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Description

Title of Invention: ELEMENT, METHOD FOR PRODUCING
SAME AND ORGANIC SEMICONDUCTOR LASER DIODE

[0001]

[0002]

10003 ]

10004}

Technical Field

The present invention relates to an element having a substrate and at least two
different optoelectronic devices, wherein the at least two ditferent optoelectronic
devices are monolithically fabricated on the substrate. The present invention also
relates to a method for producing the element and an organic semiconductor laser
diode having a substrate, an insulating grating, a first electrode, an organic layer and a

second electrode 1n this order.

Background Art

In conventional inorganic electronics, devices with different functions require
different crystalline semiconducting materials and different manufacturing processes.
For example, 1n order to assemble different devices (light emitting diode, laser diode,
transistor, etc...) on the same substrate, different crystalline inorganic materials have
to be grown on the same substrate. Growing ditferent crystalline materials on the same
substrate 1s challenging since they possess different lattice parameters. These 1ssue
limits the use of versatile substrate and the integration density in a chip and increases
the manufacturing cost.

In addition, the technology of RGB laser didoes using conventional inorganic light
emitting semiconductors suffers from a critical 1ssue in miniaturization and mass
production. In fact, the gain materials for the red, green and blue laser diodes are GaN,
GalnN and AlGalnP, respectively. These crystalline semiconductors do not possess the
same lattice parameters. Thus, 1t 1s very challenging to growth the three different laser
diodes on the same substrate. These 1ssue limits also the use of versatile substrates
such as glass, plastics and papers. Moreover, the assembly of conventional RGB laser
diodes to make compact systems 1s limited by the use of connectors and different
driving conditions which limits drastically the integration density in a chip and in mi-
crodisplays requiring high resolution. For example, the integration of both AlGalnP-
based and InGaN-based LDs onto one substrate 1s realized using adhesive bonding and
a chemical wet etching process to monolithically integrate two materials with different
bandgap energies for green and red light emission. In order to tend toward an ultimate
miniaturization of chips, it 1s crucial to assemble optoelectronic devices monolithically
using common fabrication process.

On the other hand, a current-injection semiconductor laser diode using organic

material has been recently demonstrated. PTL 1 discloses a current-injection organic
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10006]

semiconductor laser diode having a pair of electrodes, an optical resonator structure,
and one or more organic layers including a light amplification layer composed of an
organic semiconductor, which has a sufficient overlap between the distribution of
exciton density and the electric field intensity distribution of the resonant optical mode

during current injection to emit laser light.

Citation List

Patent Literature
PTL 1: WO2018/147470

Summary of Invention

In light of these circumstances, the present inventors have conducted assiduous
studies with the aim of providing an element provided with at least two different opto-
electronic devices that solves the above-mentioned problems caused by the use of
inorganic semiconductor materials. As a result of assiduous studies, the present
inventors have made the following inventions:

(1) An element comprising a substrate and at least two different optoelectronic
devices, wherein the at least two different optoelectronic devices are monolithically
fabricated on the substrate.

(2) The element according to (1), wherein the at least two different optoelectronic
devices are at least two optically pumped organic solid-state lasers emitting at different
wavelengths.

(3) The element according to (1), wherein the at least two different optoelectronic
devices are at least two organic semiconductor laser diodes emitting at different
wavelengths.

(4) The element according to (1), wherein the at least two different optoelectronic
devices are an organic solid-state laser, and an organic light emitting diode.

(5) The element according to (1), wherein the at least two different optoelectronic
devices comprise an organic solid-state laser diode comprising a substrate, an 1n-
sulating grating, a first electrode, an organic layer and a second electrode 1n this order.

(6) The element according to any one of (1) to (5), wherein the at least two ditferent
optoelectronic devices comprise an organic solid-state laser diode and the element
emits from the bottom thereof.

(7) The element according to any one of (1) to (5), wherein the at least two different
optoelectronic devices comprise an organic solid-state laser diode and the element
emits from the top thereof.

(8) An organic semiconductor laser diode comprising a substrate, an insulating
grating, a first electrode, an organic layer and a second electrode in this order.

(9) A method for producing an element comprising a substrate and at least two
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different optoelectronic devices, which comprises fabricating the at least two different
optoelectronic devices on the substrate monolithically.

(10) The method according to (9), wherein the element comprises a substrate and at
least two different optoelectronic devices, wherein the at least two different opto-
electronic devices comprise an organic solid-state laser diode and the method
comprises forming an insulating grating on the substrate and then forming organic

layers for the at least two different optoelectronic devices.
Brief Description of Drawings
[fig.1]Fig. 1 shows a monolithically integrated RGB organic solid-state laser under

optical pumping according to the present invention.

[f1g.2]F1g. 2 shows a monolithically integrated optically pumped organic solid-state
laser, OLED and organic photodetector.

[f1g.3]Fig. 3 shows a schematic of a) OSLD used in WO 2018/147470 Al and b) new
design OSLD of the invention.

[11g.4]F1g. 4 shows electric field distribution of the DFB resonant cavity at the resonant
wavelength of a) OSLD1, b) OSLD2, ¢) OSLD3 and d) OSLDA4.

[f1g.5]F1g. 5 shows a schematic of monolithically integrated RGB organic semi-
conductor laser diode.

[11g.6-1]|Fig. 6-1 shows schematic of monolithically integrated organic semiconductor
laser diode, organic light emitting diode and organic photodetector, a) top-
emitting-detecting configuration and b) bottom-emitting-detecting configuration with
grating on top of the ITO electrode.

[11g.6-2|Fig. 6-2 shows schematic of monolithically integrated organic semiconductor
laser diode, organic light emitting diode and organic photodetector, ¢) top-
emitting-detecting configuration and d) bottom-emitting-detecting configuration with
grating beneath the I'TO electrode.

[f1g.7]F1g. 7 shows laser spectra of red, green and blue organic solid-state lasers mono-
lithically integrated.

[11g.8]F1g. 8 shows a) laser spectra of blue organic solid state laser, b) current-voltage
curve for the OLED, ¢) external quantum efficiency (EQE)-current curve for the
OLED, d) electroluminescence spectra of the OLED.

Detailed Description of Invention

The contents of the invention will be described 1n detail below. The constitutional
clements may be described below with reference to representative embodiments and
specific examples of the invention, but the invention 1s not limited to the embodiments
and the examples. In the description herein, a numerical range expressed as "to" means

a range that includes the upper limit and/or the lower limit.
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The element of the invention has a substrate and at least two different optoelectronic
devices. The at least two different optoelectronic devices are monolithically fabricated
on the substrate. Optoelectronic devices have the function to convert electricity to light
or light to electricity. Examples of optoelectronic devices include optically pumped
organic solid-state lasers (OSL), organic semiconductor laser diodes (OSLD), organic
light emitting diodes (OLED), organic photodetectors and organic solar cells. At least
two optoelectronic devices in the element of the invention differ from each other but
they may belong to the same type of optoelectronic device. In some embodiments of
the invention, the at least two optoelectronic devices are at least two optically pumped
organic solid-state lasers emitting at different wavelengths. In some embodiments of
the invention, the at least two optoelectronic devices are at least two organic semi-
conductor laser diodes emitting at different wavelengths. In some embodiments of the
invention, the at least two optoelectronic devices are an organic solid-state laser, and
an organic light emitting diode. As long as the element of the invention has at least two
optoelectronic devices different from each other, the element may have at least one ad-
ditional optoelectronic device which is the same as any of the at least two opto-
electronic devices. The element of the invention may also have organic photodetectors,
organic field effect transistors, organic thermo-generators, etc.

At least two ditferent optoelectronic devices are monolithically fabricated on a
substrate. In some embodiments of the invention, at least two different optoelectronic
devices are monolithically fabricated on a single substrate. In some embodiments of
the invention, the at least two different optoelectronic devices are encapsulated
together. In some embodiments of the invention, the at least two different opto-
electronic devices have at least one common organic layer of the same composition.
The common organic layer in each device may be the same thickness. In some em-
bodiments of the invention, the number of the common organic layers may be at least
2, at least 3 or at least 4. In some embodiments, the at least two different optoelectronic
devices are less than 1 mm apart from each other. They may be less than 10 mi-
crometers, less than 1 micrometers or less than 100 nanometers.

The invention includes the following four aspects.

(1) FIRST ASPECT OF INVENTION

(Background)

The use of RGB lasers in displays 1s very attractive alternative to conventional tech-
nologies such as light emitting diodes (LED) and organic light emitting diodes
(OLED). Laser sources offer high color purity thanks to the extremely narrow spectral
line width (~0.2 nm), high brightness and high power efficiency that contribute to
downsizing display systems.

The technology of RGB laser didoes using conventional mnorganic light emitting
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semiconductors suffers from a critical 1ssue 1n miniaturization and mass production. In
fact, the gain materials for the red, green and blue laser diodes are GaN, GalnN and
AlGalnP, respectively. These crystalline semiconductors do not possess the same
lattice parameters. Thus, it 1s very challenging to growth the three different laser
diodes on the same substrate. These 1ssue limits also the use of versatile substrates
such as glass, plastics and papers. Moreover, the assembly of conventional RGB laser
diodes to make compact systems 1s limited by the use of connectors and different
driving conditions which limits drastically the integration density in a chip and in mi-
crodisplays requiring high resolution. For example, the integration of both AlGalnP-
based and InGaN-based LDs onto one substrate 1s realized using adhesive bonding and
a chemical wet etching process to monolithically integrate two materials with different
bandgap energies for green and red light emission. In order to tend toward an ultimate
miniaturization of chips, it 1s crucial to assemble optoelectronic devices monolithically
using common fabrication process.

[0013]  (Invention)

The use of organic semiconductors can solve the 1ssues inherent to inorganic semi-
conductors. In fact, the use of organic semiconductors allows the fabrication of dense
monolithic circuits on a large variety of substrate such as glass, plastics and even
papers. This interesting feature comes from the fact that organic semiconductors are
amorphous and do not need to be crystalline. Moreover, organic semiconductors can be
deposited using various simple techniques suitable for mass production such as inkjet
printing and thermal evaporation.

|0014]  The first aspect of the invention provides an element comprising a substrate and at
least two optically pumped organic solid-state lasers (OLS) emitting at different
wavelengths, wherein the at least two organic solid-state lasers are monolithically
fabricated on the substrate.

|0015]  More specifically, monolithic integration of optically pumped RGB OSLs on the
same substrate and using the same fabrication process i1s proposed. Two, three or more
colors (wavelengths) are possible to integrate together. Instead of or in addition to red,
green and blue, other colors can be used.

[0016]  The first aspect of the invention includes the followings:

|Embodiment 1-1] Organic solid-state laser emitting at different wavelengths (for
example, red, green and blue) are fabricated on the same substrate (monolithic in-
tegration).

|Embodiment 1-2] Monolithic integration on flexible substrate and transparent.

|Embodiment 1-3] Fabrication method: solution process (Inkjet, spin coating) and
thermal evaporation.

[0017] In some embodiments of the invention, the OSL structure 1s composed of:
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10021]

10022]

1. Pump source
2. Substrate
3. Grating
4. Gain organic material (semiconductor)
5. Encapsulant

The grating can be 1n the upper side of the organic gain material or in the upper side
of the substrate, in the lower side of the organic gain material. In one embodiment of
the invention, the substrate, the grating and the organic gain material are formed in this
order from the bottom. In one embodiment of the invention, the substrate, the organic
gain material and the grating are formed 1n this order from the bottom. In one em-
bodiment of the invention, the grating 1s in contact with the organic gain material. In
one embodiment of the invention, the grating 1s in contact with the substrate. In one
embodiment, the organic material 1s in contact with the grating that 1s in contact with
the substrate.

The advantage of this invention are:

- increasing the integration density of devices toward an ultimate miniaturized chip
through of the monolithic integration,

- the use of transparent and flexible substrates,

- simple fabrication processes suitable for mass production such as inkjet printing
and thermal evaporation.

- acceleration of the progress toward all-organic electronic platform.

Fig. 1 shows a monolithically integrated RGB organic solid-state laser under optical
pumping according to the present invention.

(Example: Monolithic integration of red, green and blue organic solid-state lasers)

Red, green and blue surface-emitting organic solid-state lasers (Fig. 1) were
fabricated on the same substrate glass and using thermal evaporation process for the
three colors. The OSLs comprise an emitter deposited by thermal evaporation on 27
order distributed feedback grating (DFB) and then encapsulated using cytop and
Sapphire lid. The DFB gratings were directly engraved using electron beam
lithography and reactive 1on etching onto silicon dioxide surfaces. Fig. 7 shows the
laser spectra of red, green and blue organic solid-state lasers monolithically integrated.
The periods for the blue, green and red organic solid-state lasers are A = 270, 310, 380
nm, emitting laser emission at A =470, 511, 601 nm, respectively.

(2) SECOND ASPECT OF INVENTION

(Background)

The miniaturization of electronic components enables smart wearable tiny devices
such as smart watches, medical handheld monitors, head mounted displays, etc. to

perform almost all the function of smartphones. In order to tend toward an ultimate
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miniaturization of chips, it 1s crucial to assemble optoelectronic devices monolithically
using common fabrication process.

In conventional inorganic electronics, devices with ditferent functions require
different crystalline semiconducting materials and different manufacturing processes.
For example, 1n order to assemble different devices (light emitting diode, laser diode,
transistor, etc...) on the same substrate, different crystalline inorganic materials have
to be grown on the same substrate. Growing ditferent crystalline materials on the same
substrate 1s challenging since they possess different lattice parameters. These 1ssue
limits the use of versatile substrate and the integration density in a chip and increases
the manufacturing cost.

The use of innovative materials such as organic semiconductors can solve the 1ssues
inherent to inorganic materials. In fact, the use of organic semiconductors allows the
fabrication of monolithic circuits on a large variety of substrate such as glass, plastics
and even papers. This interesting feature comes from the fact that organic semi-
conductors are amorphous and do not need to be crystalline. Thus, they can be
deposited using various simple techniques such as spin coating, inkjet printing and
thermal evaporation. In addition, the monolithic integration of organic semiconductor
devices 1s very important feature to accelerate the convergence toward all-organic
electronic platform.

Nowadays, many electronic devices can be made with organic materials such as
organic solar cells, organic sensors, organic field effect transistor (OFET), organic
light emitting diode (OLED), organic memories and organic lasers. OLED and organic
optical sensors have been commercialized and are surpassing inorganic device
markets.

The integration of an OSL in all-organic electronic plattorm can add and improve the
device function in applications such as sensing and displays.

(Invention)

The second aspect of the invention provides an element comprising a substrate, an
optically pumped organic solid-state laser, and an organic light emitting diode, wherein
the organic solid-state laser and the organic light emitting diode are monolithically
fabricated on the substrate.

In some embodiments, an OSL, an OLED and an organic photodetector are
fabricated on the same substrate aiming for the demonstration of monolithically 1n-
tegrated optically pumped OSL in all-organic electronic platform.

Monolithic integration of OSL 1n all-organic electronic platform 1s proposed. The all-
organic optoelectronic system can be composed of an optically pumped OSL, an
OLED, an organic solar cell, an optical photodetector, an organic field effect transistor,

an organic memory and an organic thermoelectric generator.
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Fig. 1 depicts an integration of optically pumped OSL, OLED and organic pho-
todetector fabricated in same area. It 1s fabricated on the same substrate in this em-
bodiment. The OLED 1s composed of an emitting organic layer sandwiched between
two transport layers (TL) and two electrodes. The OLED can emit from the top or the
bottom. The OSL 1s composed of a distributed feedback grating (DFB) and gain
organic material. The DFB can be place on the substrate or on the top of the organic
gain material. The photodetector 1s composed of an active organic layer sandwiched
between two transport layers (TL) and two electrodes. The three devices are fabricated
on a common substrate.

The second aspect of the invention includes the followings:

|Embodiment 2-1] An organic solid-state laser, organic light emitting diode and
optical photodetector are monolithically integrated (fabrication on the same substrate).

|Embodiment 2-2] Monolithic integration on flexible substrate and transparent
substrate.

|Embodiment 2-3] This invention covers the combination of:

]

|[Embodiment 2-4] OLED + OSL
|[Embodiment 2-5] OLED + OSL + organic solar cell

|Embodiment 2-6] OLED + OSL + organic photodetector

|Embodiment 2-7] OLED + OSLA+ organic field effect transistor

|Embodiment 2-8] OLED + OSL+ organic thermo-generator

|[Embodiment 2-9] OLED + OSL + organic solar cell + organic photodetector +
organic field etfect transistor + organic thermo-generator

Fig. 2 shows a monolithically integrated OLED, OSL and organic photodetector.

(Example: Monolithic integration of organic laser and OLED)

The devices were prepared by vacuum deposition. First, glass substrates coated with
100-nm-thick patterned I'TO were cleaned by ultrasonication using neutral detergents,
pure water, acetone, and 1sopropanol, successively, followed by UV-ozone treatment.
The S10, was deposited by sputtering using a masque to protect the OLEDs areas. The
DEB grating was fabricated on S10, layer using electron beam lithography and reactive
ion etching on non ITO part. Organic layers, injection layers, and metal electrode
layers were then vacuum-deposited using a masque. The metal masque protects the
DEB grating area (no metal deposition on the DFB grating area). The devices were en-
capsulated 1n a nitrogen-filled glovebox using glass lids and UV-cured epoxy. Figs. &
(a, b, ¢, d) show the laser spectra of blue organic solid-state laser, the current-voltage
curve for the OLED, the external quantum efficiency (EQE)-current curve for the
OLED, and electroluminescence spectra of the OLED, respectively.

(3) THIRD ASPECT OF INVENTION
(Background)
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The use of red, green and blue (RGB) lasers 1n displays 1s very attractive alternative to
conventional technologies such as light emitting diodes (LED) and organic light
emitting diodes (OLED). Laser sources offer high color purity thanks to the extremely
narrow spectral line width (™0.2 nm), high brightness and high power etficiency that
contribute to downsizing display systems.

[0033]  The technology of RGB laser didoes using conventional inorganic light emitting
semiconductors suffers from a critical 1ssue 1n miniaturization and mass production. In
fact, the gain materials for the red, green and blue laser diodes are GaN, GalnN and
AlGalnP, respectively. These crystalline semiconductors do not possess the same
lattice parameters. Thus, it 1s very challenging to growth the three different laser
diodes on the same substrate. These 1ssue limits also the use of versatile substrate such
as glass plastics and papers. Moreover, the assembly of conventional RGB laser diodes
to make compact systems 1s limited by the use of connectors and ditferent driving
conditions which limits drastically the integration density in a chip and in mi-
crodisplays requiring high resolution. For example, the integration of both AlGalnP-
based and InGaN-based LDs onto one substrate 1s realized using adhesive bonding and
a chemical wet etching process to monolithically integrate two materials with different
band gap energies for green and red light emission. In order to tend toward an ultimate
miniaturization of chips, it 1s crucial to assemble optoelectronic devices monolithically
using common fabrication process.

[0034]  (Invention)

The use of organic semiconductors can solve the 1ssues inherent to mnorganic semi-
conductors. In fact, using organic semiconductors allows the tabrication of dense
monolithic circuits on a large variety of substrate such as glass, plastics and even
papers. This interesting feature comes from the fact that organic semiconductors are
amorphous and do not need to be crystalline. Moreover, organic semiconductors can be
deposited using various simple techniques suitable for mass production such as inkjet
printing and thermal evaporation.

[0035]  The third aspect of the invention provides an organic semiconductor laser diode
comprising a substrate, an insulating grating, a first electrode, an organic layer and a
second electrode in this order; and monolithic integration of two or more different
organic semiconductor laser diodes.

[0036]  The third aspect of the invention includes the followings:

|[Embodiment 3-1] Organic semiconductor laser diodes emitting at different
wavelengths (red, green and blue) are fabricated in same area. It 1s fabricated on the
same substrate (monolithic integration) in this embodiment. The distributed feedback
resonator 1s fabricated on top of the substrate, beneath the electrode. The mono-

lithically integrated organic semiconductor laser diodes can emit from the top or from
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[0039]

the bottom.

| Embodiment 3-2] The monolithically integrated organic semiconductor laser diodes
can be flexible.

| Embodiment 3-3] The monolithically integrated organic semiconductor laser diodes
can be transparent.

The third aspect of the invention provides the following two inventive concepts:

<I> New OSLD design with transparent electrode in the upper side of the grating

The first demonstration of OSLD [WO 2018/147470 Al] uses an insulation grating in
the upper side (in this publication, on top) of the ITO electrode. The role of the grating
1s to produce optical feedback. The fabrication of the insulating grating on top of the
electrode 1s complicated since a complete removal of the insulator on top of the
electrode 1s required 1n order to allow the charge injection from the electrode to the
emitting layer as shown in Fig. 3 (a). In the new OSLD design proposed in this
invention, the grating is in the lower side (in this embodiment, on the lower side) of the
electrode as presented 1n Fig. 3 (b). When the electrode 1s on top of the insulating
grating, charge carriers are injected from the whole device area. Thus, excitons can be
generated uniformly inside the device which increases the gain due to the increase ot
the overlap of the excitons density and the optical resonant mode.

Optical simulations have been performed to design the OSLD structure presented 1n
Figs. 4 (a-d). The thicknesses of the I'TO electrode and the organic film, diro and dgym
respectively, are optimized in order to adjust the resonant wavelength A, and to
increase the Q-factor and the confinement factor I'. The results of the optical opti-
mization are presented in Table 1. Figs. 4 show electric field distribution of the DFB
resonant cavity at the resonant wavelength of a) OSLD1, b) OSLD2, ¢) OSLD3 and d)
OSLD4. In OSLD1-4 the DFB grating is fabricated on top of the substrate and beneath
the ITO electrode. In OSLD-ret, the DFB grating is fabricated on top of the 1'TO
electrode (previously patented OSLD W0O2018/147470A1). OSLD1-4 showed all a
higher Q-factor and confinement factor than OSLD-ref. The resonant cavity od OSLD4

showed the best optical performances.
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[Table 1]
Optical and geometrical parameters of the OSLD.

Structure Ao (Nm) Q-factor [" (%) dito (nm) | drpv (nm)

OSLD1

<2> Monolithic integration of two or more different organic semiconductor laser
diodes

As a preferable embodiment, monolithic integration of RGB colors 1s shown 1n Fig.

S. Two, three or more colors (wavelengths) are possible to integrate together. Instead
of or 1in addition to red, green and blue, other colors can be used.

The OSLD structure can be:

1. top-emitting OSLD structure composed of a substrate, an electrode, a distributed
feedback (DFB) grating made of a low refractive index material, an electron transport
layer, an organic gain layer, a hole transport layer and a transparent or semi-transparent
electrode 1n this order.

2. bottom-emitting OSLD structure composed of a substrate, an electrode, a DFB
grating made of a low refractive index material, a hole transport layer, an organic gain
layer, an electron transport layer and a transparent or semi-transparent electrode in this
order.

In both cases, the DFB grating can be fabricated in same area (in this embodiment,
on top) of the substrate and 1n one side of (in this embodiment, beneath) the ITO
electrode. For example, the following OSLD structures are included in the invention:

1. top-emitting OSLD structure composed of a substrate, a distributed feedback
(DFB) grating made of a low refractive index material, a transparent or semi-
transparent electrode, an electron transport layer, an organic gain layer, a hole transport
layer and a transparent or semi-transparent electrode 1n this order.

2. bottom-emitting OSLD structure composed of a substrate, a DFB grating made of
a low refractive index material, a transparent or semi-transparent electrode, a hole
transport layer, an organic gain layer, an electron transport layer and a transparent or
semi-transparent electrode 1n this order.

The advantages of the third aspect of the invention are:

- increasing the integration density of devices toward an ultimate miniaturized chip
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through of the monolithic integration,

- the use of flexible substrate,

- simple fabrication processes suitable for mass production such as inkjet printing and
thermal evaporation, and

- acceleration of the progress toward all-organic electronic platform.

(4) FOURTH ASPECT OF INVENTION

(Background)

The miniaturization of electronic components enables smart wearable tiny devices
such as smart watches, medical handheld monitors, etc. to perform almost all the
function of smartphones. In order to tend toward an ultimate miniaturization of chips,
it 1s crucial to assemble optoelectronic devices monolithically using common fab-
rication process.

Compared to conventional electronics, organic electronics has a low manufacturing
cost, fast and easy manufacturing processes suitable for mass production, offers the
possibility to produce ultratlexible, foldable, stretchable and biocompatible devices.
Through molecular design, versatile molecules with different properties and different
emission wavelengths can be easily realized. In inorganic electronics, different color
light emitting (LEDs) diodes and laser diodes (LLDs) require different crystalline semi-
conducting materials and different manufacturing process chambers. Thus, the
monolithic integration of inorganic LEDs and LLDs cannot be made on a common
substrate.

In contrary, the versatile properties of organic materials make possible the fabrication
of several devices with different optoelectronic functions such as organic lasers,
OLEDs, organic solar cells and optical sensors. In fact, the architecture of organic
electronic devices consists of organic active layer stacked between interfacial layers
and electrodes. This device architecture 1s the common denominator between organic
electronic devices. Thus, the use of organic semiconductors allows the fabrication of
monolithic circuits on a large variety of substrate such as glass, plastics and even
papers. This interesting feature comes from the fact that organic semiconductors are
amorphous and do not need to be crystalline. Thus, they can be deposited using various
simple technics such as spin coating, inkjet printing and thermal evaporation. The
monolithic integration of organic semiconductor devices 1s very important feature to
accelerate the convergence toward all-organic electronic platform.

Nowadays, many electronic devices can be made with organic materials such as
organic solar cells, organic sensors, organic field effect transistor (OFET), organic
light emitting diode (OLED), organic memories and organic lasers. OLED and organic
optical sensors have been commercialized and are surpassing inorganic device

markets.
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Recently, organic semiconductor laser diode (OSLD) has been demonstrated. Inter-
estingly, the OSLD has a similar structure as OLED. The main difference 1s that in an
OSLD, a resonant cavity 1s needed in order to provide optical feedback. Thus, the fab-
rication method of OSLD i1s compatible with OLED technology.

|0048]  The fourth aspect of the invention provides an element comprising a substrate and at
least two organic semiconductor laser diodes emitting at different wavelengths,
wherein the at least two organic semiconductor laser diodes are monolithically
fabricated on the substrate. The fourth aspect of the invention also provides an element
comprising a substrate, an organic semiconductor laser diode, and an organic light
emitting diode, wherein the organic semiconductor laser diode and the organic light
emitting diode are monolithically fabricated on the substrate.

[0049]  In some embodiments, an OSLD, an OLED and an organic photodetector are
fabricated on the same substrate aiming for the demonstration of monolithically 1n-
tegrated OSLD, OLED and optical photodetector.

[0050]  The fourth aspect of the invention includes the followings:

|Embodiment 4-1] An organic semiconductor laser diode, organic light emitting
diode and optical photodetector are monolithically integrated (fabrication on the same
substrate). Bottom-emission-detection and top-emission-detection system 1s proposed.
The distributed feedback resonator can be fabricated in the upper side (for example, on
top) of the substrate, and in the lower side (for example, on the lower side) of the
electrode.

|Embodiment 4-2] Monolithic integration on flexible and/or transparent substrate

An organic optoelectronic system composed of an OSLD, an OLED and an optical
photodetector 1n the same area in substrate and using the same technology is presented
in Figs. 6 (a-d). These Figures depict top-emitting-detecting and bottom-
emitting-detecting configurations with grating in one side (in this embodiment, on the
surface) of the ITO electrode. Figs. 6 (¢, d) depict top-emitting-detecting and bottom-
emitting-detecting configurations with grating in the lower side (in this embodiment,
on the lower side) of the ITO electrode. By making the grating in the lower side (in this
embodiment, on the lower side) of the ITO electrode, the injection 1s enhanced.

[0051] 1. Top-emitting-detecting configuration includes (Fig. 6 (a)):

a. Top-emitting OLED structure composed of a substrate, an electrode, an electron
transport layer, an organic emitting layer, a hole transport layer and a transparent or
semi-transparent electrode in this order.

b. Top-emitting OSLD structure composed of a substrate, an electrode, a distributed
feedback (DFB) grating made of a low refractive index material, an electron transport

layer, an organic gain layer, a hole transport layer and a transparent or semi-transparent
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electrode 1n this order.

c. Top-detecting organic photodetector composed of a substrate, an electrode, an
electron transport layer, an active organic (absorbing) layer, a hole transport layer and
a transparent or semi-transparent electrode in this order.

2. Bottom-emitting-detecting configuration includes (Fig. 6 (b)):

a. Bottom-emitting OLED structure composed of a transparent or semi-transparent
substrate, a transparent or semi-transparent electrode, a hole transport layer, an organic
emitting layer, an electron transport layer and an electrode in this order.

b. Bottom-emitting OSLD structure composed of a transparent or semi-transparent
substrate, a transparent or semi-transparent electrode, a DFB grating made of a low re-
fractive index material, a hole transport layer, an organic gain layer, an electron
transport layer and an electrode in this order.

c. Bottom-detecting organic photodetector composed of a transparent or semi-
transparent substrate, a transparent or semi-transparent electrode, a hole transport layer,
an active organic (absorbing) layer, an electron transport layer and an electrode in this
order.

3. Top-emitting-detecting configuration includes (Fig. 6 (¢)):

a. Top-emitting OLED structure composed of a substrate, an electrode, an electron
transport layer, an organic emitting layer, a hole transport layer and a transparent or

semi-transparent electrode in this order.

b. Top-emitting OSLD structure composed of a substrate, a DFB grating made of a
low refractive index material, an electrode, an electron transport layer, an organic gain
layer, a hole transport layer and a transparent or semi-transparent electrode in this
order.

c. Top-detecting organic photodetector composed of a substrate, an electrode, an
electron transport layer, an active organic (absorbing) layer, a hole transport layer and
a transparent or semi-transparent electrode in this order.

4. Bottom-emitting-detecting configuration includes (Fig. 6 (d)):

a. Bottom-emitting OLED structure composed of a transparent or semi-transparent
substrate, a transparent or semi-transparent electrode, a hole transport layer, an organic
emitting layer, an electron transport layer and an electrode 1n this order.

b. Bottom-emitting OSLD structure composed of a transparent or semi-transparent
substrate, a DFB grating made of a low refractive index material, a transparent or semi-
transparent electrode, a hole transport layer, an organic gain layer, an electron transport
layer and an electrode 1n this order.

c. Bottom-detecting organic photodetector composed of a transparent or semi-
transparent substrate, a transparent or semi-transparent electrode, a hole transport layer,

an active organic (absorbing) layer, an electron transport layer and an electrode 1n this
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[0055]  This invention covers the combination of:

10056]

OLED + OSLD

OLED + OSLD + organic solar cell

OLED + OSLD + organic photodetector

OLED + OSLD+ organic field effect transistor

OLED + OSLD+ Organic thermo-generator

OLED + OSLD + organic solar cell + organic photodetector + organic field effect
transistor + Organic thermo-generator

Embodiments of Invention

The invention includes the following embodiments:

|1] An element comprising a substrate and at least two optically pumped organic
solid-state lasers emitting at different wavelengths, wherein the at least two organic
solid-state lasers are monolithically fabricated on the substrate.

|2] The element according to [ 1], comprising at least three organic solid-state lasers
emitting at different wavelengths.

|3] The element according to [2], comprising an organic solid-state laser emitting
blue light, an organic solid-state laser emitting green light, and an organic solid-state
laser emitting red light.

|4] The element according to any one of | 1] to [3], wherein the substrate 1s flexible.

|5] The element according to any one of [ 1] to [4], wherein the substrate 1s
transparent.

(Note) The term "transparent” in this application includes both transparent and semi-
transparent. The transmittance of "transparent” substrate or "transparent” electrode 1n
this application 1s preferably at least 70%, more preferably at least 90%, turther
preferably at least 95%, still more preferably at least 99%.

6] A method for producing an element comprising a substrate and at least two
optically pumped organic solid-state lasers emitting at different wavelengths, which
comprises fabricating the organic solid-state lasers on the substrate monolithically.

7] The method tor producing an element according to [6], wherein the element
comprises at least three organic solid-state lasers emitting at different wavelengths.

|8] The method for producing an element according to [ 7], wherein the element
comprises an organic solid-state laser emitting blue light, an organic solid-state laser
emitting green light and an organic solid-state laser emitting red light.

9] The method for producing an element according to any one of [6] to [8], wherein
the substrate 1s flexible.

| 10] The method for producing an element according to any one of [6] to [9],

wherein the substrate 1s transparent.
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[11] The method for producing an element according to any one of [6] to [10], which
comprises fabricating the organic solid-state lasers on the substrate monolithically by a
solution process.

[12] The method for producing an element according to any one of [6] to [10], which
comprises fabricating the organic solid-state lasers on the substrate monolithically by
an inkjet process.

[ 13] The method for producing an element according to any one of [6] to [10], which
comprises fabricating the organic solid-state lasers on the substrate monolithically by a
Spin coating process.

| 14] The method for producing an element according to any one of [6] to [10], which
comprises fabricating the organic solid-state lasers on the substrate monolithically by a
thermal evaporation process.

|15] An element comprising a substrate, an optically pumped organic solid-state
laser, and an organic light emitting diode, wherein the organic solid-state laser and the
organic light emitting diode are monolithically fabricated on the substrate.

|16] The element according to [15], comprising the substrate, the organic solid-state
laser, the organic light emitting diode and an optical photodetector, wherein the
organic solid-state laser, the organic light emitting diode and the optical photodetector
are monolithically tabricated on the substrate.

|17] The element according to [15], comprising the substrate, the organic solid-state
laser, the organic light emitting diode and an organic solar cell, wherein the organic
solid-state laser, the organic light emitting diode and the organic solar cell are mono-
lithically fabricated on the substrate.

| 18] The element according to [15], comprising the substrate, the organic solid-state
laser, the organic light emitting diode and an organic field effect transistor, wherein the
organic solid-state laser, the organic light emitting diode and the organic field effect
transistor are monolithically fabricated on the substrate.

[19] The element according to [15], comprising the substrate, the organic solid-state
laser, the organic light emitting diode and an organic thermo-generator, wherein the
organic solid-state laser, the organic light emitting diode and the organic thermo-
generator are monolithically fabricated on the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>