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(57) ABSTRACT

Provided is an organic EL element in which emission effi-
ciency is improved by suppressing a loss of excitation energy
by a surface plasmon generated on an electrode surface. A
hole transport layer is formed of a material having a refractive
index of 1.20 or more and 1.65 or less at a maximum peak
wavelength of a spectrum of light emitted by a light-emitting
layer.
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ORGANIC EL ELEMENT, AND
LIGHT-EMITTING APPARATUS,
IMAGE-FORMING APPARATUS, DISPLAY
APPARATUS AND IMAGING APPARATUS
USING THE ORGANIC EL ELEMENT

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to an organic elec-
troluminescence (EL) element, and further, relates to a light-
emitting apparatus, an image-forming apparatus, a display
apparatus, and an imaging apparatus using the organic EL
element.

[0003] 2. Description of the Related Art

[0004] 1Inrecent years, organic EL elements that emit light
spontaneously with a low drive voltage of about several volts
are drawing attention. The organic EL element has a configu-
ration in which a reflective electrode having a metal reflective
layer, a light-emitting layer, and a transparent electrode are
stacked. Due to excellent features such as surface emitting
characteristics, light weight, and visibility the organic EL
element is being put into practical use as a light-emitting
apparatus of a thin display, lighting equipment, a head-
mounted display, or a light source for a printhead of an elec-
trophotographic printer.

[0005] In particular, there is an increasing demand for low
power consumption of an organic EL display apparatus, and
further improvement of emission efficiency is being
expected. One of element structures improving the emission
efficiency remarkably is a microcavity system. Light-emit-
ting molecules have a feature of radiating light strongly
toward a space in which “enhancing interference” of light
occurs. Specifically, the radiation rate of excitons can be
increased and the radiation pattern thereof can be controlled
through use of optical interference. According to the micro-
cavity system, element parameters (film thickness and refrac-
tive index) are designed so that the “enhancing interference”
occurs in a light-extraction direction viewed from light-emit-
ting molecules.

[0006] In particular, it is known that, in the case where a
distance d between a reflective surface of the metal reflective
layer and a light-emitting position of the light-emitting layer
satisfies the condition: d=1M(4 n) (i=1, 3,5 .. .), aradiation
intensity is increased most by an interference effect. 1 repre-
sents the order of interference, and hereinafter, the condition
of 1=1 1s referred to as an interference condition of A/4. Here,
A indicates a peak wavelength in a vacuum of a PL spectrum
of light-emitting molecules, and n corresponds to an effective
refractive index between a light-emitting point and a metal
reflective layer. According to the microcavity system, it is not
necessary to use an uneven structure such as a microlens, and
an increase in the emission efficiency at low cost can be
expected.

[0007] A microcavity is classified into a weak cavity and a
strong cavity depending upon the magnitude of a reflectance
on a light-extraction side. Generally, in the weak cavity, an
electrode structure having a high transmittance such as a
glass/transparent oxide semiconductor is used, and an inter-
ference effect of the cavity is determined mainly by an inter-
ference condition between a metal reflective layer and the
light-emitting layer. On the other hand, in the strong cavity, a
semi-transmissive metal thin film having a high reflectance is
used as a transparent electrode on the light-extraction side.
Therefore, the strong cavity includes not only an interference
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effect obtained between the metal reflective layer and the
light-emitting layer but also the interference effect obtained
between the light-emitting layer and a metal thin film on the
light-extraction side. In this case, an optical distance between
the light-emitting layer and the metal thin film is also
designed so as to satisfy an interference condition of A/4 in
such a manner that the interference effect becomes maxi-
mum. Therefore, in the strong cavity, the interference effect
larger than that in the weak cavity can be used, and thus, the
emission efficiency can be improved remarkably.

[0008] However, it is known that, in the interference con-
dition of A/4, the distance between the light-emitting layer
and the metal reflective layer is about 60 nm or less, compared
with the interference condition of 34/4 (condition of i=3), and
hence, a surface plasmon (SP) loss becomes particularly
large. The SP loss is a phenomenon in which an SP of metal
is excited by excitation energy of light-emitting molecules,
and as a result, the excitation energy is transformed into Joule
heat. Therefore, the microcavity using the A/4 interference
structure has a problem that the emission efficiency is not
improved with respect to a large optical interference effect.
Specifically, in order to further improve the emission effi-
ciency of the microcavity under the A/4 interference condi-
tion, a method of controlling the SP loss is required.

[0009] Hitherto, as a method of suppressing the SP loss, a
method of sacrificing the interference effect of increasing the
distance between the metal reflective layer and the light-
emitting layer disclosed in Japanese Patent Application Laid-
Open No. 2008-543074 has been proposed. Further, as shown
by Jorg Frischeisen et al., Organic Electronics 12, 809-817
(2011), a method of satisfying both the interference effect of
M4 and a suppression of the SP loss by placing a transition
dipole moment of light-emitting molecules horizontally has
started being proposed. The behavior of light in an organic EL
element such as the SP loss can be calculated by optical
simulation, and the detail thereof is found in S, Nowy et al.,
Journal of Applied Physics 104, 123109 (2008).

[0010] However, the above-mentioned methods of sup-
pressing the SP loss have been studied with a weak cavity in
which there is only one interface between metal and a dielec-
tric. Specifically, the suppression of a surface plasmon in a
strong cavity that satisfies the interference condition of A/4
has not been proposed.

SUMMARY OF THE INVENTION

[0011] Itis an object of the present invention to provide an
organic EL. element whose emission efficiency has been
improved by suppressing a loss of excitation energy (SP loss)
by a surface plasmon generated on an electrode surface, and
various apparatus using the organic EL element. According to
a first aspect of the present invention, there is provided an
organic EL element, including: alight-reflective first elec-
trode including a metal; a light-transmissive second electrode
including a metal; an organic compound layer including at
least a light-emitting layer located between the first electrode
and the second electrode; and a low-refractive-index layer
being located between the first electrode and the light-emit-
ting layer, in which a refractive index of the low-refractive-
index layer is 1.20 or more and 1.65 or less at a maximum
peak wavelength of a spectrum of light emitted by the organic
EL element.

[0012] According to a second aspect of the present inven-
tion, there is provided an organic EL element, including: a
light-reflective first electrode; a light-transmissive second
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electrode; an organic compound layer having at least a light-
emitting layer located between the first electrode and the
second electrode; a low-refractive-index layer containing an
organic compound that is in contact with the second elec-
trode, the low-refractive-index layer being located between
the second electrode and the light-emitting layer, in which a
refractive index of the low-refractive-index layer is 1.20 or
more and 1.65 or less at a maximum peak wavelength of a
spectrum of light emitted by the organic EL element. An
optical distance L between the first electrode and the second
electrode satisfies the following Expression (1),

(MAx(~1=(§/m))<L<(W4)x(1-(¢/x)) 6]

where A represents a maximum peak wavelength of a spec-
trum of light emitted by the organic EL element, and ¢ rep-
resents a sum of phase shifts at a time when light having the
wavelength A is reflected, respectively, by the first electrode
and the second electrode and satisfies ¢<O[rad].

[0013] According to a third aspect of the present invention,
there is provided a light-emitting apparatus, including: the
organic EL. element according to the present invention
described above; and a control circuit for controlling light
emission of the organic EL element.

[0014] According to a fourth aspect of the present inven-
tion, there is provided an image-forming apparatus, includ-
ing: the light-emitting apparatus according to the present
invention described above; a photosensitive member on
which a latent image is to be formed by the light-emitting
apparatus; and a charging unit for charging the photosensitive
member.

[0015] According to a fifth aspect of the present invention,
there is provided a display apparatus, including multiple
organic EL elements having different emission colors; and a
control circuit for controlling light emission of the multiple
organic EL elements, in which the multiple organic EL ele-
ments are the organic FL elements according to the present
invention described above.

[0016] According to asixth aspect of the present invention,
there is provided an imaging apparatus, including: the display
apparatus according to the present invention described above;
and an imaging element.

[0017] According to the present invention, an SP loss can
be suppressed even when a metal electrode having a high
reflectance is used, and hence, the organic EL element whose
emission efficiency has been improved can be provided.
Thus, the characteristics of the light-emitting apparatus, the
image-forming apparatus, the display apparatus, and the
imaging apparatus, which are configured through use of the
organic EL element, can be enhanced.

[0018] Further features of the present invention will
become apparent from the following description of exem-
plary embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIG.1isa cross-sectional view schematically illus-
trating a configuration of an organic EL element according to
one embodiment of the present invention.

[0020] FIG. 2 is a graph showing refractive index depen-
dency of a hole transport layer with respect to emission effi-
ciency in a A/4 configuration of a blue-light-emitting organic
EL element.

[0021] FIGS.3A, 3B and 3C are graphs showing refractive
index dependency of a hole transport layer with respect to the
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emission efficiency in the case where an anode is made of Ag
and Mg, and refractive index dependency of a hole transport
layer in CIEy=0.06.

[0022] FIGS. 4A and 4B are graphs showing simulation
results of the emission efficiency in the case of changing a
refractive index of a hole transport layer with a double-layer
configuration that is in contact with an anode or changing
both the refractive index and a film thickness thereof.

[0023] FIG. 5 is a graph showing refractive index depen-
dency of a hole transport layer for each chromaticity of the
emission efficiency in a 3\/4 configuration.

[0024] FIG. 6 is a graph showing refractive index depen-
dency of an electron transport layer with respect to the emis-
sion efficiency in the A/4 configuration of the blue-light-
emitting organic EL element.

[0025] FIG. 7 is an optical mode distribution diagram
showing a difference in a distribution ratio of excitation
energy caused by a difference in a configuration.

[0026] FIG. 8 is a graph showing a chromaticity-emission
efficiency curve by an experiment ofan organic EL element in
an example of the present invention.

[0027] FIG. 9is a graph showing a chromaticity-emission
efficiency curve by a simulation of an organic EL element in
an example of the present invention.

[0028] FIG. 10 is a graph showing a difference in a refrac-
tive index between a deposited film and a coated film.
[0029] FIG. 11 is a graph showing a chromaticity-emission
efficiency curve by a simulation of an organic EL element in
the case of using the deposited film and the coated film in the
hole transport layer.

DESCRIPTION OF THE EMBODIMENTS

[0030] The present invention has been accomplished based
on the fact that an SP loss occurring on an electrode surface is
changed not only by a refractive index of metal species of an
electrode but also by a refractive index of an organic com-
pound layer near the metal electrode. Specifically, an organic
EL element of the present invention includes a first electrode
comprising a light-reflective metal, a second electrode com-
prising a light-transmissive metal, and a light-emitting layer
located between the first and second electrodes. The present
invention has the following configuration.

(1) an optical distance L between the first electrode and the
second electrode satisfies the following Expression (1),

(M (~ 1~ (@) <L<(MA)x (1~ (/1)) )

where A represents a maximum peak wavelength of a spec-
trum of light emitted by the organic EL element, and ¢ rep-
resents a sum of phase shifts at a time when light having the
wavelength A is reflected by the first electrode and the second
electrode and satisfies $<O[rad]; and a first low-refractive-
index layer being placed between the first electrode and the
light-emitting layer, wherein a refractive index of the first
low-refractive-index layer is 1.20 or more and 1.65 or less at
a maxinum peak wavelength of a spectrum of light emitted
by the organic EL element.

(2) an organic compound layer including at least a light-
emitting layer located between the first electrode and the
second electrode; an optical distance Ls between a reflective
surface of the second electrode and a light-emitting position
satisfies the following Expression (II),

(M8)x(-1-(24s/))<Ls<(M8)x (1-(2ps/m)) an
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where A represents a maximum peak wavelength of a spec-
trum of light emitted by the organic EL element, and ¢s
represents a phase shift at a time when light having the wave-
length A is reflected by the reflective surface of the second
electrode and satisfies ¢s<O[rad]; and a low-refractive-index
layer containing an organic compound is disposed between
the second electrode and the light-emitting layer so as to be in
contact with the second electrode, and a refractive index of
the low-refractive-index layer is set to be 1.20 or more and
1.65 or less at the maximum peak wavelength of the spectrum
of light emitted by the organic EL element.

(3) In the organic EL element described in (1) above, a low-
refractive-index layer 1 containing an organic compound is
disposed between the first electrode and the light-emitting
layer, and a low-refractive-index layer 2 containing an
organic compound is disposed between the second electrode
and the light-emitting layer so as to be in contact with the
second electrode. Refractive indices of the low-refractive-
index layer 1 and the low-refractive-index layer 2 are set to be
1.20 or more and 1.65 or less at the maximum peak wave-
length of the spectrum of light emitted by the organic EL
element.

[0031] Hereinafter, the organic EL element of the present
invention is described by way of an embodiment. FIG. 11s a
cross-sectional view schematically illustrating a configura-
tion of the organic EL element according to one embodiment
of the present invention. The embodiment of FIG. 1 is a
top-emission type element in which a reflective electrode 2
that is a light-reflective first electrode is disposed on a support
substrate 1, a transparent electrode 8 that is a light-transmis-
sive second electrode is disposed on an opposite side of the
reflective electrode 2 with respect to a light-emitting layer 5,
and light is extracted from the transparent electrode 8 side.
Herein, the reflective electrode 2 is a metal electrode having a
reflectance of 80% or more at a light-emitting wavelength.
Further, the transparent electrode 8 is an electrode which is
disposed on the side of extracting light outside and has a
transmittance of 40% or more at the light-emitting wave-
length. The light-emitting wavelength is 2 maximum peak
wavelength of a spectrum of light emitted from the organic
EL element. A number of stack configurations are studied,
which have some function layers made of organic compounds
including the light-emitting layer 5 between the pair of elec-
trodes, from a viewpoint of emission efficiency, a life time,
optical interference, and the like. A stack made of organic
compounds sandwiched between the reflective electrode 2
and the transparent electrode 8 is generally called an organic
compound layer 10.

[0032] Intheorganiccompound layer 10, an electron injec-
tion layer (not shown), a hole injection layer (not shown), and
the like are used appropriately in addition to a hole transport
layer 3, an electron blocking layer 4, the light-emitting layer
5, ahole blocking layer 6, and an electron transport layer 7 on
the reflective electrode 2. The present invention has no limi-
tation on materials contained in each layer. For example, any
one of a fluorescent material and a phosphorescent material
can be used as a light-emitting material constituting the light-
emitting layer 5, or a doped host material may be used. Fur-
ther, at least one kind of compounds may be contained in the
light-emitting layer 5 in addition to the light-emitting mate-
rial so as to enhance element performance. Further, the hole
transport layer 3 may function as an electron blocking layer or
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a hole injection layer, and the electron transport layer 7 may
function as a hole blocking layer or an electron injection
layer.

[0033] Further, as the support substrate 1, various glass
substrates, and a glass substrate on which a drive circuit such
as athin film transistor (TFT) formed of a semiconductor such
as Poly-Si and a-Si (amorphous silicon) are used. Further, a
glass substrate in which a drive circuit is formed on a silicon
wafer, the one in which a drive circuit is provided on a silicon
wafer, or the like can also be used.

[0034] EL light in the element is emitted outside through
use of the transparent electrode § as an electrode on the light
extraction side. Further, as the transparent electrode 8, atrans-
parent electrode made of a metal thin film is used. In this case,
the reflectance of the transparent electrode 8 increases, and
hence, characteristics as a microscopic optical resonator (mi-
crocavity) appear. Thus, by adjusting the film thickness
between the light-emitting layer 5 and the reflective electrode
2 of the organic compound layer 10, a light radiation distri-
bution in the light-emitting layer 5 can be controlled. In a
display apparatus, by setting the film thickness of each
organic compound layer so that the brightness becomes high
particularly in the front direction, an emission color is also
controlled by optical interference, and light is radiated in the
front direction more efficiently. Specifically, by setting the
order of interference i to adjust a distance d,, from the light-
emitting position of the light-emitting layer 5 to each reflec-
tive surface of the transparent electrode 8 and the reflective
electrode 2 to be d,=iM4 n, (1=1, 3, 5, . . . ) the amount of
components in the front direction increases in a radiation
distribution from the light-emitting layer 5, and front bright-
ness is enhanced. Note that, n, is an effective refractive index
of a layer from the light-emitting position to the reflective
surface.

[0035] Inthe case where a phase shift at a time when light
having a wavelength A is reflected by the reflective surface is
considered precisely, an optical distance L, from the light-
emitting position to the reflective surface of the reflective
electrode 2 is represented by the following Expression (1),
assuming that a phase shift at a time when light having a
wavelength } is reflected by the reflective surface is ¢ [rad].
The optical distance L, is a total of products of a refractive
index n, of each layer and a thickness d, of each layer of the
organic compound layer. Specifically, L, can be represented
by Zn xd,, and can also be represented by n,xd,,. Here, ¢, is a
negative value.

L=Qm~(@,/m))x(M4) (1

where m is an integer of 0 or more. When ¢,=-n and m=0,
L,=M4, and when ¢,=-n and m=1, L,=3A/4. The conditions
respectively correspond to a configuration of a A/4 interfer-
ence condition at the order of interference of i=1 and a con-
figuration of a 3A/4 interference condition at the order of
interference of i=3.

[0036] At this time, in an actual organic EL element, it is
not necessarily required to satisfy the above-mentioned film
thicknesses strictly, considering viewing angle characteris-
tics which have a tradeoff relationship with extraction effi-
ciency of a front surface. Specifically, the optical distance L
may have an error within a range of a value of £A/8 from the
value satisfying Expression (1). Accordingly, in the organic
EL element of the present invention, it is preferred that the
following Expression (2) be satisfied. It is more preferred that
the optical distance L. be within a range of a value of £A/16
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from the value satisfying Expression (1), and it is preferred
that the following Expression (2') be satisfied.

(M8)x(4m=(20,/m)-1 <L, <(W/B)x(4m~(2¢, /m)+1) @)
(M16)x(8m-(d /)= 1)<L,<(M16)x(8m~(¢,/m)+1) )
[0037] Further, in the present invention, m=0 is desired in

Expressions (2) and (2'), as described later. Thus, it is pre-
ferred that the following Expression (3), and further, the
following Expression (3") be satisfied.

(M8)x(-1-(2,/m))<L,<(M8)x (1-(2¢,/m)) (3)
(W16)x(=1-(49,/m)<L,<(W16)x(1-(4¢,/7)) )
[0038] In the case of configuring a full-color display appa-

ratus using multiple organic EL elements of the present inven-
tion, when emission colors of the organic EL elements are red
(620 nm), green (520 nm), and blue (460 nm), A is 460 nm to
620 nm. Under such a wavelength condition, from the above-
mentioned Expressions (3) and (3'), a preferred optical dis-
tance L satisfies the following Expression (4), and further, the
following Expression (4"). A phase shift on the reflective
surface of a metal layer is about -, and hence, calculation is
made under the condition of ¢,=-m.

57.5nm<Z,<232.50m )
86.25nm<Z,<193.75nm @)
[0039] The above-mentioned Expressions (2) to (4') can be

similarly applied to the optical distance from the light-emit-
ting position of the light-emitting layer 5 to the reflective
surface of the transparent electrode 8 for obtaining an inter-
ference effect by a strong cavity. That is, it is desired that an
optical distance L, from the light-emitting position to the
reflective surface of the transparent electrode 8 satisfy the
following Expressions (5) and (5",

(MB)x(=1-Qym))<L<(M8)x(1-(2¢ /) )
(ML6)x(=1=(4/m)<L <M 16)x(1-(4¢ /7)) Q)

where ¢ [rad] represents a phase shift at a time when light
having the wavelength A is reflected by the reflective surface.
That is, from Expressions (3) and (5), it is desired that the
optical distance L between the reflective electrode 2 and the
transparent electrode 8 according to the present invention
satisfy Expression (I). More preferably, from Expressions (3')
and (5", it is preferred that the optical distance L satisfy
Expression (I'). Note that, ¢ is the sum of phase shifts at a time
when light having the wavelength A is reflected by the first
electrode and the second electrode, and p=¢,+¢,, is satisfied.

(WA (=1-(@/m))<L<(M4)x (1-(¢/x)) 3]
(M8)x(~1-(2¢/7))<L<(N8)x(1-(2¢/n)) 1041
[0040] In the present invention, in order to enhance emis-

sion efficiency further, it is generally considered to be pre-
ferred that the reflectance of the reflective electrode 2 be
higher, for example, an Ag electrode having a reflectance
higher than that of an Al electrode be used. However, if only
a reflectance is paid attention to, the emission efficiency may
notbe improved. This is because, depending on metal species,
an SP loss may become conspicuous and the emission effi-
ciency may be reduced. Further, it has been found that the SP
loss is changed not only by the refractive index of metal
species but also by the refractive index of the organic com-
pound layer that is in contact with the reflective electrode 2.
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[0041] Hereinafter, results obtained by analyzing a rela-
tionship between the emission efficiency and the refractive
indices of metal species of the reflective electrode 2 and the
organic compound layer that is in contact with the reflective
electrode 2 are described. A element configuration to be ana-
lyzed as an example of the present invention is a system in
which the reflective electrode 2 is used as an anode, and the
refractive index of the hole transport layer 3 that is in contact
with the anode is changed. However, the reflective electrode
2 may be used as a cathode, and the transparent electrode 8
may be used as an anode. As electrode materials used for the
anode and the cathode, reflective metal such as Ag, Al, Mg, Ti,
Ni, Cr, W, Mo, Au, and Cs can be used appropriately.

[0042] In the following simulation, unless otherwise
described, a strong cavity element configuration of the fol-
lowing stack is considered, in which Al is used for an anode,
and an Ag thin film having a film thickness of 24 nm is used
for a cathode.

[0043] Support substrate/Al anode/hole transport layer/
electron blocking layer (10 nm)/light-emitting layer (20 nm)/
hole blocking layer (10 nm)/electron transport layer (10 nm)/
electroninjection layer (10 nm)/Ag cathode. Incidentally, the
numerical values in parentheses indicate the thickness of each
layer. The film thickness of the hole transport layer 3 is
matched with the A/4 interference condition. Further, a peak
wavelength of light emitted from the light-emitting layer 5 is
460 nm. Further, the simulation was conducted by a proce-
dure similar to that of S. Nowy et al., Journal of Applied
Physics 104, 123109 (2008).

[0044] Refractive Index Dependency of the Hole Transport
Layer 3 with Respect to Emission Efficiency

[0045] FIG. 2 shows refractive index dependency of the
hole transport layer 3 made of a simulation material A for
each chromaticity (CIEy) of emission efficiency in a A/4
configuration of a blue-light-emitting organic EL element. In
the figure, n indicates a refractive index.

[0046] According to the result obtained by changing the
refractive index n of the simulation material A that is in
contact with the Al anode 2, the emission efficiency is lowest
at a refractive index n of 2.50. On the other hand, as the
refractive index n of the hole transport layer 3 decreases from
1.90to0 1.60, 1.40, and 1.20, the emission efficiency increases
from 4.7 ¢d/A to 6.1 cd/A, 7.0 c¢d/A, and 7.8 cd/A at a
chromaticity CIEy of 0.06. Specifically, the emission effi-
ciency becomes 1.3 times, 1.5 times, and 1.6 times respec-
tively with respect to a material having a refractive index of
1.90. Consequently, it has been found that as the refractive
index n of the hole transport layer 3 decreases, the emission
efficiency tends to be improved. That is, it has been clarified
that the emission efficiency is improved by decreasing the
refractive index n of the hole transport layer 3 that is in contact
with the Al anode which is the reflective electrode 2.

[0047] The refractive index of an organic material used for
ageneral organic EL element is about 1.70 to 1.90. In order to
obtain the effect of improving the emission efficiency by
decreasing the refractive index, it is preferred to minimize the
refractive index as in the above-mentioned simulation. How-
ever, the effect of improving the emission efficiency of the
present invention can be obtained further by decreasing the
refractive index preferably to 1.65 or less.

[0048] Incidentally, as the hole transport layer 3 having a
lower refractive index, for example, a tert-butyl group, which
is a bulky functional group, is introduced into a terminal of a
triarylamine-based skeleton having hole transportability as in
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a compound 2 having the following structure. In this case, an
organic film density is lowered to decrease the refractive
index. In addition, the similar effect of decreasing the refrac-
tive index can be expected, for example, also by introducing
a long-chain alkyl group into a terminal. Alternatively, the
effect of decreasing the refractive index can be expected also
by introducing a functional group containing fluorine into a
material.

[0049] Further, an organic compound layer having a low
refractive index can be obtained even by mixing a low-refrac-
tive-index material with a general hole transport material by
doping. Herein, the low-refractive-index material may be an
organic substance or an inorganic substance. As an example,
Tables 1 and 2 show refractive indices regarding a film
obtained by mixing a compound 1 and a compound 2 having
the following structures and a film obtained by mixing the
compound 1 and lithium fluoride. As the mixing ratio of the
low-refractive-index material increases, the refractive index
decreases, and hence, the low-refractive-index material can
be used for an organic compound layer having a low refractive
index. Mixing can be performed by ordinary co-deposition as
long as materials can be deposited. Alternatively, if the mate-
rials are dissolvable in a solution, the materials may be dis-
solved in a solution at a predetermined ratio and formed into
a mixed film by a coating method.

Compound 1

A

Compound 2

()
L0,

o
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TABLE 1

Mixing ratio (% by mass)

Compound 1 100 80 60 40 20 0

Compound 2 0 20 40 60 20 100

Refractive index 1.90 1.8 1.80 1.75 1.70 1.65
TABLE 2

Mixing ratio (% by mass)

Compound 1 100 80 60 40 20 0

LiF 0 20 40 60 80 100
Refractive index 190 1.81 1.72 1.62 1.51 1.40
[0050] Forexample, a fluorine-based polymer suchas poly-

tetrafluoroethylene enables a low-refractive-index organic
film having a refractive index of about 1.30 to be obtained by
a coating method. The refractive index is further decreased in
such a manner that a volatile material and fine particles that
disappear by heating are added to a low-refractive-index
organic film in advance and are heated after film formation so
as to obtain an organic compound film having voids. Thus, a
refractive index can be decreased further. For example, if the
above-mentioned voids are set to be about 47%, the refractive
index can be decreased to about 1.20. However, when a void
ratio exceeds 50% due to a further decrease in the refractive
index, a film becomes brittle and cannot withstand practical
use, which is considered to be difficult technically. Alterna-
tively, the refractive index can be decreased even by forming
a film merely through use of spin-coating that is a coating
method without mixing a special volatile material. For
example, a compound 7 (described later) that can be used as
a hole transport material is described as an example.

[0051] First, in order to check a refractive index of the
compound 7, a thin film made of the compound 7 was formed
on asilicon substrate by spin-coating. A coating solution used
here was a toluene solution containing 0.5% by mass of the
compound 7, and a spin-coating condition was 60 seconds at
1,000 rpm. After that, the substrate was heated at 80° C. for 10
minutes in a vacuum oven, and the coated film was annealed
to form a thin film having a film thickness of 18 nm. Further,
the compound 7 was formed into a film so as to have the same
film thickness as that of the coated film on the silicon sub-
strate by vacuum deposition. The refractive indices of the
obtained coated film and the deposited film were measured to
be compared with each other by ellipsometry.

[0052] FIG. 10 shows a refractive index obtained by ellip-
sometry. As shown in FIG. 10, for example, in the case of a
wavelength of 460 nm, the refractive index of the deposited
film is 1.99, whereas the refractive index of the coated film is
1.85, which is lower than that of the deposited film by 0.14.
The decrease in the refractive index was observed over a
visible light range wavelength of 400 nm to 750 nm. Specifi-
cally, even when the same compound 7 is used, the refractive
index varies depending on whether a film formation process is
vapor deposition or spin-coating.

[0053] One factor for the decrease in the refractive index is
a change in a film density. The coated film is formed from a
toluene solution, and hence, toluene molecules are present in
a thin film of the compound 7 even after film formation. It is
considered that the coated film is annealed in the vacuum
oven to volatilize toluene molecules, and the film density of
the coated film becomes lower than that of the deposited film.
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Specifically, it is not necessary to add a special volatile mate-
rial, and a refractive index can be decreased by process con-
ditions such as a solvent to be used and heating.

[0054] Thus, according to a method using a coating solu-
tion, the refractive index of a formed thin film can be
decreased, and hence, a simulation was performed through
use of each refractive index obtained by vapor deposition and
coating. FIG. 11 shows a simulation result. The element con-
figuration used in the simulation is a support substrate/an Al
anode/a hole transport layer (18 nm)/an electron blocking
layer (10 nm)/a light-emitting layer (20 nm)/an electron
transport layer (30 nm)/an Ag cathode (24 nm). Further, mate-
rials other than that for the hole transport layer used in the
simulation are the same as those in the examples described
later.

[0055] As is seen from FIG. 11, the coated film whose
refractive index is decreased has high emission efficiency. For
example, the emission efficiency of the coated filmis 4.5 cd/A
at CIEy of 0.06, and thus, the emission efficiency of the
coated film is improved compared with the emission effi-
ciency of 4.0 cd/A of the deposited film. It is understood from
this result that, in the case where a film refractive index can be
decreased by coating more than by vapor deposition, even
using the same material, the emission efficiency is increased.
Specifically, coating is also effective in the case of suppress-
ing the SP loss by decreasing the refractive index of the hole
transport layer that is in contact with the reflective electrode
so as to improve the emission efficiency.

[0056] As another example, a change in the emission effi-
ciency by a decrease in the refractive index of the hole trans-
port layer 3 was also analyzed in the case of changing anode
metal species to Ag and Mg other than Al. FIGS. 3A to 3C
show results. As is understood from Ag of FIG. 3A and Mg of
FIG. 3B, in each metal, as the refractive index n of the hole
transport layer 3 decreases from 2.50 to 1.20, the emission
efficiency is improved. FIG. 3C shows the emission efficiency
at achromaticity CIEy 0f0.06 in the case of using Al, Ag, and
Mg for an anode. The horizontal axis represents the refractive
index n of the hole transport layer 3. It is clear that, as the
refractive index becomes smaller, the emission efficiency
becomes larger, and it is confirmed that the decrease in the
refractive index of the hole transport layer 3 has an effect of
improving the emission efficiency irrespective of metal spe-
cies. Further, it is also possible to produce a light-emitting
apparatus or a display apparatus by arranging multiple
organic EL elements with high efficiency obtained by
decreasing the refractive index in this way.

[0057] Two-Layer HTL Configuration

[0058] Tt was found that the emission efficiency was
improved by decreasing the refractive index of the hole trans-
port layer 3 that was in contact with an Al anode which was
the reflective electrode 2. However, the film thickness of the
hole transport layer 3 is also increased together with the
decrease in the refractive index in order to keep the interfer-
ence condition of a A/4 configuration. Therefore, the possi-
bility of suppressing the SP loss by an increase in a distance
between the light-emitting layer 5 and the anode 2 instead of
the refractive index cannot be removed.

[0059] Herein, a simulation was performed in the case
where the hole transport layer 3 (HTL) had a two-layer con-
figuration (HTL1 and HTL2). First, the result of a simulation
that did not use an interference design is shown, in which only
a refractive index (x) was changed with the total film thick-
ness of two layers of the hole transport layer 3 being set to be
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constant and the film thickness of the HTL1 that was in
contact with the anode 2 being set to be S nm. Incidentally, the
refractive index of the HTL2 was fixed to be 1.90, and the film
thickness was fixed to be 26.6 nm. The following configura-
tion was simulated.

[0060] Support substrate/Al anode/HTL1/HTL2/electron
blocking layer (10 nm)/light-emitting layer (20 nm)/hole
blocking layer (10 nm)/electron transport layer (10 nm)/elec-
tron injection layer (10 nm)/Ag cathode (24 nm). Inciden-
tally, the numerical values in parentheses indicate the thick-
ness of each layer.

[0061] FIG.4A summarizes the results. When the emission
efficiency at a chromaticity in the vicinity of CIEy of 0.06 is
paid attention to, it is found that, as the refractive index n of
the HTL1 that is in contact with the anode decreases, the
emission efficiency is improved. Specifically, the total film
thickness of the hole transport layer 3 is constant, and hence,
itis clarified that despite the fact that the distance between the
anode 2 and the light-emitting layer 5 does not change, when
the refractive index n of the HTL1 that is in contact with the
anode 2 is decreased, the emission efficiency is improved.

[0062] Next, the hole transport layer 3 (HTL) was set to
have a two-layer configuration (HTL1 and HTL.2), and an
interference design was used, that is, the film thickness of the
HTL1 was set to be constant (5 nm) and the refractive index
nthereof was changed. The graph shows a simulation result in
the case where the film thickness of the HTL.2 was defined as
Y (nm) and changed so as to match with the interference
condition of a A/4 configuration. The following configuration
was simulated.

[0063] Support substrate/Al anode/HTL1/HTL2/electron
blocking layer (10 nm)/light-emitting layer (20 nm)/hole
blocking layer (10 nm)/electron transport layer (10 nm)/elec-
tron injection layer (10 nm)/Ag cathode (24 nm). Inciden-
tally, the numerical values in parentheses indicate the thick-
ness of each layer.

[0064] FIG. 4B summarizes the results. Unlike FIG. 4A in
which the total film thickness of the HTL1 and HTL2 is
constant, the film thickness of the HTL2 is changed, and
hence, the emission efficiency of each chromaticity is
obtained. Then, it is similarly confirmed that, as the refractive
index n of the HTL1 that is in contact with the Al anode is
decreased, the emission efficiency tends to be improved irre-
spective of each chromaticity.

[0065] Tables 3 and 4 summarize results obtained by
extracting element configurations, in which a calculation
result having a chromaticity in the vicinity of CIEy of 0.06
was obtained, from FIGS. 4A and 4B. As is clearly seen from
Tables 3 and 4, it is understood that the emission efficiency
becomes higher when the HTL1 has a lower refractive index
even in any of elements A-1 to A-6 in which the total film
thickness of the HTL is constant and elements B-1 to B-6 in
which the film thickness of the HTL2 is changed so as to
match with a A4 configuration of the element. In general, in
the case of using a method of increasing a distance between
the anode and the light-emitting layer so as to suppress the SP
loss, it is necessary to increase the HTL film thickness to a
304 configuration. However, according to the present inven-
tion, it is proved that the emission efficiency can be improved
while a A4 configuration having high emission efficiency is
kept, by providing an organic compound layer having a low
refractive index in contact with the anode 2.
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TABLE 3
HTL1 HTLI Film HTL2 HTL2 Film Emussion
Refractive  thickness  Refractive  thickness ~ HTL total film efficiency
index (nm) index {nm) thickness (nm) CIEx  CIEy [ed/A]
Element A-1 2.50 5.00 1.90 26.60 31.60 0.1390  0.0632 4.48
Element A-2 1.90 5.00 1.90 26.60 31.60 0.1388 0.0605 4.70
Element A-3 1.65 5.00 1.90 26.60 31.60 0.1386  0.0597 4.84
Element A-4 1.60 5.00 1.90 26.60 31.60 0.1385  0.0595 4.87
Element A-5 1.40 5.00 1.90 26.60 31.60 0.1382  0.0590 5.03
Element A-6 1.20 5.00 1.90 26.60 31.60 0.1371 0.0585 5.23
TABLE 4
HTL1 HTLI Film HTL2 HTL2 Film Emission
Refractive  thickness  Refractive  thickness  HTL total film efficiency
index (nm) index {(nm) thickness (nm)  CIEx CIEy [cd/A]
Element B-1 2.50 5.00 1.90 26.00 31.00 0.1384  0.0602 4.36
Element B-2 1.90 5.00 1.90 31.67 36.67 0.1380  0.0603 4.69
Element B-3 1.65 5.00 1.90 26.80 31.80 0.1383  0.0602 4.87
Element B-4 1.60 5.00 1.90 26.67 31.67 0.1386 00595 4.87
Element B-5 1.40 5.00 1.90 27.00 32.00 0.1382  0.0604 5.09
Element B-6 1.20 5.00 1.90 27.00 32.00 0.1384  0.0599 5.30
[0066] Effect of the Order of Interference with Respect to mentioned Expressions (2) and (2'), m=01s the most preferred

Emission Efficiency

[0067] Although the emission efficiency is improved by
decreasing a refractive index of the hole transport layer 3, the
analysis of a A/4 configuration has been described. Herein, a
304 configuration of a blue-light-emitting organic EL ele-
ment was also analyzed, and the analysis result was compared
with the result of the A/4 configuration. The element configu-
ration is as follows. Support substrate/Al anode/hole trans-
port layer (150 nm to 250 nm)/electron blocking layer (10
nm)/light-emitting layer (20 nm)/hole blocking layer (10
nm)/electron transport layer (10 nm)/electron injection layer
(10 nm)/Ag cathode (24 nm). The numerical values in paren-
theses indicate the thickness of each layer. FIG. 5 shows
refractive index dependency of the hole transport layer 3 for
each chromaticity (CIEy) of the emission efficiency summa-
rized for each order of interference.

[0068] First, in the case where the 3A\/4 configuration
shown in FIG. 5 is paid attention to, when the hole transport
layer 3 is formed of a simulation material A (refractive index
n=1.90 at 2=460 nm), the emission efficiency is lowest, and
when the refractive index n of the simulation material A is
decreased, the emission efficiency is significantly improved.
Specifically, it is shown that the effect of improving the emis-
sion efficiency by decreasing the refractive index of the hole
transport layer 3 is also effective for the 34/4 configuration.
[0069] On the other hand, even in the case where the refrac-
tive index n of the hole transport layer 3 was 1.20, with which
the highest efficiency was obtained in the simulation of the
30/4 configuration, the emission efficiency did not reach the
one obtained in the case where the refractive index n of the
hole transport layer 3 with the A/4 configuration shown in
FIG. 2 was 1.65 orless. In particular, an SP loss is large in the
M4 configuration, and hence, when a surface plasmon is
suppressed by decreasing the refractive index, large emission
efficiency can be obtained. Specifically, it is understood that,
in order to obtain large emission efficiency, it is preferred to
use the A/4 configuration instead of the 3A/4 configuration
and further to decrease the refractive index of the hole trans-
port layer 3. Specifically, it is understood that, in the above-

configuration. Further, the low-refractive-index layer only
needs to be located between the light-emitting layer and the
first electrode, and does not always need to be in contact with
the first electrode. This is because an SP occurring on the first
electrode in the device configuration satisfying Expression (1)
is in the state of being mixed with an SP mode called long
range surface plasmon (LRSP) that occurs on the second
electrode. The mixed mode is herein referred to as SP1. In
addition, it is desired that an extinction coefficient of the
low-refractive-index layer be 0.02 or less in the wavelength
region to be used. This is because the strong cavity configu-
ration has a large degree of multiple interference and hence a
large amount of light is likely to be absorbed in the device.
[0070] Regarding an Insertion Position Effect of a Low-
Refractive-Index Layer

[0071] Next, how emission efficiency changed by the posi-
tion at which an organic compound layer having a low refrac-
tive index was inserted was checked. Specifically, the case of
decreasing the refractive index of the hole transport layer 3
that was in contact with the anode which was the reflective
electrode 2 shown in FIG. 2 was compared with the case of
decreasing the refractive index of the electron transport layer
7 that was in contact with the cathode of the transparent
electrode 8 on the light extraction side.

[0072] Incidentally, while the element configuration used
in a simulation of changing the refractive index of the hole
transport layer 3 that was in contact with the anode was as
described above, a simulation of changing the refractive
index of'the electron transport layer 7 that was in contact with
the cathode had the following configuration.

[0073] Support substrate/Al anode/hole transport layer/
electron blocking layer (10 nm)/light-emitting layer (20 nm)/
hole blocking layer (10 nm)/electron transport layer (26 nm)/
Ag cathode (24 nm). The numerical values in parentheses
indicate the thickness of each layer. The film thickness of the
hole transport layer 3 is matched with the A/4 interference
condition, which is 32 nm when nis set to be 1.90. Further, the
peak wavelength of light emitted from the light-emitting layer
5 1s 460 nm (blue light emission).
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[0074] FIG. 6 summarizes results obtained by decreasing
the refractive index of the electron transport layer (ETL). As
the electron transport layer 7 (ETL), a simulation material B
was used, and the refractive index n thereof was decreased
from 1.84 to 1.20 at A of 460 nm. Consequently, an improve-
ment of the emission efficiency by a decrease in the refractive
index n was observed. Specifically, the effect of improving
the emission efficiency is obtained even by decreasing the
refractive index of the electron transport layer 7. Next, the
reason why the electron transport layer having a small refrac-
tive index is desired to be in contact with the second electrode
made of metal is described.

[0075] Table 5 shows configuration dependency ofthe elec-
tron transport layer having a low refractive index in a A/4
configuration of a blue-light-emitting organic EL element,
and shows comparison between an Ag cathode made of metal
and an IZ0 cathode made of a transparent conductive film.
The simulation of Table 5 was performed on the following
configuration. Support substrate/Al anode/hole transport
layer/light-emitting layer (20 nm)/first electron transport
layer/second electron transport layer/third electron transport
layer/Ag cathode (26 nm) or IZO (73 nm). The numerical
values in parentheses indicate the thickness of each layer. The
thickness of the hole transport layer was set so as to satisfy
Expression (I). The refractive index of the second electron
transport layer was set to be 1.6, and the refractive indices of
the other organic compound layers were set to be 1.9. A
relative emission efficiency and a relative SP coupling effi-
ciency of an element C (and an element D) are normalized by
an element C-1 (and an element D-1), respectively. Compar-
ing the element C and the element D, it is understood that an
element C-2 in which the Ag cathode and the second electron
transport layer are joined to each other has the most reduced
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[0076] InRegard to a Relationship of a Refractive Index of
EML
[0077] As shown in FIG. 3C, the emission efficiency is

improved by decreasing the refractive index of the hole trans-
port layer. However, it is desired that a refractive index of the
light-emitting layer (n,, ) be larger than a refractive index
(nz,;) of the hole transport layer (1,,,=n,,). Table 6
shows refractive index dependency of the electron transport
layer and the hole transport layer with respect to a relative
value of emission efficiency in a A/4 configuration of a blue-
light-emitting organic EL element. The emission efficiency
corresponds to emission efficiency at a CIEy of 0.06. The
simulation of Table 6 was performed on the following con-
figuration. Support substrate/Al anode/hole transport layer/
light-emitting layer (20 nm)/electron transport layer (30 nm)/
Ag cathode (26 nm). The numerical values in parentheses
indicate the thickness of each layer. The thickness of the hole
transport layer was optimized so as to satisfy Expression (I).
It is understood that emission efficiency of an element C
satisfying the condition of ng;, =1, is higher than that of
an element D. Focusing on the element C, it is understood that
an element having a larger refractive index difference on
between EML and HTL has a higher emission efficiency.
From the above, it is preferred to satisfy n,,, =n,, , in order
to improve the emission efficiency by decreasing the refrac-
tive index of the hole transport layer. Particularly, it is more
preferred to satisfy n,, -n,,,, Z0.1 because a stronger effect
of the low-refractive-index layer can be obtained. Similarly, it
is preferred to satisfy ng,; =ny, , when therefractive index of
the electron transport layer is represented by n,., .

SP coupling efficiency and accordingly has the highest emis- TABLE 6
sion efficiency. That is, in the case of a metal cathode, it is
effective to join the low-refractive-index layer and the cath- EML HTL
ode to each other. This is because not only the above-men- . . o
tioned SP1 but also the surface plasmon mode locally present Refractive  Refractive Emission
on a thin film metal cathode can be reduced. The above shows index index efficiency
that, in the configuration in which the optical distance N Ny M=Dpu-ngm [edA]
between the light-emitting layer and the second electrode
satisfies the interference condition of A/4, by decreasing the Flement E-1 19 19 0 495
refractive index of the electron transport layer that is in con-
: o . Element E-2 19 15 0.4 6.58
tact with the second electrode, it is possible to decrease the
coupling efficiency of surface plasmon to improve the emis- Element E-3 1.65 1.65 0 521
sion efficiency.
TABLE 5
ETL1 ETL2 ETL3 Relative
Refractive thickness Refractive thickness Refractive thickness emissoin  Relative
Index [nm] Index [nm] Index [nm]  Cathode efficiency  SPmode
Element C-1 19 0 1.6 0 19 30 Ag(26nm) 100% 100%
Element C-1 19 20 1.6 10 1.9 0 Ag(261m) 111% 92%
Element C-2 19 10 1.6 10 19 10 Ag(261m) 107% 95%
Element C-3 19 0 1.6 10 1.9 20 Ag(261m) 106% 96%
Element D-1 19 0 1.6 0 19 30 IZO(73nm)  100% 100%
Element D-1 19 20 1.6 10 1.9 0 IZO(73nm)  102% 99%
Element D-2 19 10 1.6 10 19 10 1ZO{73mnm)  105% 98%
Element D-3 19 0 1.6 10 1.9 20 IZO(73nm)  106% 97%
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TABLE 6-continued TABLE 7
EML HTL HTL ETL Emission Relative
Refractive  Refractive Emission Refractive  Refractive efficiency emussion
index index efficiency Index Index [ed/A]  efficiency
NEML g7z M =Ny, — Nprpp [cd/A]
Element G-1 1.9 1.9 5.05 100%
Element E-4 1.65 1.6 0.05 544 Element G-2 1.6 1.9 6 121%
Element E-3 1.65 15 0.15 5.79 Element G-3 1.9 1.6 6.12 119%
Element E-6 1.6 1.6 0 521 Element G-4 1.6 1.6 749 148% (+8.6%)
Element E-7 1.6 15 0.1 5.62
Element E-8 1.5 1.5 0 5.2
Element F-1 L5 19 -04 3.79 [0081] FIG. 7 shows how excitation energy is distributed in
Element F-2 L6 1.63 b0 302 each configuration. Each numerical value in the figure indi-
Element F-3 1.5 1.65 -0.15 4.62 A . .
Element F-4 15 16 01 484 cates a ratio with respect to power (25% of applied power) of

[0078] It was found that an improvement of the emission
efficiency was observed by decreasing each refractive index
of the electron transport layer 7 and the hole transport layer 3,
and hence, the case of decreasing refractive indices of the
electron transport layer 7 and the hole transport layer 3 at the
same time was studied. Specifically, regarding the case of
changing the refractive index of the hole transport layer 3
from 1.9 to 1.6, and simultaneously changing the refractive
index of the electron transport layer 7 from 1.9 to 1.6, a
change in the emission efficiency was simulated. Table 7
shows refractive index dependency of the electron transport
layer and the hole transport layer 3 with respect to the emis-
sion efficiency in the A/4 configuration of a blue-light-emit-
ting organic EL element.

[0079] The simulation of Table 7 was performed on the
following configuration. Support substrate/’Al anode/hole
transport layer (20 nm)/electron blocking layer/light-emit-
ting layer (20 nm)/hole blocking layer (10 nm)/electron trans-
port layer/Ag cathode (26 nm). The numerical values in
parentheses indicate the thickness of each layer. The film
thickness of the electron transport layer is matched with the
M4 interference condition, and is about 30 nm for n=1.9 and
about 35 nm for n=1.6. Further, the thickness of the hole
transport layer is fixed to 20 nm, and the thickness of the
electron blocking layer is optimized so as to be matched with
the A/4 interference condition. The refractive index of the
electron blocking layer used in this simulation is n=2.0.
[0080] As is understood from Table 7, an element G-1 in
which the refractive indices of both the hole transport layer
and the electron transport layer are 1.9 has the lowest effi-
ciency. As described above, elements G-2 and G-3 in which
the refractive index of one of the hole transport layer and the
electron transport layer is low are improved in efficiency as
compared with the element G-1. Further, an element G-4 in
which the refractive indices of both the hole transport layer
and the electron transport layer are decreased is most greatly
improved in efficiency. The numerical value in the parenthe-
sis regarding relative brightness of the element G-4 corre-
sponds to a difference of (the sum of relative efficiencies of
the elements G-2 and G-3) with respect to (the relative effi-
ciency of the element G-4), that is, corresponds to an
improved emission efficiency component that is exhibited by
decreasing the refractive indices of both the hole transport
layer and the electron transport layer. It was understood from
the results that, also in the case of decreasing the refractive
indices of both the hole transport layer and the electron trans-
port layer, a more preferred effect of improving the efficiency
than in the case of decreasing the refractive index of one of the
hole transport layer and the hole transport layer can be
obtained.

all the singlet excitons generated in the cavity, which is an
average value in a range of A of 400 nm to 580 nm.

[0082] The definition of each mode is described. OC indi-
cates out coupling, which is a component extracted out of the
element as light. Assuming that an inclined angle of the
traveling direction of light from a normal direction is 6, 0 falls
in a range of 0<6<8_ (6, total reflection critical angle). ABS
indicates an absorption loss, which is a component that sat-
isfies a condition of <8 _and is absorbed in the element. Wg
indicates a waveguide mode, which is a component allowing
light to propagate in the element, and the traveling direction
thereof is 0_<6<90°. SP indicates a surface plasmon as
described above, which is a component that causes an exciton
energy loss due to surface plasmon excitation, and then its
energy is transformed into Joule heat. This mode is a compo-
nent intended to be suppressed, which the present invention
pays attention to. NR indicates a non-radiative loss in light-
emitting molecules, which is a component that is deactivated
without involving light emission from excited light-emitting
molecules to a ground state.

[0083] Therefractive index of the electron transport layer 7
was decreased to 1.60 and 1.40 from the case where the
refractive index n of the simulation material A of the hole
transport layer 3 (HTL) was set to be 1.90 and the refractive
index n of the electron transport layer 7 (ETL) was set to be
1.84 as shown in FI1G. 7, which is shown by A, B, and C in
FIG. 7. Then, the energy distributed to the SP was decreased
from 47.9% to 43.0% and 38.0%. On the other hand, in the
OC mode extracted out of the element to contribute to the
improvement of the emission efficiency, the energy was
increased from 19.3% to 23.0% and 25.1%. Specifically, it is
understood that the SP loss is suppressed by decreasing the
refractive index of the electron transport layer 7, and an
efficiency of extracting light out of the element is improved.

[0084] Next, when the refractive index n of the electron
transport layer 7 (ETL) was fixed to be 1.84, and the refractive
index n of the hole transport layer 3 (HTL) was decreased
from 1.90 to 1.60, the energy distributed to the SP was
decreased from 47.9% to 39.1% and 30.7%, which is shown
by D and E in FIG. 7. On the other hand, in the OC mode
extracted out of the element to contribute to the improvement
of the emission efficiency, the energy was increased from
19.3% to 24.6% and 26.4%. Specifically, it is understood that
the SP loss is suppressed by decreasing the refractive index of
thehole transport layer 3, and the efficiency of extracting light
out of the element is improved.

[0085] Considering the above-mentioned result, in the
present invention, the refractive index of the organic com-
pound layer that is contact with the reflective electrode 2 is
decreased. Further, the refractive index of the low-refractive-
index layer is 1.20 or more and 1.65 or less. From the optical
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viewpoint, it is desired that the thickness of the low-refrac-
tive-index layer be as thick as possible. However, an increase
in voltage depending on the resistance of the low-refractive-
index layer may occur. Thus, it is desired to determine an
optimum thickness from the optical and electrical viewpoints.
Therefore, the film thickness of the low-refractive-index layer
is preferably 5 nm or more and 193.75 nm or less. It is not
preferred that the film thickness is less than 5 nm, because the
effect of the present invention is not obtained. Further, in a
red-light-emitting organic EL element, in the case where the
refractive index is 1.20 and L is 232.5 nm, the film thickness
of the low-refractive-index layer is 193.75 nm, and in the
present invention, the film thickness 0f193.75 nm is preferred
as an upper limit of the film thickness of the low-refractive-
index layer. Further, the film thickness of the low-refractive-
index layer is preferably 5 nm or more and 161.46 nm or less.
The film thickness of 161.46 nm corresponds to the case
where the refractive index is 1.20 and L is 193.75 nm.

[0086] As described above, in the organic EL element of the
present invention, an SP loss in a metal electrode is reduced,
and the emission efficiency is high. Thus, higher characteris-
tics are obtained by applying the present invention to various
apparatus using the organic EL element. A specific example is
a light-emitting apparatus including the organic EL element
of the present invention and a control circuit for controlling
light emission of the organic EL element. Examples of the
light-emitting apparatus include an exposure light source of
lighting equipment and an electrophotographic image-form-
ing apparatus, and a backlight of a liquid crystal display
apparatus. An image-forming apparatus includes an exposure
light source, a photosensitive member on which a latent
image is to be formed by the exposure light source, and a
charging unit for charging the photosensitive member.

[0087] Further, in a display apparatus including multiple
organic EL elements having different emission colors and a
control circuit for controlling light emission of the organic EL
element, the organic EL element of the present invention can
be used. The display apparatus is used in a display portion of
a television receiver or a personal computer, a display portion
of a mobile phone, a display portion of a portable game
machine, a display portion of amobile music player, a display
portion of a personal digital assistant (PDA), and a display
portion of a car navigation system. In addition, the display
apparatus of this embodiment may be placed in a display
portion or an electronic viewfinder of an imaging apparatus
such as a digital camera and a digital video camera. The
imaging apparatus further includes an imaging optical system
and an imaging element such as a CMOS sensor for imaging.
In such a display apparatus, it is preferred that the low-refrac-
tive-index layer be formed of multiple organic EL elements
having different emission colors with a common film thick-
ness, and the film thickness of the low-refractive-index layer
be 5 nm or more and 143.75 nm or less. It is not preferred that
the film thickness is less than 5 nm, because the effect of the
present invention is not obtained. Further, in the blue-light-
emitting organic EL element, in the case where the refractive
index is 1.20 and L is 172.5 nm (corresponding to an upper
limit value at A=460 nm and ¢p=—rm in Expression (1)), the film
thickness of the low-refractive-index layer is 143.75 nm, and
hence, it is preferred that the upper limit of the film thickness
of the low-refractive-index layer be 143.75 nm. Further, the
film thickness of the low-refractive-index layer is preferably
5 nm or more and 119.79 nm or less. The film thickness of
119.79 nm corresponds to the case where the refractive index
is 1.20 and L is 143.75 nm (corresponding to the upper limit
value at A=460 nm and ¢=-m in Expression (I')).

Feb. 14, 2013

EXAMPLES

[0088] Hereinafter, specific examples of the present inven-
tion are described. In the following examples, the effect was
confirmed in the case of decreasing a refractive index of a hole
transport layer that was in contact with an anode in which
high emission efficiency was obtained in the above-men-
tioned simulation result.

[0089] In this example, two hole transport layers having
different refractive indices were used. One of the hole trans-
port layers was made of a compound 1 described above (re-
fractive index n=1.90 at A=460 nm), and the other one was
made ofa compound 2 (refractive index n=1.65 at A=460 nm)
having a refractive index lower than that of the compound 1.
[0090] A element of this example was produced as follows.
First, a film of an aluminum alloy (AINd) was formed to a film
thickness of 100 nm on a glass substrate by sputtering to form
an anode. An organic compound layer was formed succes-
sively on the anode by vacuum deposition. As a hole transport
layer, a film of the compound 1 described above was formed
to a film thickness of 18 nm or a film of the compound 2 was
formed to a film thickness of 21 nm, and as an electron
blocking layer, a film of a compound 3 having the following
structure was formed to a film thickness of 10 nm. Next, as a
light-emitting layer, films of a compound 4 and a compound
5 having the following structures were co-deposited at a film
formation speed of 0.98 A/s and 0.02 A/s, respectively, and a
light-emitting layer was formed to a film thickness of 20 nm.
Then, as an electron transport layer, a film of a compound 6
having the following structure was formed to a film thickness
of 30 nm. Then, as a cathode, a light-transmissive stacked
metal thin film of AgCs (6 nm)/Ag (20 nm) was formed. Here,
the Ag alloy made of Ag and Cs was placed on the side of the
cathode that was in contact with the electron transport layer,
thereby facilitating the injection of electrons into the electron
transport layer. Numerical values in parentheses indicate each
film thickness of corresponding metal.

[0091] Finally, sealing glass (not shown) containing a dry-
ing agent and a film-formation surface of the glass substrate
were sealed with a UV-curable resin in a glove box in a
nitrogen atmosphere.

[0092] Note that, any of the organic EL elements produced
in this example has a A/4 configuration and satisfies the
Expression (I1) described above.

Compound 3
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[0093] FIG. 8 shows a chromaticity-emission efficiency
curve of the organic EL element obtained in the experiment,
and FIG. 9 shows a result obtained by simulating a layer
configuration corresponding to each organic EL element. The
organic EL. element using the compound 1 for the hole trans-
port layer represented by an open circle plot in FIG. 8 has an
emission efficiency of about 4.1 cd/A at CIEy 0f0.065. On the
other hand, the organic EL element using the compound 2
having alower refractive index represented by a black dotand
curve in FIG. 8 shows high emission efficiency of about 5.3
cd/A at CIEy of 0.065. Thus, an increase ratio of the emission
efficiency of the organic EL element using the compound 2 by
decreasing the refractive index is 1.3 times that of the organic
EL element using the compound 1. Further, in FIG. 9, a solid
line indicates the element using the compound 2, and a broken
line indicates the element using the compound 1. An increase
ratio obtained in the simulation of the compound 2 is about
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1.3 times that of the compound 1, and it is confirmed that the
simulation result is consistent with the experimental result.
[0094] Specifically, in this example, itis confirmed that the
simulation result is consistent with the experimental result,
and it is shown that the emission efficiency is improved by
decreasing the refractive index of the hole transport layer 3
that is in contact with the anode.

[0095] Whilethe present invention has been described with
reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.
[0096] This application claims the benefit of Japanese
Patent Applications No. 2011-176463, filed Aug. 12, 2011,
and No. 2012-017447, filed Jan. 31, 2012 which are hereby
incorporated by reference herein in their entirety.

REFERENCE SIGNS LIST

[0097] 1: support substrate, 2: first electrode (reflective
electrode), 3: hole transport layer, 4: electron blocking layer,
5: light-emitting layer, 6: hole blocking layer, 7: electron
transport layer, 8: second electrode (transparent electrode),
10: organic compound layer
What is claimed is:
1. An organic EL element, comprising:
a first electrode comprising a light-reflective metal,
a second electrode comprising a light-transmissive metal;
an organic compound layer including at least a light-emit-
ting layer located between the first electrode and the
second electrode; and
a first low-refractive-index layer being placed between the
first electrode and the light-emitting layer,
wherein an optical distance L between the first electrode
and the second electrode satisfies the following Expres-
sion (D),

(M (=1=(@Im))<L<(MA)x (1~(/)) )

where A represents a maximum peak wavelength of a spec-
trum of light emitted by the organic EL element, and ¢ rep-
resents a sum of phase shifts at a time when light having the
wavelength A is reflected by the first electrode and the second
electrode and satisfies ¢<O[rad]; and

a refractive index of the first low-refractive-index layer is

1.20 or more and 1.65 or less at a maximum peak wave-
length of a spectrum of light emitted by the organic EL
element.

2. The organic EL element according to claim 1, further
comprising a second low-refractive-index layer containing an
organic compound that is in contact with the second elec-
trode, the second low-refractive-index layer being located
between the second electrode and the light-emitting layer,

wherein a refractive index of the second low-refractive-

index layer is 1.20 or more and 1.65 or less at the maxi-
mum peak wavelength of the spectrum of the light emit-
ted by the organic EL element.

3. An organic EL element, comprising:

a first electrode comprising a light-reflective metal,

a second electrode comprising a light-transmissive metal;

an organic compound layer including at least a light-emit-

ting layer located between the first electrode and the
second electrode; and

a low-refractive-index layer containing an organic com-

pound that is in contact with the second electrode, the
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low-refractive-index layer being located between the
second electrode and the light-emitting layer,

wherein an optical distance Ls between a reflective surface
of the second electrode and a light-emitting position
satisfies the following Expression (II),

(M8)x(=1- (2t <Ls<(W/8)x (1-(2¢s/1)) iy

where A represents a maximum peak wavelength of a spec-
trum of light emitted by the organic EL element, and ¢ rep-
resents a phase shift at a time when light having the wave-
length A is reflected by the reflective electrode of the second
electrode and satisfies ps<00[rad]; and

a refractive index of the low-refractive-index layer is 1.20 or
more and 1.65 or less at a maximum peak wavelength of a
spectrum of light emitted by the organic EL element.

4. The organic EL element according to claim 1, wherein
an optical distance L, between a reflective surface of the first
electrode and the light-emitting layer satisfies the following
Expression (I1I),

(M8)x(~ 1~ )<L <(W8)x(1-(2¢,/7)) an

where A represents the maximum peak wavelength of the
spectrum of the light emitted by the organic EL element, and
¢,[rad] represents a phase shift when light having the wave-
length A is reflected by the reflective surface.

5. The organic EL element according to claim 1, wherein a
refractive index of the light-emitting layer is higher than the
refractive index of the first low-refractive-index layer.

6. The organic EL element according to claim 1, wherein
the following Expression (IV) is satisfied,

ngpr—Hrow=0.1 1)

where ng,,, represents a refractive index of the light-emitting
layer and n, ,, represents the refractive index of the first
low-refractive-index layer.

12
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7. The organic EL element according to claim 1, wherein
an optical distance L between a reflective surface of the first
electrode and a light-emitting position satisfies the following
Expression (IV):

57.5nm<L<232.5nm V).

8. The organic EL element according to claim 1, wherein a
film thickness of the low-refractive-index layer is 5 nm or
more and 193.75 nm or less.

9. The organic EL element according to claim 1, wherein
the first electrode comprises an Al alloy.

10. A light-emitting apparatus, comprising:

the organic EL element according to claim 1 or 3; and

a control circuit for controlling light emission of the

organic EL element.

11. An image-forming apparatus, comprising:

the light-emitting apparatus according to claim 10; and

a charging unit for charging a photosensitive member on

which a latent image is to be formed by the light-emit-
ting apparatus.

12. A display apparatus, comprising:

multiple organic EL elements having different emission

colors; and

a control circuit for controlling light emission of the mul-

tiple organic EL elements,

wherein the multiple organic EL, elements comprise the

organic EL elements according to claim 1.

13. The display apparatus according to claim 12, wherein:

the low-refractive-index layer is formed to have a common

film thickness among the multiple organic EL elements
having different emission colors; and

the film thickness of the low-refractive-index layer is 5 nm

or more and 143.75 nm or less.

14. An imaging apparatus, comprising:

the display apparatus according to claim 12; and

an imaging element.
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