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1
EL ELEMENT AND METHOD FOR
MANUFACTURING EL ELEMENT WITH A
LIGHT-EMITTING LAYER INCLUDING AN
IONIC LIQUID, A PHOSPHORESCENT
MATERIAL, AND A FLUORESCENT
MATERIAL

TECHNICAL FIELD

The disclosure relates to an EL element and a method for
manufacturing the EL element.

BACKGROUND ART

In recent years, highly efficient mechanisms for light
emission utilizing photon upconversion, particularly upcon-
version involving triplet-triplet annihilation (TTA: T-T
Annihilation), (TTA-UC), have been attracting attention.
Photon upconversion is for converting low-energy light,
such as near-infrared light, to high-energy light, such as
visible light.

The mechanism for light emission enables excitation of
all light-emitting centers, for red, blue, and green, by using
a photosensitizer and further, particularly for emission of
blue light, enables realization of emission of shorter wave-
length light, and hence, the mechanism is expected to be
applied to, for example, organic EL displays (PTL 1).

TTA occurs when triplet excitons collide with each other,
and thus it is necessary to produce overlaps of the wave
functions between acceptor molecules and it is desirable that
the distance between acceptor molecules be from 0 nm to 1
nm. Thus, in the field of study of upconversion utilizing
TTA, a prevalent method is one in which donors and
acceptors are mixed together in a volatile organic solvent to
cause energy transfer by utilizing the diffusion of donors and
acceptors in the solution. Thus, it is not easy to apply
upconversion utilizing TTA to devices such as solar cells and
organic EL displays.

On the other hand, there are examples in which donors
and acceptors are dispersed in a polymer such as polymeth-
ylmethacrylate (PMMA). However, in a polymer, molecules
cannot easily diffuse and collide and thus it is difficult to
achieve high efficiency.

Recently, further examples have been reported. In one
example, donors are dispersed in molecularly assembled
acceptors to achieve very highly efficient (quantum effi-
ciency of 30%) light emission in a solution. In another
example, highly efficient TTA-UC in a solid is successfully
performed by synthesizing nanocrystals of metal organic
frameworks (MOF: Metal Organic Frameworks) by using
acceptor molecules as building blocks and coating the
surface of the crystals with donor molecules. The techniques
described above, however, cannot be accomplished by an
in-situ vacuum vapor deposition process and thus, because
of the limitations on the process, are difficult to apply to EL
elements that are produced by layering organic films in a
vacuum.

Additionally, PTL 2 discloses a visually homogeneous
and transparent light conversion element, wherein organic
photosensitizing molecules and organic light-emitting mol-
ecules, which are a combination that exhibits a triplet-triplet
annihilation process, are dissolved and/or dispersed in an
ionic liquid. The light conversion element of PTL 2 is
obtained through a process that includes adding a solution in
which organic photosensitizing molecules are dissolved in
toluene and a solution in which organic light-emitting mol-
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2

ecules are dissolved in toluene to an ionic liquid, performing
stirring for homogenization, and thereafter removing the
toluene.

The light conversion element of PTL 2 is able to convert
input light into high-intensity light by using upconversion
involving TTA and can be applied to, for example, solar
cells, and the like.

CITATION LIST
Patent Literature

PTL 1: WO 2014/157619 (published Oct. 2, 2014)
PTL 2: WO 2012/050137 (published Apr. 19, 2012)

Non Patent Literature

NPL 1: Shingo Maruyama et al., Molecular Beam Depo-
sition of Nanoscale Ionic Liquids in Ultrahigh Vacuum, ACS
NANO, vol.4, No. 10, 2010.

SUMMARY
Technical Problem

Application of the technology of PTL 2 to EL elements,
however, requires a wet process or a process for degassing
the solvent. Thus, a process for forming the light-emitting
layer by a wet process is to be added to the process for
forming the negative electrode by vacuum vapor deposition,
which poses a drawback in that the number of manufactur-
ing processes increases. Additionally, in the case that a
process for degassing is performed, the number of processes
also increases, and thus mass production is difficult.

Furthermore, since the light conversion element of PTL 2
1s liquid, it 1s difficult to form the light conversion element
to have a film thickness desirable for the light-emitting layer
of an EL element.

NPL 1 discloses a technology for forming an ionic liquid
thin film by vapor deposition without decomposing the ionic
liquid, by irradiating, with a continuous wave infrared laser,
a target containing an ionic liquid and a Si powder mixed
therewith.

PTL 2, however, discloses no method for mixing a phos-
phorescent material serving as the donor and a fluorescent
material serving as the acceptor with the formed ionic liquid
film and thus poses difficulties in manufacturing an EL
element utilizing highly efficient TTA-UC, which is
achieved by frequent collision between acceptors.

The disclosure has been made in view of the problems
described above. An object of the disclosure is to provide an
EL element utilizing upconversion light emission involving
highly efficient triplet-triplet annihilation and to provide a
method for manufacturing such an EL element.

Solution to Problem

In order to overcome the drawbacks described above, an
EL element according to one aspect of the disclosure
includes a first electrode, a second electrode, and at least one
light-emitting layer provided between the first electrode and
the second electrode. The light-emitting layer includes an
ionic liquid, a phosphorescent material, and a fluorescent
material. A lowest triplet excited state energy level of the
phosphorescent material is higher than a lowest triplet
excited state energy level of the fluorescent material, and a
lowest singlet excited state energy level of the fluorescent
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material is higher than a lowest singlet excited state energy
level of the phosphorescent material. The fluorescent mate-
rial and the phosphorescent material are homogeneously
dispersed in a liquid film of the ionic liquid.

Additionally, in order to overcome the drawbacks
described above, a method for manufacturing an EL element
according to another aspect of the disclosure is as follows.
The EL element includes a first electrode, a second elec-
trode, and at least one light-emitting layer provided between
the first electrode and the second electrode. The light-
emitting layer includes a phosphorescent material and a
fluorescent material. A lowest triplet excited state energy
level of the phosphorescent material is higher than a lowest
triplet excited state energy level of the fluorescent material,
and a lowest singlet excited state energy level of the fluo-
rescent material is higher than a lowest singlet excited state
energy level of the phosphorescent material. The method
includes forming the light-emitting layer by codepositing an
ionic liquid, the phosphorescent material, and the fluorescent
material.

Advantageous Effects of Disclosure

Aspects of the disclosure provide EL elements utilizing
upconversion light emission involving highly efficient trip-
let-triplet annihilation.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a cross-sectional view of an EL light-emitting
device according to a first embodiment of the disclosure.

FIGS. 2A and 2B are schematic diagrams illustrating a
mechanism for light emission of a light-emitting layer. FIG.
2A illustrates energy transfer between a phosphorescent
material and a fluorescent material. FIG. 2B illustrates
energy levels of the phosphorescent material and the fluo-
rescent material.

FIG. 3 is a schematic diagram illustrating a process for
forming a light-emitting layer of an EL element.

FIG. 4 is a cross-sectional view of an EL light-emitting
device according to a second embodiment of the disclosure.

FIG. 5 is a cross-sectional view of an EL light-emitting
device according to a third embodiment of the disclosure.

FIGS. 6A and 6B illustrate a configuration of an EL
light-emitting device according to a fourth embodiment of
the disclosure. FIG. 6A is a plan view and FIG. 6B is a
cross-sectional view along line A-A' of FIG. 6A, viewed in
the direction of the arrow.

FIGS. 7A and 7B illustrate a configuration of an EL
light-emitting device according to a fifth embodiment of the
disclosure. FIG. 7A is a plan view and FIG. 7B is a
cross-sectional view along line B-B' of FIG. 7A, viewed in
the direction of the arrow.

DESCRIPTION OF EMBODIMENTS
First Embodiment

An embodiment of the disclosure will be described in
detail below with reference to FIGS. 1 to 3.

Configuration of EL Light-Emitting Device

FIG. 1 is a cross-sectional view of an EL light-emitting
device according to the present embodiment.

An EL light-emitting device 100 has a configuration in
which a transparent substrate 1, a reflective electrode 2, and
an EL element 10 are provided in this order. Note that it is
preferable that a sealing film (not illustrated) for sealing the
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EL element 10 between the substrate 1 and the sealing film
be provided. The substrate 1 may be, for example, a glass
substrate.

The EL element 10 has a configuration in which a first
electrode 11, an EL layer 13, and a second electrode 12 are
provided in this order from the reflective electrode 2-side.
The first electrode 11 is a positive electrode, and the second
electrode 12 is a negative electrode. The first electrode 11
and the second electrode 12 are provided to face each other,
between which a voltage can be applied by a power source
3. The first electrode 11 is a transparent electrode or a
semitransparent electrode. The first electrode 11 may be
made from, for example, ITO of 100 nm thickness. The
second electrode 12 may be made from, for example,
aluminum (Al) or silver (Ag), of 100 nm thickness.

The EL layer 13 has a configuration in which a hole
injection layer 14 and a blue-light-emitting layer 15 are
provided in this order from the first electrode 11-side. Note
that, although not illustrated, the EL layer 13 according to
the present embodiment may have a configuration in which
a hole transport layer is provided between the hole injection
layer 14 and the blue-light-emitting layer 15, and an electron
transport layer and an electron injection layer are provided
in this order between the blue-light-emitting layer 15 and the
second electrode 12.

When a voltage is applied between the first electrode 11
and the second electrode 12, positive holes are injected into
the EL layer 13 from the first electrode 11, and electrons are
injected into the EL layer 13 from the second electrode 12.
When the positive holes and electrons combine with each
other in the blue-light-emitting layer 15, the blue-light-
emitting layer 15 emits light. The blue light produced in the
blue-light-emitting layer 15 is extracted from the substrate
1-side. That is, the EL light-emitting device 100 is a bottom-
emitting type light-emitting device.

The thickness of the blue-light-emitting layer 15 may be,
for example, 40 nm. The hole injection layer 14 may be
made from, for example, HAT-CN (dipyrazino[2,3-f:2',3'-h]
quinoxaline-2,3,6.7,10,11-hexacarbonitrile) of 40 nm thick-
ness.

Additionally, the hole injection layer 14 may be made
from HAT-CN or instead may be a layer of OMox obtained
by codepositing an organic material and molybdenum oxide
or a layer of TAPC, a-NPD, TPD, CuPC, PEDOT/PSS, or
the like.

Light-Emitting Layer

As illustrated in FIG. 1, the blue-light-emitting layer 15
includes an ionic liquid 20, a blue fluorescent material 21
(fluorescent material, first fluorescent material), and a red
phosphorescent material 22 (phosphorescent material).

Typically, the ionic liquid 20 has a viscosity of, approxi-
mately, from Y10 to Y100 the viscosity of a polymeric material
and thus has a high flowability, which allows diffusion of
molecules to occur readily, compared with a polymeric
material, Thus, the blue fluorescent material 21 and the red
phosphorescent material 22 are homogeneously dispersed in
the liquid film of the ionic liquid 20.

Note that the viscosity of the ionic liquid 20 is not
particularly limited but, since the upconversion light emis-
sion, described later, is due to the TTA process, it is
appropriate that the ionic liquid 20 be in a liquid state in the
temperature range in which the EL light-emitting device 100
is driven, for example, in a range from -100° C. to 200° C.,
from -50° C. to 100° C., from -30° C. to 80° C., or the like.
The viscosity at 300K of the ionic liquid 20 of the EL
element 10 according to one aspect of the disclosure may be
0.000001 Pa-S or greater, 0.00001 Pa-S or greater, or 0.0001
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Pa-S or greater and may preferably be 1 Pa-S or less, 10 Pa-S
or less, 100 Pa-S or less, or 1000 Pa-S or less.

Additionally, the melting point and the solidification
temperature of the ionic liquid 20 are not particularly limited
but, since the upconversion light emission is due to the TTA
process, it is preferable that the melting point be, for
example, from =200° C. to 10° C. in view of the environ-
ments in which the EL light-emitting device 100 is used.
Additionally, the melting point of the ionic liquid 20 is
preferably 0° C. or lower, more preferably —10° C. or lower,
more preferably =30° C. or lower, and more preferably -=50°
C. or lower.

Additionally, it is preferable that the solidification tem-
perature (freezing point) of the ionic liquid 20 be from -200°
C. 1o 10° C. Additionally, the freezing point of the ionic
liquid 20 is preferably 0° C. or lower, more preferably -10°
C. or lower, more preferably -30° C. or lower, and more
preferably —50° C. or lower.

Additionally, for use in a normal environment, it is
appropriate that both the melting point and the freezing point
be 0° C. or lower.

The lowest triplet excited state energy level of the red
phosphorescent material 22 is higher than the lowest triplet
excited state energy level of the blue fluorescent material 21.
Additionally, the lowest singlet excited state energy level of
the blue fluorescent material 21 is higher than the lowest
singlet excited state energy level of the red phosphorescent
material 22.

Thus, the red phosphorescent material 22 serves as a
photosensitizer for the blue fluorescent material 21, and
consequently, light in the blue wavelength range (or ultra-
violet range), which is the fluorescence wavelength region
of the blue fluorescent material 21, is extracted from the
blue-light-emitting layer 15. That is, in the blue-light-emit-
ting layer 15 of the present embodiment, the red phospho-
rescent material 22 is a donor and the blue fluorescent
material 21 is an acceptor.

Examples of the above-mentioned materials are as fol-
lows. The ionic liquid 20 may be made from 1-butyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide
([Bmim][TFSA]). The blue fluorescent material 21 may be
made from 9,10-diphenylanthracene (DPA). The red phos-
phorescent material 22 may be made from platinum octa-
ethylporphyrin complex (PtOEP).

Mechanism for Light Emission

FIGS. 2A and 2B are schematic diagrams illustrating the
mechanism for light emission of the light-emitting layer.
FIG. 2A illustrates energy transfer between a phosphores-
cent material and a fluorescent material. FIG. 2B illustrates
energy levels of the phosphorescent material and the fluo-
rescent material. In FIG. 2B, the solid-line arrows indicate
electron spin directions.

When positive holes and electrons are injected into the EL
layer 13, the positive holes and electrons combine with each
other in the blue-light-emitting layer 15 to produce energy,
and thus, as illustrated in FIG. 2A, the red phosphorescent
material 22 is excited to form a red phosphorescent material
22A, which is in a singlet excited state. Accordingly, as
illustrated in FIG. 2B, the red phosphorescent material 22
changes from a ground state S0 to a singlet excited state S1,
which is a high-energy state.

Further, the red phosphorescent material 22A in the
singlet excited state S1 transits to a triplet excited state T1
via intersystem crossing to form a red phosphorescent
material 22B, which is in the triplet excited state T1.

As illustrated in FIG. 2B, a lowest triplet excited state T1
energy level of the red phosphorescent material 22 is higher
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than a lowest triplet excited state T1 energy level of the blue
fluorescent material 21. Accordingly, via Dexter mechanism
(Dexter transfer), the red phosphorescent material 22B in the
triplet excited state T1 exchanges energy with the blue
fluorescent material 21, at adjacent portions, and thus returns
to the ground state S0, whereas the blue fluorescent material
21 forms a blue fluorescent material 21B, which is in the
triplet excited state T1.

Migration of excited states occurs between the blue
fluorescent material 21B in the triplet excited state T1 and
other portions of the blue fluorescent material 21. Eventu-
ally, portions of the blue fluorescent material 21B in the
triplet excited state T1 collide with each other, and as a
result, via Dexter mechanism, one of the portions of the blue
fluorescent material 21B in the triplet excited state T1 forms
a blue fluorescent material 21A, which is in a singlet excited
state S1.

Here, a lowest singlet excited state S1 energy level of the
blue fluorescent material 21 is higher than a lowest singlet
excited state S1 energy level of the red phosphorescent
material 22. Thus, the emission of blue light that occurs
when the blue fluorescent material 21 returns to its ground
state S0 is upconversion light emission.

In the EL light-emitting device 100 of the present embodi-
ment, in the blue-light-emitting layer 15, the blue fluorescent
material 21 and the red phosphorescent material 22 are
homogeneously dispersed in the liquid film of the ionic
liquid 20 having low-viscosity. This facilitates the occur-
rence of diffusion and collision of molecules that form the
blue fluorescent material 21 and the red phosphorescent
material 22, compared with the case in which the blue
fluorescent material 21 and the red phosphorescent material
22 are included in a solid. Thus, TTA can be induced
efficiently to achieve upconversion light emission, and con-
sequently, light is emitted with high quantum efficiency.
Manufacturing Method

A method for forming (method for manufacturing) the EL
element 10 will be described below.

In a manufacturing process of the EL light-emitting
device 100 of the present embodiment, the EL element 10 is
formed by vapor deposition in a vacuum. That is, the first
electrode 11, the hole injection layer 14, the blue-light-
emitting layer 15, and the second electrode 12 are formed by
an in-situ vacuum vapor deposition process.

FIG. 3 is a schematic diagram illustrating a process for
forming the light-emitting layer of the EL element of the
present embodiment.

As illustrated in FIG. 3, in a step of forming the blue-
light-emitting layer 15 by vapor deposition, the blue fluo-
rescent material 21, the red phosphorescent material 22, and
the ionic liquid 20 are codeposited onto a film formed
substrate 54 in a vacuum, from a vapor deposition source 51,
for the blue fluorescent material 21, a vapor deposition
source 52, for the red phosphorescent material 22, and a
vapor deposition source 53, for the ionic liquid 20.

By forming the blue-light-emitting layer 15 by codepos-
iting the blue fluorescent material 21, the red phosphores-
cent material 22, and the ionic liquid 20 as described above,
the blue fluorescent material 21 and the red phosphorescent
material 22 can be homogeneously dispersed in the liquid
film of the ionic liquid 20.

Additionally, since the blue-light-emitting layer 15
including the ionic liquid 20 is formed by a vapor deposition
process in a vacuum, all the layers that form the EL element
10 can be formed by an in-situ vacuum vapor deposition
process. Thus, it is unnecessary to increase the number of
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processes, in contrast with known EL elements, in which the
ionic liquid 20 is not used for the blue-light-emitting layer
15.

Note that it is preferable that the ionic liquid 20 be formed
by a molecular beam epitaxy method (MBE). Examples of
conditions for vapor deposition using a molecular beam
epitaxy method may be as follows. The vapor deposition
source 53 is placed in a vacuum chamber at 3x107° torr, and
as illustrated in FIG. 3, the target (vapor deposition source
53), which contains the ionic liquid and a Si powder mixed
therewith, is irradiated with semiconductor lasers (e.g.,
continuous wave infrared laser that emits light at 808 nm)
through a quartz window. The conditions for continuous
wave infrared laser irradiation may include a frequency from
2 to 4 Hz and a pulse width from 10 to 30 ms.

By the vapor deposition method, the amount of vapor
deposition of the ionic liquid during laser irradiation can be
controlled on the nanometer scale without decomposing the
ionic liquid. Additionally, a seed layer may be laid on the
substrate and the ionic liquid may be formed thereon by
MBE. This enhances the wettability of the ionic liquid, and
thus a thin film (liquid film) can be produced. Additionally,
by vapor-depositing the ionic liquid on a seed layer, a liquid
film in which the ionic liquid is spread can be obtained.
Thus, in the case that the ionic liquid 20 is used to form the
blue-light-emitting layer 15 by layering multilayer films, the
ionic liquid 20 spreads in the form of a liquid film, not in the
form of droplets. The film thickness of the ionic liquid 20
can be controlled on the nanometer scale by using a laser
microscope or an atomic force microscope together with a
QCM.

Other Matters

Note that, in the description of the present embodiment,
an example in which, for the EL element 10, the ionic liquid
20 is made from [Bmim][TFSA] has been described, but the
ionic liquid 20 may be made from a material other than
[Bmim][TFSA].

For example, the ionic liquid 20 may be made from
1-butyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)
imide, 1-ethyl-3-methylimidazolium bis(trifluoromethylsul-
fonyl)imide, 1-propyl-3-methylimidazolium bis(trifluorom-
ethylsulfonyl)imide, 1,2-dimethyl-3-propylimidazolium bis

(trifluoromethylsulfonyl)methide, ~N,N-diethyl-N-methyl-
N-(2-methoxyethyl)ammonium bis
(trifluoromethylsulfonyl)methide, 1-hexyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide,
1-octyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)
imide, 1-ethyl-2,3-dimethylimidazolium bis(trifluorometh-
ylsulfonyl)imide, 1-butyl-2,3-dimethylimidazolium bis(trif-
luoromethylsulfonyl)imide, or the like.

Additionally, it is preferable that the ionic liquid 20 be a
hydrophobic ionic liquid. This suppresses moisture from
penetrating into the blue-light-emitting layer 15. Addition-
ally, this suppresses the physical properties of the ionic
liquid 20 itself from changing as a result of moisture
penetration.

Additionally, it is preferable that the ionic liquid 20 be a
liquid that produces a cation-m interaction between the blue
fluorescent material 21 and the red phosphorescent material
22. This produces an energy-stabilizing interaction between
cations in the ionic liquid 20 and m electrons of the blue
fluorescent material 21 and the red phosphorescent material
22, which enhances stability for the dissolution and disper-
sion of the blue fluorescent material 21 and the red phos-
phorescent material 22 in the ionic liquid 20.

Additionally, by using a green fluorescent material instead
of the blue fluorescent material 21, the EL light-emitting
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device 100 can be configured as a light-emitting device that
emits green light, or, by using a red fluorescent material
instead of the blue fluorescent material 21, the EL light-
emitting device 100 can be configured as a light-emitting
device that emits red light.

Additionally, it is preferable that the distance between a
reflective electrode 2 and the second electrode 12 be set to
a distance that forms an optical path length that is in
accordance with the fluorescence wavelength of the blue
fluorescent material 21. The reflective electrode 2 is pro-
vided to a surface of the first electrode 11, the surface being
opposite to the blue-light-emitting layer 15. Thus, a micro-
cavity structure can be provided, and consequently the
purity of the color of the emitted light is increased.

Second Embodiment

In the following, another embodiment of the disclosure
will be described with reference to FIG. 4. Note that
members having the same function as the members stated in
the embodiment above are appended with the same refer-
ence signs for the sake of description, and the description
thereof is omitted.

FIG. 4 is a cross-sectional view of an EL light-emitting
device according to the present embodiment.

An EL light-emitting device 200, according to the present
embodiment, has the same configuration as the EL light-
emitting device 100 according to the first embodiment
except that an EL layer 113 is included instead of the EL
layer 13 of the EL light-emitting device 100 of the first
embodiment. The EL layer 113 includes a film thickness
adjustment layer 17 (partition layer) and a green-light-
emitting layer 16.

The EL layer 113 of the EL light-emitting device 200 has
a configuration in which the hole injection layer 14, the
green-light-emitting layer 16 (second light-emitting layer),
the film thickness adjustment layer 17, and the blue-light-
emitting layer 15 (first light-emitting layer) are provided in
this order from the first electrode 11-side. Note that, in the
present embodiment, the thickness of the blue-light-emitting
layer 15 and the green-light-emitting layer 16 may be, for
example, 20 nm.

As illustrated in FIG. 4, the green-light-emitting layer 16
includes the ionic liquid 20, a green fluorescent material 23
(fluorescent material, second fluorescent material), and the
red phosphorescent material 22. The green fluorescent mate-
rial 23 and the red phosphorescent material 22 are homo-
geneously dispersed in the liquid film of the ionic liquid 20.

The lowest triplet excited state energy level of the red
phosphorescent material 22 is higher than the lowest triplet
excited state energy level of the green fluorescent material
23. Additionally, the lowest singlet excited state energy level
of the green fluorescent material 23 is higher than the lowest
singlet excited state energy level of the red phosphorescent
material 22.

Thus, the red phosphorescent material 22 serves as a
photosensitizer for the green fluorescent material 23, and
consequently, green light, which corresponds to the fluores-
cence wavelength region of the green fluorescent material
23, is extracted from the green-light-emitting layer 16. That
is, in the green-light-emitting layer 16 of the present
embodiment, the red phosphorescent material 22 is a donor
and the green fluorescent material 23 is an acceptor. The
green fluorescent material 23 may be made from, for
example, 9,10-bis(phenylethynyl)anthracene (BPEA).

Blue light is extracted from the blue-light-emitting layer
15, green light is extracted from the green-light-emitting
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layer 16, and white light, which is light of mixed colors, is
extracted from an entire EL element 110. That is, the EL
light-emitting device 200 of the present embodiment is a
light-emitting device that emits white light.

The film thickness adjustment layer 17 suppresses energy
exchange due to Forster transfer between the blue fluores-
cent material 21 and red phosphorescent material 22
included in the blue-light-emitting layer 15 and the green
fluorescent material 23 and red phosphorescent material 22
included in the green-light-emitting layer 16. As a result,
TTA is induced efliciently to achieve upconversion light
emission. Additionally, the film thickness adjustment layer
17, provided between the blue-light-emitting layer 15 and
the green-light-emitting layer 16, enables extraction of blue
light from the blue-light-emitting layer 15 and extraction of
green light from the green-light-emitting layer 16. Note that
it is preferable that the thickness of the film thickness
adjustment layer 17 be from 20 nm to 40 nm.

Mixing Ratio between Fluorescent Material and Phospho-
rescent Material

It is preferable that the mixing contents of the fluorescent
material and the phosphorescent material in the blue-light-
emitting layer 15 and in the green-light-emitting layer 16 be
appropriately set to efficiently induce TTA to achieve upcon-
version light emission.

More specifically, it is preferable that, in the blue-light-
emitting layer 15, the intermolecular distance of the blue
fluorescent material 21 be small, preferably within a Dexter
effective radius, in order to ensure that migration occurs
between the blue fluorescent material 21B in the triplet
excited state and other portions of the blue fluorescent
material 21. Likewise, it is preferable that, in the green-
light-emitting layer 16, the intermolecular distance of a
green fluorescent material 23 be small, preferably within a
Dexter effective radius, in order to ensure that migration
occurs between a green fluorescent material 23B, which is in
a triplet excited state, and other portions of the green
fluorescent material 23.

For example, it is preferable that, in the blue-light-
emitting layer 15, the intermolecular distance of the blue
fluorescent material 21 be from 0 nm to 1 nm. Likewise, it
is preferable that, in the green-light-emitting layer 16, the
intermolecular distance of the green fluorescent material 23
be from 0 nm to 1 nm. With this, migration of excitons is
efficiently caused in the fluorescent materials, and conse-
quently, upconversion light emission involving TTA is effi-
ciently produced.

Additionally, it is preferable that, in the blue-light-emit-
ting layer 15 and the green-light-emitting layer 16, the
intermolecular distance of the red phosphorescent material
22 be large in order to suppress Forster transfer between
molecules of the red phosphorescent material 22. For
example, it is preferable that the intermolecular distance of
the red phosphorescent material 22 be greater than 10 nm
and 40 nm or less. Additionally, it is more preferable that the
intermolecular distance be 20 nm or greater. As a result,
energy transfer efficiency of the red phosphorescent material
22 is from 0% to 50%, and thus Forster transfer between
molecules of the red phosphorescent material 22 is sup-
pressed. Thus, emission of red light in the blue-light-emit-
ting layer 15 and the green-light-emitting layer 16 is sup-
pressed. Particularly, for light-emitting devices that emit
monochromatic light, such as the EL light-emitting device
100 of the first embodiment, it is preferable that the inter-
molecular distance of the red phosphorescent material 22 be
large.
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Third Embodiment

In the following, another embodiment of the disclosure
will be described with reference to FIG. 5. Note that
members having the same function as the members stated in
the embodiment above are appended with the same refer-
ence signs for the sake of description, and the description
thereof is omitted.

FIG. 5 is a cross-sectional view of an EL light-emitting
device according to the present embodiment.

An EL light-emitting device 300, according to the present
embodiment, includes an EL element 210. The EL light-
emitting device 300 has the same configuration as the EL
light-emitting device 100 according to the first embodiment
except that the EL element 210 includes, instead of the
second electrode 12 of the EL light-emitting device 100 of
the first embodiment, a second electrode 212, which is
transparent or semitransparent.

When a voltage is applied between the first electrode 11
and the second electrode 212, positive holes are injected into
the EL layer 13 from the first electrode 11, and electrons are
injected into the EL layer 13 from the second electrode 212.
When the positive holes and electrons combine with each
other in the blue-light-emitting layer 15, the blue-light-
emitting layer 15 emits light. The light produced in the
blue-light-emitting layer 15 is extracted from the second
electrode 212-side. That is, the EL light-emitting device 300
is a top-emitting type light-emitting device.

Note that, although not illustrated, the EL light-emitting
device 200 of the second embodiment may also be formed
as a top-emitting type white-light light-emitting device by
forming the second electrode 12 as a transparent or semi-
transparent electrode.

Additionally, it is preferable that the distance between the
reflective electrode 2 and the second electrode 212 be set to
a distance that forms an optical path length that is in
accordance with the fluorescence wavelength of the blue
fluorescent material 21. Thus, a microcavity structure can be
provided, and consequently, the purity of the color of the
emitted light is increased.

Fourth Embodiment

In the following, another embodiment of the disclosure
will be described with reference to FIGS. 6A and 6B. Note
that members having the same function as the members
stated in the embodiment above are appended with the same
reference signs for the sake of description, and the descrip-
tion thereof is omitted.

FIGS. 6A and 6B illustrate a configuration of an EL
light-emitting device according to the present embodiment.
FIG. 6Ais a plan view and FIG. 6B is a cross-sectional view
along line A-A' of FIG. 6A, viewed in the direction of the
arrow.

An EL light-emitting device 400, according to the present
embodiment, has the same configuration as the EL light-
emitting device 100 according to the first embodiment
except that a plurality of light-emitting regions including
respective EL layers that emit light of different respective
colors are included.

As illustrated in FIG. 6A, the EL light-emitting device
400 includes a red-light-emitting region 400R, a green-light-
emitting region 400G, and a blue-light-emitting region
400B. The red-light-emitting region 400R emits red light.
The green-light-emitting region 400G emits green light. The
blue-light-emitting region 400B emits blue light. In a plan
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view, the red-light-emitting region 400R, the green-light-
emitting region 400G, and the blue-light-emitting region
400B are arranged in a row.

As illustrated in FIG. 6B, over the substrate 1, a red-light-
emitting EL layer 13R is provided in the red-light-emitting
region 400R over the substrate 1, a green-light-emitting EL
layer 13G is provided in the green-light-emitting region
400G, and a blue-light-emitting EL layer 13B is provided in
the blue-light-emitting region 400B. Note that the EL light-
emitting device 400 includes the components described
above with reference to FIG. 1, such as the reflective
electrode, the hole injection layer, and the first and second
electrodes, but illustration of these components is omitted in
FIG. 6B, for description.

The EL layer 13, described above in the first embodiment,
may be used as the blue-light-emitting EL layer 13B. A layer
that can be obtained by replacing the blue fluorescent
material 21 of the EL layer 13 described above in the first
embodiment with a red fluorescent material may be used as
the red-light-emitting EL layer 13R. A layer that can be
obtained by replacing the blue fluorescent material 21 of the
EL layer 13 described above in the first embodiment with a
green fluorescent material may be used as the green-light-
emitting EL layer 13G.

A sealing layer 65 is provided over each of the EL layers.
Additionally, a bank 60 is provided between adjacent light-
emitting layers. The bank 60 divides the light-emitting
layers from one another. The bank 60 may be made of, for
example, a polyimide film.

Additionally, as illustrated in FIG. 6B, it is preferable that
the distance between the second electrode, provided for each
of the light-emitting regions, and a reflective electrode (not
illustrated) be set to a distance that forms an optical path
length that is in accordance with the fluorescence wave-
length of the fluorescent material included in each of the
light-emitting layers. Thus, a microcavity structure can be
provided, and consequently, the purity of the color of the
emitted light is increased.

The amount of emission light of each of the light-emitting
regions can be individually controlled, and thus the EL
light-emitting device 400 is able to emit light of various
colors. Hence, the EL light-emitting device 400 may be
utilized as, for example, a full-color display device.

Fifth Embodiment

In the following, another embodiment of the disclosure
will be described with reference to FIGS. 7A and 7B. Note
that members having the same function as the members
stated in the embodiment above are appended with the same
reference signs for the sake of description, and the descrip-
tion thereof is omitted.

FIGS. 7A and 7B illustrate a configuration of an EL
light-emitting device according to the present embodiment.
FIG. 7Ais a plan view and FIG. 7B is a cross-sectional view
along line B-B' of FIG. 7A, viewed in the direction of the
arrow.

An EL light-emitting device 500, according to the present
embodiment, has the same configuration as the EL light-
emitting device 400 according to the fourth embodiment
except that an EL layer that emits white light and a color
filter are provided for each of the light-emitting regions.

As illustrated in FIG. 7A, the EL light-emitting device
500 includes a red-light-emitting region S00R, a green-light-
emitting region 500G, and a blue-light-emitting region
500B. The red-light-emitting region 500R emits red light.
The green-light-emitting region 500G emits green light. The
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blue-light-emitting region 500B emits blue light. In a plan
view, the red-light-emitting region 500R, the green-light-
emitting region 500G, and the blue-light-emitting region
500B are arranged in a row.

As illustrated in FIG. 7B, white-light-emitting EL layers
113 are provided for the red-light-emitting region 500R, the
green-light-emitting region 500G, and the blue-light-emit-
ting region 500B, over the substrate 1. Note that the EL
light-emitting device 500 includes the components
described above with reference to FIG. 1, such as the
reflective electrode, the hole injection layer, and the first and
second electrodes, but illustration of these components is
omitted in FIG. 7B, for description. The EL layer 113,
described above in the second embodiment, may be used as
the white-light-emitting EL layer 113.

Further, as illustrated in FIG. 7B, a color filter 61 is
provided between the white-light-emitting EL layer 113 and
the sealing layer 65 in the red-light-emitting region 500R, a
color filter 62 is provided between the white-light-emitting
EL layer 113 and the sealing layer 65 in the green-light-
emitting region 500G, and a color filter 63 is provided
between the white-light-emitting FL, layer 113 and the
sealing layer 65 in the blue-light-emitting region 500B. The
color filter 61 transmits red light. the color filter 62 transmits
green light, and the color filter 63 transmits blue light. Thus,
light of different colors can be extracted from the respective
light-emitting regions.

The amount of emission light of each of the light-emitting
regions can be individually controlled, and thus the EL
light-emitting device 500 is able to emit light of various
colors. Hence, the EL light-emitting device 500 may be
utilized as, for example, a full-color display device.
Supplement

An EL element according to a first aspect of the disclosure
is an EL element (10, 110, 210) including a first electrode
(11), a second electrode (12, 212), and at least one light-
emitting layer (blue-light-emitting layer 15, green-light-
emitting layer 16) provided between the first electrode and
the second electrode. The light-emitting layer includes an
ionic liquid (20), a phosphorescent material (red phospho-
rescent material 22), and a fluorescent material (blue fluo-
rescent material 21, green fluorescent material 23). A lowest
triplet excited state energy level of the phosphorescent
material is higher than a lowest triplet excited state energy
level of the fluorescent material, and a lowest singlet excited
state energy level of the fluorescent material is higher than
a lowest singlet excited state energy level of the phospho-
rescent material. The fluorescent material and the phospho-
rescent material are homogeneously dispersed in a liquid
film of the ionic liquid.

The configuration described above facilitates the occur-
rence of diffusion and collision of molecules that form the
fluorescent material and the phosphorescent material, com-
pared with the case in which the fluorescent material and the
phosphorescent material are included in a solid. Thus, the
EL element utilizing upconversion light emission involving
highly efficient triplet-triplet annihilation is provided.

An EL element according to a second aspect of the
disclosure may be configured as follows. In the first aspect,
a fluorescence wavelength of the fluorescent material may
be in an ultraviolet range or a blue wavelength range.

The configuration described above enables emission of
upconverted high-energy light.

An EL element according to a third aspect of the disclo-
sure may be configured as follows. In the first or second
aspect, a reflective electrode (2) may be provided to a
surface of the first electrode, the surface being opposite to
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the light-emitting layer, the first electrode may be a trans-
parent electrode or a semitransparent electrode, and a dis-
tance between the reflective electrode and the second elec-
trode may be a distance forming an optical path length that
is in accordance with the fluorescence wavelength of the
fluorescent material.

The configuration described above provides a microcavity
structure and thus enables light having high color purity to
be extracted from the first electrode-side.

An EL element according to a fourth aspect of the
disclosure may be configured as follows. In the first or
second aspect, a reflective electrode may be provided to a
surface of the first electrode, the surface being opposite to
the light-emitting layer, the second electrode may be a
transparent electrode or a semitransparent electrode, and a
distance between the reflective electrode and the second
electrode may be a distance forming an optical path length
that is in accordance with the fluorescence wavelength of the
fluorescent material.

The configuration described above provides a microcavity
structure and thus enables light having high color purity to
be extracted from the second electrode-side.

An EL element according to a fifth aspect of the disclo-
sure may be configured as follows. In the first aspect, the
light-emitting layer may include a first light-emitting layer
(blue-light-emitting layer 15) and a second light-emitting
layer (green-light-emitting layer 16), the first light-emitting
layer and the second light-emitting layer being layered
between the first electrode and the second electrode, the first
light-emitting layer may include the phosphorescent mate-
rial and a first fluorescent material (blue fluorescent material
21), and the second light-emitting layer may include the
phosphorescent material and a second fluorescent material
(green fluorescent material 23) having a fluorescence wave-
length different from a fluorescence wavelength of the first
fluorescent material.

The configuration described above enables light of mixed
colors, including the fluorescent color of the first fluorescent
material and the fluorescent color of the second fluorescent
material, to be extracted from the light-emitting layer. Thus,
white light can be emitted, for example.

An EL element according to a sixth aspect of the disclo-
sure may be configured as follows. In the fifth aspect, a
partition layer (film thickness adjustment layer 17) may be
provided between the first light-emitting layer and the
second light-emitting layer, the partition layer being config-
ured to suppress energy exchange between a material
included in the first light-emitting layer and a material
included in the second light-emitting layer.

The configuration described above suppresses energy
exchange due to Forster transfer between the fluorescent
material and phosphorescent material included in the first
light-emitting layer and the fluorescent material and phos-
phorescent material included in the second light-emitting
layer. As a result, TTA is induced efficiently to achieve
upconversion light emission. Additionally, fluorescent light
of the first fluorescent material can be extracted from the first
light-emitting layer, and fluorescent light of the second
fluorescent material can be extracted from the second light-
emitting layer.

An EL element according to a seventh aspect of the
disclosure may be configured as follows. In any one of the
first to sixth aspects, an intermolecular distance of the
fluorescent material in the light-emitting layer may be from
0 nm to 1 nm.

The configuration described above enables migration
between portions in the triplet excited state of the fluorescent
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material and other portions of the fluorescent material to
occur and thus efliciently produces upconversion light emis-
sion involving TTA.

An EL element according to an eighth aspect of the
disclosure may be configured as follows. In any one of the
first to seventh aspects, an intermolecular distance of the
phosphorescent material in the light-emitting layer may be
greater than 10 nm and 40 nm or less. More preferably, in the
configuration, the intermolecular distance may be from 20
nm to 40 nm.

The configuration described above provides energy trans-
fer efficiency in the phosphorescent material from 0% to
50% and thus suppresses Forster transfer between molecules
of the phosphorescent material, and consequently suppresses
phosphorescent light of the phosphorescent material in the
light-emitting layer.

An EL element according to a ninth aspect of the disclo-
sure may be configured as follows. In any one of the first to
eighth aspects, the ionic liquid may be hydrophobic. The
configuration described above suppresses penetration of
moisture into the fluorescent material and the phosphores-
cent material. Additionally, a change of the physical prop-
erties of the ionic liquid itself that is caused by moisture
penetration is suppressed.

An EL element according to a tenth aspect of the disclo-
sure may be configured as follows. In any one of the first to
ninth aspects, the ionic liquid may be configured to produce
a cation-r interaction between the fluorescent material and
the phosphorescent material.

The configuration described above produces an energy-
stabilizing interaction between cations in the ionic liquid and
7 electrons of the fluorescent material and the phosphores-
cent material, which enhances stability for the dissolution
and dispersion of the fluorescent material and the phospho-
rescent material in the ionic liquid.

An EL element according to an eleventh aspect of the
disclosure may be configured as follows. In any one of the
first to tenth aspects, the ionic liquid may have a viscosity at
300K from 0.000001 Pa-S to 1 Pa-S.

The configuration described above enables, at normal
temperatures, the fluorescent material and the phosphores-
cent material to be homogeneously dispersed in the liquid
film of the ionic liquid.

An EL element according to a twelfth aspect of the
disclosure may be configured as follows. In any one of the
first to eleventh aspects, a melting point and a freezing point
of the ionic liquid may each be from -200° C. to 0° C.

The configuration described above enables, at normal
temperatures, the ionic liquid to be liquid and the fluorescent
material and the phosphorescent material to be homoge-
neously dispersed in the liquid film of the ionic liquid.

A method for manufacturing an EL element, according to
a thirteenth aspect of the disclosure is as follows. The EL
element includes a first electrode, a second electrode, and at
least one light-emitting layer provided between the first
electrode and the second electrode. The light-emitting layer
includes a phosphorescent material and a fluorescent mate-
rial. A lowest triplet excited state energy level of the
phosphorescent material is higher than a lowest triplet
excited state energy level of the fluorescent material, and a
lowest singlet excited state energy level of the fluorescent
material is higher than a lowest singlet excited state energy
level of the phosphorescent material. The method includes
forming the light-emitting layer by codepositing an ionic
liquid, the phosphorescent material, and the fluorescent
material.
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The manufacturing method described above involves
codeposition of the ionic liquid, the phosphorescent mate-
rial, and the fluorescent material and thus enables the
fluorescent material and the phosphorescent material to be
homogeneously dispersed in the liquid film of the ionic
liquid. Thus, the EL element, in which upconversion light
emission involving highly efficient triplet-triplet annihila-
tion is made possible, is manufactured.

A method for manufacturing an EL element, according to
a fourteenth aspect of the disclosure may be as follows. In
the thirteenth aspect, the ionic liquid, the phosphorescent
material, and the fluorescent material may be codeposited in
a vacuum.

The manufacturing method described above enables the
EL element to be manufactured by performing an in-situ
vacuum vapor deposition process, in which the other layers
that form the EL element are also vapor-deposited.

The disclosure is not limited to each of the embodiments
stated above, and various modifications may be imple-
mented within a range not departing from the scope of the
claims. Embodiments obtained by appropriately combining
technical approaches stated in each of the different embodi-
ments also fall within the scope of the technology of the
disclosure. Moreover, novel technical features may be
formed by combining the technical approaches stated in
each of the embodiments.

REFERENCE SIGNS LIST

2 Reflective electrode

10, 110, 210 EL element

11 First electrode

12, 212 Second electrode

15 Blue-light-emitting layer (light-emitting layer, first light-
emitting layer)

16 Green-light-emitting layer (light-emitting layer, second
light-emitting layer)

17 Film thickness adjustment layer (partition layer)

20 Jonic liquid

21 Blue fluorescent material (fluorescent material)

22 Red phosphorescent material (phosphorescent material)

23 Green fluorescent material (fluorescent material)

100, 200, 300, 400, 500 EL light-emitting device

The invention claimed is:

1. An EL element comprising:

a red-light-emitting region, a green-light-emitting region,
and a blue-light-emitting region,

a first electrode and a second electrode that are in each of
the red-light-emitting region, the green-light-emitting
region, and the blue-light-emitting region;

EL layers provided between the first electrode and the
second electrode in each of the red-light-emitting
region, the green-light-emitting region, and the blue-
light-emitting region;

a light-emitting layer included in each of the EL layers;
and

a bank including portions provided between adjacent pairs
of the light-emitting layers, wherein

the EL layers include a red-light-emitting EL layer, a
green-light-emitting EL layer, and a blue-light-emitting
EL layer,

distances between an upper surface of the red-light-
emitting EL layer and an upper surface of the bank,
between an upper surface of the green-light-emitting
EL layer and the upper surface of the bank, and
between an upper surface of the blue-light-emitting EL
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layer and the upper surface of the bank are respectively
arranged in descending order of length,
each of the light-emitting layers includes an ionic liquid,
a phosphorescent material, and a fluorescent material,

a lowest triplet excited state energy level of the phospho-
rescent material is higher than a lowest triplet excited
state energy level of the fluorescent material, and a
lowest singlet excited state energy level of the fluores-
cent material is higher than a lowest singlet excited
state energy level of the phosphorescent material, and

the fluorescent material and the phosphorescent material
are homogeneously dispersed in a liquid film of the
ionic liquid.

2. The EL element according to claim 1, wherein a
fluorescence wavelength of the fluorescent material is in an
ultraviolet range or a blue wavelength range.

3. The EL element according to claim 1, wherein

a reflective electrode is provided to a surface of the first

electrode, the surface being opposite to the light-emit-
ting layer,

the first electrode is a transparent electrode or a semi-

transparent electrode, and

a distance between the reflective electrode and the second

electrode is a distance forming an optical path length
that is in accordance with a fluorescence wavelength of
the fluorescent material.

4. The EL element according to claim 1, wherein

a reflective electrode is provided to a surface of the first

electrode, the surface being opposite to the light-emit-
ting layer,

the second electrode is a transparent electrode or a semi-

transparent electrode, and

a distance between the reflective electrode and the second

electrode is a distance forming an optical path length
that is in accordance with a fluorescence wavelength of
the fluorescent material.

5. The EL element according to claim 1, wherein

each of the light-emitting layers includes a first light-

emitting layer and a second light-emitting layer, the
first light-emitting layer and the second light-emitting
layer being layered between the first electrode and the
second electrode,

the first light-emitting layer includes the phosphorescent

material and a first fluorescent material, and

the second light-emitting layer includes the phosphores-

cent material and a second fluorescent material having
a fluorescence wavelength different from a fluores-
cence wavelength of the first fluorescent material.

6. The EL element according to claim 5, wherein a
partition layer is provided between the first light-emitting
layer and the second light-emitting layer, the partition layer
being configured to suppress energy exchange between a
material included in the first light-emitting layer and a
material included in the second light-emitting layer.

7. The EL element according to claim 1, wherein an
intermolecular distance of the fluorescent material in the
light-emitting layer is from 0 nm to 1 nm.

8. The EL element according to claim 1, wherein an
intermolecular distance of the phosphorescent material in
the light-emitting layer is greater than 10 nm and 40 nm or
less.

9. The EL element according to claim 1, wherein the ionic
liquid is hydrophobic.

10. The EL element according to claim 1, wherein the
ionic liquid is configured to produce a cation-n interaction
between the fluorescent material and the phosphorescent
material.
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11. The EL element according to claim 1, wherein the
ionic liquid has a viscosity at 300K from 0.000001 PaS to 1
PaS.

12. The EL element according to claim 1, wherein a
melting point and a freezing point of the ionic liquid are each
from -200° C. to 0° C.

13. A method for manufacturing an EL element, the EL
element including:

a red-light-emitting region, a green-light-emitting region,

and a blue-light-emitting region;

a first electrode and a second electrode that are in each of
the red-light-emitting region, the green-light-emitting
region, and the blue-light-emitting region;

EL layers provided between the first electrode and the
second electrode in each of the red-light-emitting
region, the green-light-emitting region, and the blue-
light-emitting region; and

a light-emitting layer included in each of the EL layers,
the EL layers including a red-light-emitting EL layer, a
green-light-emitting EL layer, and a blue-light-emitting
EL layer, wherein

each of the light-emitting layers includes a phosphores-
cent material and a fluorescent material, a lowest triplet
excited state energy level of the phosphorescent mate-
rial is higher than a lowest triplet excited state energy
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level of the fluorescent material, and a lowest singlet
excited state energy level of the fluorescent material is
higher than a lowest singlet excited state energy level
of the phosphorescent material, the method comprising:

forming a bank to define each of the red-light-emitting
region, the green-light-emitting region, and the blue-
light-emitting region; and

forming each of the light-emitting layers by codepositing
an ionic liquid, the phosphorescent material, and the
fluorescent material into respective ones of the red-
light-emitting region, the green-light-emitting region,
and the blue-light-emitting region, wherein

distances between an upper surface of the red-light-
emitting EL layer and an upper surface of the bank,
between an upper surface of the green-light-emitting
EL layer and the upper surface of the bank, and
between an upper surface of the blue-light-emitting EL
layer and the upper surface of the bank are respectively
arranged in descending order of length.

14. The method for manufacturing an EL element, accord-

ing to claim 13, wherein the ionic liquid, the phosphorescent
material, and the fluorescent material are codeposited in a
vacuum.
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