to
5 MHz at the reverse bias condition. The reason why the device
shows high performance will be due to the small leakage
current. The interface between TiOPc and BPPC layers will
be increased and the good quality of p-n junction was created
utilizing the stack layers of TiOPc and BPPC layers.

In Fig. 12, the energy band diagram of the materials
which consist of OPD is shown, where the energy levels of
phthalocyanines are take from a literature [14]. The photo-
generated carriers in TiOPc/F16ZnPc or TiOPc/BPPC layers
are transferred and accelerated by the bias field and recombine
with each other. In case of TiOPc/BPPC layers, the HOMO
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Fig. 11.  Photo-response of OPD with TiOPc/BPPC. (a) 100 KHz optical pulse.
(b) 1 MHz optical pulse. (c) Dependence of applied reverse voltage.

levels of TiOPc and BPPC layers are nearly the same, whereas
in case of TiOPc/FigZnPc layers, that of FigZnPc layer
is lower than those of TiOPc and BPPC layers. In case of
photo-generated carriers in TiOPc/BPPC layers, only holes
are confined in the HOMO level of TiOPc layers, whereas
in the case of TiOPc/F;¢ZnPc layers, holes and electrons are
separately confined in the different layers. Namely, electrons
and holes are strongly confined in the Fi6ZnPc and TiOPc
layers, respectively. As a result, leakage current decreases in
the TiOPc/BPPC layers. The reason why the TiOPc/BPPC
layer system decreases the leakage current is not clear at this
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Fig. 12.  Schematic of energy levels of materials used in the OPD.

stage of the experiment, however, the difference in conduction
type or difference in the molecular system may result in the
decrease in the leakage current.

V. SUMMARY

In summary, an OLED was fabricated on polymeric substrate,
i.e., on polymeric waveguide as a substrate. The OLED with
rubrene doped in Alq, as an emissive layer emits more than
70000 cd/m?. As far as modulation frequency, the OLEDs with
rubrene doped in Alq, and TPP doped in Alq; show more than
100 MHz with direct modulation of voltage pulse. However, in
case of the OLED with Alq, as an emissive layer, the modula-
tion frequency limited to 60 MHz due to the fluorescence life-
time of the material. We found that the fluorescence lifetime of
the emissive material is one of the determinant factors for the
modulation speed of OLED. The clear moving picture can be
obtained through a polymeric waveguide and an optical fiber uti-
lizing OLED as an electrooptical conversion device. We demon-
strate that an OLED fabricated on a polymeric waveguide can
be applicable as an electrooptical conversion device for short
range optical communication. Using OLED as an electrooptical
conversion device, we demonstrated a transmission of moving
pictures as the initial step in fabricating flexible electrooptic de-
vices. The OLED fabricated on a polymeric waveguide as sub-
strate can be successfully used as a light source of electrooptic
conversion device.

The pulse response of photodetectors, which consists of mul-
tilayered phthalocyanines with TiOPc and fluorinated phthalo-
cyanine and perylene derivative (BPPC), has been discussed. As
a result, reducing the individual layer thickness and applying
a high voltage to the device improve the cutoff frequency of
OPD, and the cutoff frequency of the device with five periods of
4-nm-thick multilayered TiOPc/BPPC hetero-structure shows
more than 5 MHz at an applied bias of 4 V.
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