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1

ORGANIC EL PANEL, DISPLAY DEVICE
USING SAME, AND METHOD FOR
PRODUCING ORGANIC EL PANEL

TECHNICAL FIELD

The present invention relates to an organic EL panel that
relies on electroluminescence phenomenon of organic mate-
rials, a display device with the organic EL panel, and a
method of manufacturing the organic EL panel. The present
invention particularly relates to optical design for increasing
light-extraction efficiency of each of R (Red). G (Green), and
B (Blue) colors.

BACKGROUND ART

In recent years, there has been proposed adoption of
organic EL (Electro Luminescence) panels that rely on elec-
troluminescence phenomenon of organic materials as display
panels for display devices such as digital televisions. A matrix
of respective organic EL elements of the R, G, and B colors is
arranged in a substrate of an organic EL panel.

It is important to increase light-extraction efficiency of the
respective organic EL, elements of the R, G, and B colors,
from the standpoint of reducing power consumption, increas-
ing service life of the organic EL panels, and the like. To this
end, there has been proposed a number of arts for increasing
light-extraction efficiency owing to creativity of optical
design of the organic EL elements (see Patent Literatures 1 to
6). For example, Patent Literature 1 discloses that respective
light-emitting elements of the R, G, and B colors are each
constituted from a first layer generating holes, a second layer
including a light-emitting layer of a corresponding color, and
a third layer generating electrons that are provided between a
first electrode reflecting light and a second electrode trans-
mitting incident light therethrough, where the first layer dif-
fers in film thickness among the R, G, and B colors. Accord-
ing to Patent Literature 1, light-extraction efficiency increases
due to light interference phenomenon when the optical dis-
tance between the first electrode and the second layer is
(2m-1)/4 times a light-emitting wavelength, where m is an
arbitrary positive integer.

Also, it is important not only to increase the light-extrac-
tion efficiency of the organic EL panel but also to increase
color reproducibility of the organic EL panel. In order to
increase the color reproducibility, chromaticity of light of
each of the R, G, and B colors needs to be approximated to a
target chromaticity. In view of this, a color filter for each of
the R, G, and B colors is provided to reduce unnecessary
component of color and adjust the chromaticity of light.
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SUMMARY OF INVENTION

Technical Problem

However, researches made by the present inventors proved
thatitis difficult torealize both the increase inlight-extraction
efficiency and the increase in color reproducibility just by
designing the film thickenss of each layer so as to maximally
increase light interference phenomenon and then designing a
color filter so as to increase color purity. Also, the light-
extraction efficiency of the B color is lower than the respec-
tive light-extraction efficiencies of the R and G colors. A
problem for practical use of organic EL panels is to improve
especially the light-extraction efficiency of the B color.

In view of this, the present invention aims to provide an
organic EL panel, a display device with use of the organic EL
panel, and a method of manufacturing the organic EL panel
according to which both the increase in light-extraction effi-
ciency and the increase in color reproducibility are realized,
and the light-extraction efficiency of the B color is improved.

Solution to Problem

One aspect of the present invention provides an organic EL,
panel comprising: a first electrode of each of R (red), G
(green), and B (blue) colors that reflects incident light; a
second electrode that faces the first electrode of each ofthe R,
G, and B colors, and transmits incident light therethrough; an
organic light-emitting layer of each of the R, G, and B colors
that is disposed between the first electrode of a corresponding
color and the second electrode, and emits light of a corre-
sponding color due to voltage application between the first
electrode of the corresponding color and the second elec-
trode; a functional layer of each of the R, G, and B colors that
is disposed between the first electrode of a corresponding
color and the organic light-emitting layer of a corresponding
color; a color filter of each of the R, G, and B colors that is
disposed opposite the organic light-emitting layer of a corre-
sponding color with the second electrode being interposed
therebetween, wherein a first portion of light of each of the R,
G, and B colors emitted from the organic light-emitting layer
of a corresponding color travels through the functional layer
of a corresponding color towards the first electrode of a cor-
responding color, strikes and is reflected by the first electrode
of the corresponding color, and then is emitted externally
after passing through the functional layer of the correspond-
ing color, the organic light-emitting layer of the correspond-
ing color, the second electrode, and the color filter of a cor-
responding color, a second portion of the light of each of the
R, G, and B colors travels towards the second electrode
instead of towards the first electrode of the corresponding
color, and is emitted externally after passing through the
second electrode and the color filter of the corresponding
color, the respective functional layers of the R, G, and B
colors are equal in film thickness to one another, the film
thickness of each of the respective functional layers of the R
and G colors corresponds to a first local maximum of light-
extraction efficiency with respect to the light of the corre-
sponding color before passing through the color filter of the
corresponding color, the film thickness of the functional layer
of the B color corresponds to a value of light-extraction effi-
ciency that is smaller than a first local maximum of light-
extraction efficiency with respect to the light of the B color
before passing through the color filter of the B color, the
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respective organic light-emitting layers of the R, G, and B
colors differ in film thickness from one another, such that the
respective functional layers of the R, G, and B colors areequal
in film thickness to one another, and the light of each of the R,
G, and B colors emitted externally after passing through the
color filter of the corresponding color exhibits a first local
maximum of light-extraction efficiency.

Advantageous Effects of Invention

According to the one aspect of the present invention, light
of each of the R, G, and B colors emitted externally after
passing through a color filter of a corresponding color exhib-
its the first local maximum of light-extraction efficiency.
Since the light emitted externally has passed through the color
filter, the chromaticity has been already approximated to a
target chromaticity. The first local maximum of the light-
extraction efficiency appears with respect to the light whose
chromaticity has been approximated to the target chromatic-
ity. This realizes both the increase in light-extraction effi-
ciency and the increase in color reproducibility.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a cross-sectional diagram schematically showing
the pixel structure of an organic EL, panel according to an
embodiment of the present invention.

FIG. 2 shows an example of a cavity structure in a blue
organic EL element.

FIG. 3 shows the transmission spectrum of each of respec-
tive color filters (CFs) of the R, G, and B colors used in
simulations.

FIG. 4A to FIG. 4D show variation of light-extraction
efficiency when varying the film thickness of a hole transport
layer, FIG. 4A shows a case where no CF is used in Example
1, FIG. 4B shows a case where CFs are used in Example 1,
FIG. 4C shows a case where no CF is used in Comparative
example 1, and FIG. 4D shows a case where CFs are used in
Comparative example 1.

FIG. 5A to F1G. 5D each show variation of light-extraction
efficiency when varying the film thickness of a layer consti-
tuting an organic EL, element, FIG. 5A and FIG. 5B show
variation of light-extraction efficiency when varying the film
thickness of a hole transport layer, in the case where no CF is
used and the case where CFs are used, respectively, and FIG.
5C and FIG. 5D show variation of light-extraction efficiency
when varying the film thickness of an organic light-emitting
layer, in the case where no CF is used and the case where CFs
are used, respectively.

FIG. 6A and FIG. 6B show light-extraction efficiency and
so on when a hole transport layer is set to have an optimal film
thickness in Example 1 and Comparative example 1, respec-
tively.

FIG. 7 show allowable ranges.

FIG. 8A to FIG. 8C each show the minimum value, the
average value, and the maximum value of the film thickness
of each layer constituting the organic EL element in Example
1, with respect to the R, G, and B colors, respectively.

FIG. 9A to FIG. 9D show variation of light-extraction
efficiency when varying the film thickness of a hole transport
layer, FIG. 9A shows a case where no CF is used in Example
2, FIG. 9B shows a case where CFs are used in Example 2,
FIG. 9C shows a case where no CF is used in Comparative
example 2, and FIG. 9D shows a case where CFs are used in
Comparative example 2.
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FIG. 10A and FIG. 10B show light-extraction efficiency
and so on when a hole transport layer is set to have an optimal
film thickness in Example 2 and Comparative example 2,
respectively.

FIG. 11A to FIG. 11C each show the minimum value, the
average value, and the maximum value of the film thickness
of each layer constituting an organic EL element in Example
2, with respect to the R, G, and B colors, respectively.

FIG. 12A to FIG. 12D show variation of light-extraction
efficiency when varying the film thickness of a hole transport
layer, FIG. 12 A shows a case where no CF is used in Example
3, FIG. 12B shows a case where CFs are used in Example 3,
FIG. 12C shows a case where no CF is used in Comparative
example 3, and FIG. 12D shows a case where CFs are used in
Comparative example 3.

FIG. 13A and FIG. 13B show light-extraction efficiency
and so on when a hole transport layer is set to have an optimal
film thickness in Example 3 and Comparative example 3,
respectively.

FIG. 14A to FIG. 14C each show the minimum value, the
average value, and the maximum value of the film thickness
of each layer constituting an organic EL element in Example
3, with respect to the R, G, and B colors, respectively.

FIG. 15A to FIG. 15C show variation of chromaticity (x,y)
when varying the film thickness of respective hole transport
layers of the R, G, and B colors, respectively, in Example 3.

FIG. 16 shows parameters used in Equation 1 in Example
3.

FIG. 17 is a functional block showing an organic display
device according to the embodiment of the present invention.

FIG. 18 is an exemplary external diagram showing the
organic display device according to the embodiment of the
present invention.

FIG. 19A to FIG. 19D show a method of manufacturing the
organic EL panel according to the embodiment of the present
invention.

FIG. 20A to FIG. 20C show the method of manufacturing
the organic EL panel according to the embodiment of the
present invention.

DESCRIPTION OF EMBODIMENTS

[Process by which Aspect of the Present Invention was
Achieved]

According to an organic EL panel having the structure in
which an organic light-emitting layer is disposed between a
first electrode that reflects light and a second electrode that
transmits light therethrough and a functional layer is disposed
between the first electrode and the organic light-emitting
layer, two optical paths are formed. Specifically, one is a first
optical path in which a portion of light emitted from the
organic light-emitting layer travels towards the first electrode,
strikes and is reflected by the first electrode, and then is
emitted externally after passing through the functional layer,
the organic light-emitting layer, and the second electrode. The
other is a second optical path in which a remaining portion of
the light emitted from the organic light-emitting layer travels
towards the second electrode instead of towards the first elec-
trode, and then is emitted externally after passing through the
second electrode. According to such an organic EL panel, the
increase in film thickness of the functional layer starting from
zero causes cyclic variation of the light-extraction efficiency
due to light interference phenomenon. Here, a local maxi-
mum of light-extraction efficiency that appears is referred to
as the first local maximum, the second local maximum, and
the third local maximum, . . . , in order of increasing film
thickness of the functional layer. Conventionally, there has
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been known that the film thickness of the functional layer
should be set so as to correspond to a local maximum of
light-extraction efficiency (see Patent Literature 1).

However, the researches made by the present inventors
proved as follows. Variation of the film thickness of the func-
tional layer causes not only variation of the light-extraction
efficiency but also variation of the chromaticity. Also, it is not
always true that when a local maximum of light-extraction
efficiency appears, a current chromaticity is approximate to a
target chromaticity. Furthermore, such a tendency is evident
with respect to blue light in a short wavelength region. The
more greatly the current chromaticity differs from the target
chromaticity, the more chromaticity correction needs to be
made with use of CFs. As aresult, there is a case where though
a chromaticity before chromaticity correction corresponds to
a local maximum of light-extraction efficiency, a chromatic-
ity after the chromaticity correction does not correspond to a
local maximum of light-extraction efficiency. Conversely,
there is a case where though a chromaticity before chroma-
ticity correction does not correspond to a local maximum of
light-extraction efficiency, a chromaticity after the chroma-
ticity correction corresponds to a local maximum of light-
extraction efficiency.

In view of the above circumstances, it is clear that, espe-
cially with respect to blue light, the film thickness of a layer is
preferably optimized in consideration of the characteristics of
the CF for chromaticity correction (hereinafter, “CF charac-
teristics”). The one aspect of the present invention was
achieved based on the new expertise described above.
[Outline of Aspects of the Present Invention]

One aspect of the present invention provides an organic EL
panel comprising: a first electrode of each of R (red), G
(green), and B (blue) colors that reflects incident light; a
second electrode that faces the first electrode of each ofthe R,
G, and B colors, and transmits incident light therethrough; an
organic light-emitting layer of each of the R, G, and B colors
that is disposed between the first electrode of a corresponding
color and the second electrode, and emits light of a corre-
sponding color due to voltage application between the first
electrode of the corresponding color and the second elec-
trode; a functional layer of each of the R, G, and B colors that
is disposed between the first electrode of a corresponding
color and the organic light-emitting layer of a corresponding
color; a color filter of each of the R, G, and B colors that is
disposed opposite the organic light-emitting layer of a corre-
sponding color with the second electrode being interposed
therebetween, wherein a first portion of light of each ofthe R,
G, and B colors emitted from the organic light-emitting layer
of a corresponding color travels through the functional layer
of a corresponding color towards the first electrode of a cor-
responding color, strikes and is reflected by the first electrode
of the corresponding color, and then is emitted externally
after passing through the functional layer of the correspond-
ing color, the organic light-emitting layer of the correspond-
ing color, the second electrode, and the color filter of a cor-
responding color, a second portion of the light of each of the
R, G, and B colors travels towards the second electrode
instead of towards the first electrode of the corresponding
color, and is emitted externally after passing through the
second electrode and the color filter of the corresponding
color, the respective functional layers of the R, G, and B
colors are equal in film thickness to one another, the film
thickness of each of the respective functional layers of the R
and G colors corresponds to a first local maximum of light-
extraction efficiency with respect to the light of the corre-
sponding color before passing through the color filter of the
corresponding color, the film thickness of the functional layer
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of the B color corresponds to a value of light-extraction effi-
ciency that is smaller than a first local maximum of light-
extraction efficiency with respect to the light of the B color
before passing through the color filter of the B color, the
respective organic light-emitting layers of the R, G, and B
colors differ in film thickness from one another, such that the
respective functional layers of the R, G, and B colors are equal
in film thickness to one another, and the light of each ofthe R,
G, and B colors emitted externally after passing through the
color filter of the corresponding color exhibits a first local
maximum of light-extraction efficiency.

According to the one aspect of the present invention, light
of each of the R, G, and B colors emitted externally after
passing through a color filter of a corresponding color exhib-
its the first local maximum of light-extraction efficiency.
Since the light emitted externally has passed through the color
filter, the chromaticity has been already approximated to a
target chromaticity. The first local maximum of the light-
extraction efficiency appears with respect to the light whose
chromaticity has been approximated to the target chromatic-
ity. This realizes both the increase in light-extraction effi-
ciency and the increase in color reproducibility.

Generally, the organic light-emitting layer needs to be
formed separately for each of the R, G, and B colors irrespec-
tive of whether having the same film thickness among the R,
G, and B colors, because of being formed from a different
material for each of the R, G, and B colors. Compared with
this, the functional layer is formed from the same material
among the R, G, and B colors. Accordingly, as long as the
functional layer has the same film thickness among the R, G,
and B colors, the functional layer does not need to be formed
separately for each ofthe R, G, and B colors. According to the
organic EL panel that is the one aspect of the present inven-
tion, the respective functional layers of the R, G, and B colors
have the same film thickness, and the respective organic light-
emitting layers of the R, G, and B colors each have a different
film thickness. In other words, film thickness adjustment for
each of the R, G, and B colors is made by adjusting the film
thickness of only the organic light-emitting layer which origi-
nally needs to be formed separately for each of the R, G, and
B colors. As a result, it is possible to simplify the manufac-
turing process compared with conventional arts.

Note that “light-extraction efficiency with respect to light
before passing through the color filter” indicates light-extrac-
tion efficiency only in consideration of the film thickness of
the functional layer and no consideration of the CF charac-
teristics, that is, light-extraction efficiency based on the
assumption that no CF is used.

Also, the film thickness of the functional layer of the B
color may be thinner than a film thickness corresponding to
the first local maximum of light-extraction efficiency with
respect to the light of the B color before passing through the
color filter of the B color.

The researches made by the present inventors proved that,
with respect to the R and G colors, in the case where the film
thickness of the functional layer is adjusted so as to corre-
spond to the first local maximum of light-extraction effi-
ciency with respect to light with no CF, a local maximum of
light-extraction efficiency appears also in the case where the
CF is used. The researches also proved that the first local
maximum corresponding to the film thickness of the func-
tional layer has a large value compared with the case where
the film thickness of the functional layer is adjusted so as to
correspond to a local maximum with other degree. Also, the
researches proved that in the case where the film thickness of
the functional layer of the B color is adjusted so as to be
thinner than the film thickness corresponding to the first local
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maximum, the use of a color filter causes appearance of a
local maximum of light-extraction efficiency. According to
the organic EL panel that is the one aspect of the present
invention, the film thickness of each of the respective func-
tional layers of the R and G colors is adjusted so as to corre-
spondto the first local maximum, and the film thickness of the
functional layer of the B color is adjusted so as to be thinner
than a film thickness corresponding to the first local maxi-
mum. This increases more the light-extraction efficiency in
the case where color filters are used.

Also, the respective organic light-emitting layers of the R,
G, and B colors may have a film thickness of 81 nm to 99 nm,
a film thickness of 63 nm to 77 nm, a film thickness of 36 nm
to 44 nm, respectively, and the respective functional layers of
the R, G, and B colors each may have a film thickness of 31.5
nm to 38.5 nm.

Also, the functional layer of each of the R, G, and B colors
may include a transparent conductive layer formed on an
anode that is the first electrode of the corresponding color, a
hole injection layer formed on the transparent conductive
layer, and a hole transport layer formed on the hole injection
layer, the respective transparent conductive layers ofthe R, G,
and B colors each may have a film thickness of 13.5 nm to
16.5 nm, the respective hole injection layers of the R, G, and
B colors each may have a film thickness of 4.5 nm to 5.5 nm,
and the respective hole transport layers of the R, G, and B
colors each may have a film thickness of 13.5 nm to 16.5 nm.

Also, the first electrode of each of the R, G, and B colors
may be formed from silver or alloy of silver, and the trans-
parent conductive layer of each of the R, G, and B colors may
be formed from ITO (Indium Tin Oxide).

Also, the respective organic light-emitting layers of the R,
G, and B colors may have a film thickness of 81 nm to 99 nm,
a film thickness of 72 nm to 88 nm, a film thickness of 36 nm
to 44 nm, respectively, and the respective functional layers of
the R, G, and B colors each may have a film thickness of 31.5
nm to 38.5 nm.

Also, the functional layer of each of the R, G, and B colors
may include a transparent conductive layer formed on an
anode that is the first electrode of the corresponding color, a
hole injection layer formed on the transparent conductive
layer, and a hole transport layer formed on the hole injection
layer, the respective transparent conductive layers ofthe R, G,
and B colors each may have a film thickness of 18 nm to 22
nm, the respective hole injection layers of the R, G, and B
colors each chave a film thickness of 4.5 nm to 5.5 nm, and the
respective hole transport layers of the R, G, and B colors each
may have a film thickness of 9 nm to 11 nm.

Also, the first electrode of each of the R, G, and B colors
may be formed from aluminum or alloy of aluminum, and the
transparent conductive layer of each of the R, G, and B colors
may be formed from IZO (Indium Zinc Oxide).

One aspect of the present invention provides an organic EL
panel comprising: a first electrode of each of R (red), G
(green), and B (blue) colors that reflects incident light; a
second electrode that faces the first electrode of each ofthe R,
G, and B colors, and transmits incident light therethrough; an
organic light-emitting layer of each of the R, G, and B colors
that is disposed between the first electrode of a corresponding
color and the second electrode, and emits light of a corre-
sponding color due to voltage application between the first
electrode of the corresponding color and the second elec-
trode; a functional layer of each of the R, G, and B colors that
is disposed between the first electrode of a corresponding
color and the organic light-emitting layer of a corresponding
color; a color filter of each of the R, G, and B colors that is
disposed opposite the organic light-emitting layer of a corre-
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sponding color with the second electrode being interposed
therebetween, wherein a first portion of light of each ofthe R,
G, and B colors emitted from the organic light-emitting layer
of a corresponding color travels through the functional layer
of a corresponding color towards the first electrode of a cor-
responding color, strikes and is reflected by the first electrode
of the corresponding color, and then is emitted externally
after passing through the functional layer of the correspond-
ing color, the organic light-emitting layer of the correspond-
ing color, the second electrode, and the color filter of a cor-
responding color, a second portion of the light of each of the
R, G, and B colors travels towards the second electrode
instead of towards the first electrode of the corresponding
color, and is emitted extemally after passing through the
second electrode and the color filter of the corresponding
color, the respective functional layers of the R and G colors
are equal in film thickness to each other, and differ in film
thickness from the functional layer of the B color, with
respect to the light of the corresponding color before passing
through the color filter of the corresponding color, the film
thickness of each of the respective functional layers of the R
and G colors corresponds to a first local maximum of light-
extraction efficiency, with respect to the light of the B color
before passing through the color filter of the B color, the film
thickness of the functional layer ofthe B color corresponds to
avalue of light-extraction efficiency that is smaller than a first
local maximum of light-extraction efficiency and is larger
than a second local maximum of light-extraction efficiency,
where the first local maximum of light-extraction efficiency is
larger than the second local maximum of light-extraction
efficiency, the respective organic light-emitting layers of the
R, G, and B colors differ in film thickness from one another,
such that the respective functional layers ofthe R and G colors
are equal in film thickness to each other, and differ in film
thickness from the functional layer of the B color, and the
light of each of the R, G, and B colors emitted externally after
passing through the color filter of the corresponding color
exhibits a first local maximum of light-extraction efficiency.

According to the one aspect of the present invention, light
of each of the R, G, and B colors emitted externally after
passing through a color filter of a corresponding color exhib-
its the first local maximum of light-extraction efficiency.
Since the light emitted externally has passed through the color
filter, the chromaticity has been already approximated to a
target chromaticity. The first local maximum of the light-
extraction efficiency appears with respect to the light whose
chromaticity has been approximated to the target chromatic-
ity. This realizes both the increase in light-extraction effi-
ciency and the increase in color reproducibility.

Also, with respect to the light of the B color before passing
through the color filter of the B color, the film thickness of the
functional layer of the B color may be thicker than a film
thickness corresponding to the first local maximum of light-
extraction efficiency and may be thinner than a film thickness
corresponding to the second local maximum of light-extrac-
tion efficiency.

The researches made by the present inventors proved that,
with respect to the R and G colors, in the case where the film
thickness of the functional layer is adjusted so as to corre-
spond to the first local maximum, a local maximum of light-
extraction efficiency appears in the case where CFs are used.
The researches also proved that the film thickness of the
functional layer is adjusted so as to correspond to a local
maximum having a large value compared with the case where
the film thickness of the functional layer is adjusted so as to
correspond to a local maximum with other degree. Also, the
researches proved that in the case where the film thickness of
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the functional layer of the B color is adjusted so as to be
thicker than a film thickness corresponding to the first local
maximum and thinner than a film thickness corresponding to
the second local maximum, the use of a color filter causes
appearance of a local maximum of light-extraction efficiency.
According to the organic EL panel that is the one aspect of the
present invention, the film thickness of each of the respective
functional layers of the R and G colors is adjusted so as to
correspond to the first local maximum, and the film thickness
of the functional layer of the B color is adjusted so as to be
thicker than a film thickness corresponding to the first local
maximum and thinner than a film thickness corresponding to
the second local maximum. This increases more the light-
extraction efficiency in the case where color filters are used.

Also, the functional layer of each of the R, G, and B colors
may include a layer formed by a printing method and a layer
formed by a physical vapor deposition method, the respective
layers of the R and G colors formed by the printing method
may be equal in film thickness to each other, and differ in film
thickness from the layer of the B color formed by the printing
method, and the respective layers of the R, G, and B colors
formed by the physical vapor deposition method may be
equal in film thickness to one another.

Generally, the organic light-emitting layer needs to be
formed separately for each of the R, G, and B colors irrespec-
tive of whether having the same film thickness among the R,
G, and B colors, because of being formed from a different
material for each of the R, G, and B colors. The functional
layer is formed from the same material among the R, G, and
B colors. Accordingly, as long as the functional layer has the
same film thickness among the R, G, and B colors, the func-
tional layer does not need to be formed separately for each of
the R, G, and B colors. Also, the printing method facilitates
film formation for each of the R, G, and B colors, compared
with the physical vapor deposition method. According to the
organic EL panel that is the one aspect of the present inven-
tion, adjustment of film thickness for each of the R, G, and B
colors is made on the organic functional layer, which origi-
nally needs to be formed separately for each of the R, G, and
B colors and a layer formed by the printing method according
to which film formation for each of the R, G, and B colors is
easily made. As a result, it is possible to simplify the manu-
facturing process.

Also, the respective organic light-emitting layers of the R,
G, and B colors may have a film thickness of 54 nm to 66 nm,
a film thickness of 36 nm to 44 nm, a film thickness of 90 nm
to 110 nm, respectively, and the respective functional layers
of the R and G colors each may have a film thickness of 45 nm
to 55 nm, and the functional layer of the B color has a film
thickness of 112.5 nm to 137.5 nm.

Also, the functional layer of each of the R, G, and B colors
may include a transparent conductive layer formed on an
anode that is the first electrode of the corresponding color, a
hole injection layer formed on the transparent conductive
layer, and a hole transport layer formed on the hole injection
layer, the respective transparent conductive layers ofthe R, G,
and B colors each may have a film thickness of 27 nm to 30
nm, the respective hole injection layers of the R, G, and B
colors each may have a film thickness of 4.5 nm to 5.5 nm, and
the respective hole transport layers of the R and G colors each
may have a film thickness of 13.5 nm to 16.5 nm, and the hole
transport layer of the B color has a film thickness of 81 nm to
99 nm.

Also, the first electrode of each of the R, G, and B colors
may be formed from aluminum or alloy of aluminum, and the
transparent conductive layer of each of the R, G, and B colors
may be formed from IZO (Indium Zinc Oxide).
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Also, the organic light-emitting layer of each of the R, G,
and B colors may contain an organic material, and may be
formed by a printing method.

One aspect of the present invention provides a display
device with use of the above organic EL panel.

One aspect of the present invention provides a method of
manufacturing an organic EL panel, comprising: a first step of
preparing a first electrode of each of R (red), G (green), and B
(blue) colors that reflects incident light; a second step of
disposing a functional layer of each of the R, G, and B colors
on the first electrode of a corresponding color; a third step of
disposing an organic light-emitting layer that emits light of
each of the R, G, and B colors on the functional layer of a
corresponding color; a fourth step of disposing a second
electrode that transmits incident light therethrough on the
respective organic light-emitting layers of the R, G, and B
colors so as to face the respective first electrodes of the R, G,
and B colors; and a fifth step of disposing a color filter of each
of the R, G, and B colors so as to be opposite the organic
light-emitting layer of a corresponding color with the second
electrode being interposed therebetween, wherein in the sec-
ond step, the functional layer is disposed, such that (i) the
respective functional layers of the R, G, and B colors are equal
in film thickness to one another, the film thickness of each of
the respective functional layers of the R and G colors corre-
sponds to a first local maximum of light-extraction efficiency
with respect to the light of the corresponding color before
passing through the color filter of the corresponding color,
and (ii) the film thickness of the functional layer of the B color
corresponds to a value of light-extraction efficiency that is
smaller than a first local maximum of light-extraction effi-
ciency with respect to the light of the B color before passing
through the color filter of the B color, and in the third step, the
organic light-emitting layer is disposed, such that (i) the
respective organic light-emitting layers of the R, G, and B
colors differ in film thickness from one another such that the
respective functional layers of the R, G, and B colors are equal
in film thickness to one another, and (ii) the light of each of the
R, G, and B colors emitted externally after passing through
the color filter of the corresponding color exhibits a first local
maximum of light-extraction efficiency.

One aspect of the present invention provides a method of
manufacturing an organic EL panel, comprising: a first step of
preparing a first electrode of each of R (red), G (green), and B
(blue) colors that reflects incident light; a second step of
disposing a functional layer of each of the R, G, and B colors
on the first electrode of a corresponding color; a third step of
disposing an organic light-emitting layer that emits light of
each of the R, G, and B colors on the functional layer of a
corresponding color; a fourth step of disposing a second
electrode that transmits incident light therethrough on the
respective organic light-emitting layers of the R, G, and B
colors so as to face the respective first electrodes of the R, G,
and B colors; and a fifth step of disposing a color filter of each
of the R, G, and B colors so as to be opposite the organic
light-emitting layer of a corresponding color with the second
electrode being interposed therebetween, wherein in the sec-
ond step, the functional layer is disposed, such that (i) the
respective functional layers of the R and G colors are equal in
film thickness to each other, and differ in film thickness from
the functional layer of the B color, (i1) with respect to the light
of the corresponding color before passing through the color
filter of the corresponding color, the film thickness of each of
the respective functional layers of the R and G colors corre-
sponds to a first local maximum of light-extraction efficiency,
and (iii) with respect to the light of the B color before passing
through the color filter of the B color, the film thickness of the
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functional layer of the B color corresponds to a value of
light-extraction efficiency that is smaller than a first local
maximum of light-extraction efficiency and is larger than a
second local maximum of light-extraction efficiency, where
the first local maximum of light-extraction efficiency is larger
than the second local maximum of light-extraction efficiency,
and in the third step, the organic light-emitting layer is dis-
posed, such that (i) the respective organic light-emitting lay-
ers of the R, G, and B colors differ in film thickness from one
another such that the respective functional layers of the R and
G colors are equal in film thickness to each other, and differ in
film thickness from the functional layer of the B color, and (ii)
the light of each of the R, G, and B colors emitted externally
after passing through the color filter of the corresponding
color exhibits a first local maximum of light-extraction effi-
ciency.

In the present Description, the expressions “have the same
film thickness”, “equal in film thickness”, and so on indicate
not only a case where respective layers of the R, G, and B
colors have the same measured value of film thickness, but
also a case where the respective layers of the R, G, and B
colors each have a different measured value of film thickness
within a manufacturing error range of +10%.

Furthermore, an organic EL panel according to one aspect
of the present invention is an organic EL. panel comprising: a
first electrode of each of R (red), G (green), and B (blue)
colors that reflects incident light; a second electrode that faces
the first electrode of each of the R, G, and B colors, and
transmits incident light therethrough; an organic light-emit-
ting layer of each of the R, G, and B colors that is disposed
between the first electrode of a corresponding color and the
second electrode, and emits light of a corresponding color due
to voltage application between the first electrode of the cor-
responding color and the second electrode; a functional layer
of each of the R, G, and B colors that is disposed between the
first electrode of a corresponding color and the organic light-
emitting layer of a corresponding color; a color filter of each
ofthe R, G, and B colors that is disposed opposite the organic
light-emitting layer of a corresponding color with the second
electrode being interposed therebetweer, wherein a first por-
tion of light of each of the R, G, and B colors emitted from the
organic light-emitting layer of a corresponding color travels
through the functional layer of a corresponding color towards
the first electrode of a corresponding color, strikes and is
reflected by the first electrode of the corresponding color, and
then is emitted externally after passing through the functional
layer of the corresponding color, the organic light-emitting
layer of the corresponding color, the second electrode, and the
color filter of a corresponding color, a second portion of the
light of each of the R, G, and B colors travels towards the
second electrode instead of towards the first electrode of the
corresponding color, and is emitted externally after passing
through the second electrode and the color filter of the corre-
sponding color, a film thickness of the organic light-emitting
layer of the R color is adjusted, such that the functional layer
of the R color has the same film thickness corresponding to a
local maximum of light-extraction efficiency between the
case where the color filter of the R color is used and the case
where the color filter is not used, a film thickness of the
organic light-emitting layer of the G color is adjusted, such
that the functional layer of the G color has the same film
thickness corresponding to a local maximum of light-extrac-
tion efficiency between the case where the color filter of the G
color is used and the case where the color filter is not used, a
film thickness of the organic light-emitting layer of the B
color is adjusted, such that (i) the functional layer of the B
color has a different film thickness corresponding to a local
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maximum of light-extraction efficiency between the case
where the color filter of the B color is used and the case where
the color filter is not used and (ii) a higher light-extraction
efficiency is exhibited in the case where the color filter is used
than in the case where the color filter is not used, compared
with the case where the same light-extraction efficiency is
exhibited between the case where the color filter is used and
the case where no color filter is used, and the respective
functional layers of the R, G, and B colors each have the film
thickness corresponding to a local maximum of light-extrac-
tion efficiency of the corresponding color in the case where
the color filter of the corresponding color is used.

According to the one aspect of the present invention, the
film thickness of each of the respective functional layers of
the R, G, and B colors is adjusted so as to correspond to a local
maximum of light-extraction efficiency in the case where a
color filter of a corresponding color is used. Since this adjust-
ment is based on the assumption that “the color filter of the
corresponding color is used”, the adjustment is made in con-
sideration of light-extraction efficiency after approximation
of a current chromaticity to a target chromaticity. Further-
more, the film thickness of the functional layer is adjusted so
as to correspond to a local maximum of light-extraction effi-
ciency. Accordingly, it is possible to realize both the increase
in light-extraction efficiency and the increase in color repro-
ducibility. Moreover, with respect to light of the B color, the
film thickness of the light-emitting layer is adjusted such that
a higher light-extraction efficiency is exhibited in the case
where the color filter is used than in the case where no color
filter is used, compared with the case where the same light-
extraction efficiency is exhibited between the case where the
color filter is used and the case where no color filter is used.
Accordingly, it is possible to further improve the light-extrac-
tion efficiency of the B color.

[Pixel Structure of Organic EL Panel]

FIG. 11is a cross-sectional diagram schematically showing
the pixel structure of an organic EL panel according to an
embodiment of the present invention.

The organic EL panel has R, G, and B pixels arranged
regularly in a matrix of rows and columns. Each pixel is
formed by an organic EL element with use of an organic
material.

The blue organic EL element includes a substrate 1, a
reflective electrode 2, a transparent conductive layer 3, a hole
injection layer 4, a hole transport layer 5, an organic light-
emitting layer 65, an electron transport layer 7, a transparent
electrode 8, a thin-film passivation layer 9, a resin passivation
layer 10, a substrate 11, and a CF 135. Hereinafter, the trans-
parent conductive layer 3, the hole injection layer 4, and the
hole transport layer 5 that are provided between the reflective
electrode 2 and the organic light-emitting layer 65 are also
collectively referred to as “first functional layer”. Further-
more, the electron transport layer 7 that is provided between
the organic light-emitting layer 65 and the transparent elec-
trode 8 is also referred to as “second functional layer”.

The green organic EL element has the same structure as the
blue organic EL element, except for an organic light-emitting
layer 6g and a CF 13g. The red organic EL element also has
the same structure as the blue organic EL element, except for
an organic light-emitting layer 6r and a CF 13r. In this
example, the substrate 1, the electron transport layer 7, the
transparent electrode 8, the thin-film passivation layer 9, the
resin passivation layer 10, and the substrate 11 are shared by
the respective organic EL elements of the R, G, and B colors,
whereas other layers are partitioned by banks 12 among the
respective organic EL elements of the R, G, and B colors.
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In the organic EL element of each of the R, G, and B colors,
acavity structure is realized due to light interference phenom-
enon by providing the corresponding reflective electrode 2.
FIG. 2 shows an example of a cavity structure in the blue
organic EL element. Two optical paths are formed in the blue
organic EL element. One is a first optical path C1, in which a
portion of light emitted from the organic light-emitting layer
6 travels through the first functional layer towards the reflec-
tive electrode 2, strikes and is reflected by the reflective elec-
trode 2, and then is emitted externally after passing through
the first functional layer, the organic light-emitting layer 6,
the second functional layer, and the transparent electrode 8.
The other is a second optical path C2, in which a remaining
portion of the light emitted from the organic light-emitting
layer 6b travels through the second functional layer towards
the transparent electrode 8 instead of towards the reflective
electrode 2, and then is emitted externally after passing
through the transparent electrode 8. By appropriately setting
the film thickness of the first functional layer, it is possible to
cause light traveling the first optical path C1 and light travel-
ing the second optical path C2 to strengthen each other,
thereby increasing light-extraction efficiency.

In the case where no CF is used, when the film thickness of
the first functional layer is varied without varying the film
thickness of the organic light-emitting layer, light-extraction
efficiency cyclically varies and a local maximum of light-
extraction efficiency cyclically appears. The film thickness of
the first functional layer corresponding to alocal maximum of
light-extraction efficiency is shifted by adjusting the film
thickness of the organic light-emitting layer. Hereinafter,
when a film thickness corresponding to a local maximum of
light-extraction efficiency is referred to as “peak film thick-
ness”, a film thickness between each two peak film thick-
nesses is hereinafter referred to as “interval film thickness”.

In the embodiment, the respective first functional layers of
the R, G, and B colors have the same film thickness. Also, the
respective organic light-emitting layers of the R, G, and B
colors are each adjusted such that the respective first func-
tional layers of the R, G, and B colors have the same film
thickness under conditions 1 and 2 shown below. As a result,
the respective organic light-emitting layers ofthe R, G, and B
colors each have a different film thickness.

(Condition 1): The film thickness of each of the respective
first functional layers of the R and G colors corresponds to the
first local maximum of light-extraction efficiency of a corre-
sponding color both in the case where the CFs are used and
the case where no CF is used.

(Condition 2): The film thickness of the first functional
layer of the B color is an interval film thickness in the case
where no CF is used, and corresponds to the first local maxi-
mum in the case where the CF is used.

For simplification of the description, a film thickness that is
thinner than a film thickness corresponding to the first local
maximum is hereinafter referred to as a film thickness corre-
sponding to the “0.5th” local maximum. Also, a film thick-
ness that is thicker than the film thickness corresponding to
the first local maximum and is thinner than a film thickness
corresponding to the second local maximum is referred to as
a film thickness corresponding to the “1.5th” local maximum.
Similarly, a film thickness that is thicker than the film thick-
ness corresponding to the second local maximum and is thin-
ner than a film thickness corresponding to the third local
maximum is referred to as a film thickness corresponding to
the “2.5th” local maximum. Accordingly, Condition 2 is
restated as that in the case where no CF is used, the first
functional layer of the B color has a film thickness that is an
interval film thickness corresponding to the 0.5th local maxi-
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mum, the 1.5th local maximum, the 2.5th local maximum, or
the like, and in the case where the CF is used, the first func-
tional layer of the B color has a film thickness corresponding
to the first local maximum.

According to the embodiment as described above, the
respective first functional layers of the R, G, and B colors are
each adjusted so as to have a film thickness corresponding to
a local maximum of light-extraction efficiency of the corre-
sponding color in the case where the CF is used. This realizes
both the increase in light-extraction efficiency and the
increase in color reproducibility.

From viewpoint of the increase in light-extraction effi-
ciency and the simplification of manufacturing process, it is
more preferable to adjust the respective first functional layers
of the R, G, and B colors so as to have a film thickness
corresponding to the first local maximum, the first local maxi-
mum, and the 0.5th local maximum, respectively, or the first
local maximum, the first local maximum, and the 1.5th local
maximum, respectively. The following details this.

[First Simulations]

The present inventors prepared Example 1 and Compara-
tive example 1, and calculated an optimal film thickness of
each layer constituting an organic EL element in Example 1
and Comparative example 1 through simulations.

In the first simulations, a reflective electrode is formed
from an alloy of Ag, a transparent conductive layer is formed
from ITO (Indium Tin Oxide), and respective organic light-
emitting layers of the R, G, and B colors are formed from
RP158, GP1200, and BP105 manufactured by Sumation Co.,
Ltd., respectively. FIG. 3 shows the transmission spectrum of
each of respective CFs of the R, G, and B colors used in the
first simulations. The present inventors created the CF char-
acteristics used in the first simulations, by making appropriate
adjustments based on a known art in view of the optical
characteristics in the present embodiment. For example, the
respective CF characteristics for the R and G colors are based
on Japanese Patent Application Publication 2005-116516
(FIG. 5), and the CF characteristics for the B color are based
on B440 by Opto-Line, Inc.

FIG. 4A to FIG. 4D show variation of light-extraction
efficiency when varying the film thickness of the hole trans-
port layer, FIG. 4A shows a case where no CF is used in
Example 1, FIG. 4B shows a case where CFs are used in
Example 1, FIG. 4C shows a case where no CF is used in
Comparative example 1, and FIG. 4D shows a case where CFs
are used in Comparative example 1.

In Example 1, an electron transport layer of each of the R,
G, and B colors has a fixed film thickness of 30 nm, a hole
injection layer of each of the R, G, and B colors has a fixed
film thickness of 5 nm, a transparent conductive layer of each
ofthe R, G, and B colors has a fixed film thickness of 15 nm.
Respective organic light-emitting layers of the R, G, and B
colors have a fixed film thickness of 90 nm, a fixed film
thickness of 70 nm, and a fixed film thickness of 40 nm,
respectively. The film thickness of only the hole transport
layer is varied.

In Comparative example 1, an electron transport layer of
each of the R, G, and B colors has a fixed film thickness of 30
nm, a hole injection layer of each ofthe R, G, and B colors has
a fixed film thickness of 5 nm, a transparent conductive layer
of each of the R, G, and B colors has a fixed film thickness of
15 nm. Respective organic light-emitting layers of the R, G,
and B colors have a fixed film thickness of 80 nm, a fixed film
thickness of 80 nm, and a fixed film thickness of 60 nm,
respectively. The film thickness of only the hole transport
layer is varied.
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In the case where the CF is used, the following calculations
are made with respect to all the film thicknesses that are
simulation targets to calculate an optimal film thickness. An
arbitrary film thickness is selected, and a chromaticity corre-
sponding to the arbitrary film thickness in the case where no
CF is used is calculated. CF characteristics for approximating
the calculated chromaticity to a target chromaticity are cal-
culated. Then, light-extraction efficiency in the case where a
CF having the calculated CF characteristics is calculated.

FIG. 4A and FIG. 4C demonstrate the following points (1)
to (3).

Point (1): Variation of the film thickness of the hole trans-
port layer causes cyclic variation of the light-extraction effi-
ciency. As a result, a local maximum of light-extraction effi-
ciency cyclically appears.

Point (2): The cycle in which a local maximum appears
shortens in the order of the R, G, and B colors. That is, the
cycle in which a local maximum appears shortens as wave-
length of light shortens.

Point (3): When a local maximum that cyclically appears is
referred to as the first local maximum, the second local maxi-
mum, . . ., in order of increasing film thickness of the hole
transport layer, a local maximum with a smaller degree has a
larger value.

The points (1) and (2) indicate that interference occurs
between light traveling the first optical path C1 and light
traveling the second optical path C2. Also, the point (3) indi-
cates that the light-extraction efficiency is increased more by
setting the film thickness of the hole transport layer so as to
correspond to a local maximum with a smaller degree.

Also as shown in FIG. 4A and FIG. 4B, in the case where
no CF is used, when the respective hole transport layers of the
R and G colors each have a film thickness of 15 nm, the first
local maximum oflight-extraction efficiency of a correspond-
ing color appears. Also, in the case where the CF is used,
when the respective hole transport layers of the R and G
colors each have a film thickness of 15 mm, a local maximum
of light-extraction efficiency appears. In other words, the
respective hole transport layers of the R and G colors each
have the same film thickness corresponding to a local maxi-
mum of light-extraction efficiency between the case where
the CF is used and the case where no CF is used. Compared
with this, in the case where no CF is used, when the hole
transport layer of the B colorhas a film thickness of 40 nm, the
first local maximum of light-extraction efficiency appears.
Also, in the case where the CF is used, when the hole transport
layer of the B color has a film thickness of 15 nm, a local
maximum of light-extraction efficiency appears. In other
words, the hole transport layer of the B color has a different
film thickness corresponding to a local maximum of light-
extraction efficiency between the case where the CF is used
and the case where no CF is used.

Also according to FIG. 4B, in order to increase the light-
extraction efficiency in Example 1, it is optimal for the
respective hole transport layers of the R, G, and B colors to
each have a film thickness of 15 nm. According to FIG. 4D
compared with Example 1, in order to increase the light-
extraction efficiency in Comparative example 1, it is optimal
for the respective hole transport layers of the R, G, and B
colors to have a film thickness of 20 nm, a film thickness of 9
nm, and a film thickness of 5 nm, respectively. In this way, in
terms of optimal film thickness for increasing the light-ex-
traction efficiency, while the respective hole transport layers
of the R, G, and B colors are equal to one another in Example
1, the respectivehole transport layers of the R, G, and B colors
differ from one another in Comparative example 1. The dif-
ference between Example 1 and Comparative example 1
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results from the film thickness adjustment on the organic
light-emitting layer. Actually, in Example 1, the film thick-
ness of the organic light-emitting layer for each of the R, G,
and B colors is set such that the respective hole transport
layers of the R, G, and B colors have the same film thickness
corresponding to a local maximum of light-extraction effi-
ciency of a corresponding color in the case where CFs are
used. Specifically, the respective organic light-emitting layers
ofthe R, G, and B colors have a film thickness of 90 nm, a film
thickness of 70 nm, and a film thickness of 40 nm, respec-
tively. In Comparative example 1 compared with Example 1,
such a design concept was not introduced. The respective
organic light-emitting layers of the R, G, and B colors are just
set to have the same film thickness as much as possible, within
a scope that does not affect light emission. Specifically, the
respective organic light-emitting layers of the R, G, and B
colors have a film thickness of 80 nm, a film thickness of 80
nm, and a film thickness of 60 nm, respectively. Due to the
difference in design concept, there occurs a difference in
results between Example 1 and Comparative example 1.

Note that, also in Comparative example 1, as shown in FIG.
4C, in the case where no CF is used, the respective hole
transport layers of the R, G, and B colors have the same film
thickness corresponding to the first local maximum of light-
extraction efficiency of a corresponding color. However, as
shown in FIG. 4D, in the case where CFs are used, the respec-
tive hole transport layers of the R, G, and B colors each have
a different film thickness corresponding to the first local
maximum of light-extraction efficiency. This suggests that in
the case where each layer constituting the first functional
layer is designed so as to have an optimal film thickness on the
assumptions that no CF is used, the use of CFs does not
necessarily make each designed layer to have an optimal film
thickness. In other words, in the case where the use of CFs is
assumed, the film thickness of each layer needs to be consid-
ered in view of the CF characteristics. In Example 1, the
results are obtained after consideration of the film thickness
of each layer in view of the CF characteristics, and an optimal
design is made for the case where CFs are used.

In Example 1, the respective hole transport layers of the R,
G, and B colors have the same film thickness. Furthermore,
the respective first functional layers of the R, G, and B colors
have the same film thickness. Also, the respective organic
light-emitting layers of the R, G, and B colors each have a
different film thickness. As shown below, it is often the case
where the light-extraction efficiency is increased more by
making film thickness adjustment on the organic light-emit-
ting layer for each of the R, G, and B colors than by making
film thickness adjustment on the first functional layer.

FIG. 5A to FIG. 5D each show variation of light-extraction
efficiency when varying the film thickness of a layer consti-
tuting an organic EL element. Specifically, FIG. 5A and FIG.
5B show variation of light-extraction efficiency when varying
the film thickness of the hole transport layer, in the case where
no CF is used and the case where CFs are used, respectively.
FIG. 5C and FIG. 5D show variation of light-extraction effi-
ciency when varying the film thickness of the organic light-
emitting layer, in the case where no CF is used and the case
where CFs are used, respectively.

Comparison of FIG. 5B and FIG. 5D shows that the hole
transport layer and the organic light-emitting layer are sub-
stantially equal in cycle of variation of light-extraction effi-
ciency corresponding to the film thickness, and differ in varia-
tion width of the light-extraction efficiency, specifically, have
avariation width h1 and a variation width h2, respectively. In
other words, the organic light-emitting layer is smaller in
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ratio of variation of light-extraction efficiency to variation of
film thickness than the hole transport layer.

In the case where the inkjet method is used for forming
each layer constituting the organic EL element, the film thick-
ness of the layer is adjusted by adjusting the number of drops
of ink. Since the amount of one drop of ink is the minimum
unit for adjustment of film thickness, the film thickness
adjustment needs to be made not continuously but discretely.
In this case, film thickness adjustment should be made on a
layer having a smaller ratio of variation of light-extraction
efficiency to variation of film thickness. This is advantageous
for exact adjustment on the layer so as to have a film thickness
corresponding to the highest light-extraction efficiency.

In Example 1, film thickness adjustment for each of the R,
G, and B colors is made on the organic light-emitting layer.
This makes it easy to exactly adjust the layer so as to have a
film thickness corresponding to the highest light-extraction
efficiency.

FIG. 6A and FIG. 6B show light-extraction efficiency and
so on when the hole transport layer is set to have an optimal
film thickness in Example 1 and Comparative example 1,
respectively.

InExample 1 as described above, the respective hole trans-
port layers ofthe R, G, and B colors each have an optimal film
thickness of 15 nm. Here, the respective organic EL elements
of the R, G, and B colors exhibit a light-extraction efficiency
of 2.1 cd/A, a light-extraction efficiency of 5.0 cd/A, and a
light-extraction efficiency of 0.57 cd/A, respectively. Also,
the respective organic EL elements of the R, G, and B colors
exhibit a chromaticity of (0.66, 0.34), a chromaticity of (0.28,
0.68), and a chromaticity (0.13, 0.06), respectively. Further-
more, respective tolerable limits of difference in film thick-
ness of the respective first functional layers of the R, G, and B
colors are a range of -10 nm to +10 nm, a range of -9 nm to
+11 nm, and a range of -15 nm to +10 nm, respectively.
Tolerable margin widths of the respective first functional
layers of the R, G, and B colors are 20 nm, 20 nm, and 25 nm,
respectively.

The “tolerable limits of difference in film thickness” indi-
cate the tolerable limits of difference in film thickness of each
layer from the optimal value under the conditions that allow-
able ranges shown in FIG. 7 are satisfied. FIG. 7 shows the
following allowable ranges of:

(1) 20% or lower variation of light-extraction efficiency at
a surface of the organic EL panel;

(2) variation of chromaticity of x of 0.04 or less and y of
0.04 or less at the surface of the organic EL panel,

(3) a brightness of 90% or higher at a viewing angle of 30°
with respect to a brightness at a viewing angle of 0° and a
brightness of 80% or higher at a viewing angle of 45° with
respect to a brightness at a viewing angle of 0°; and

(4) difference in chromaticity of x 0f 0.04 or less and y of
0.04 or less between a viewing angle of 50° and a viewing
angle of 0°.

Broader tolerable limits of difference in film thickness
make it easier to adjust the film thickness on each layer during
the manufacturing process. The “tolerable margin width”
indicates a difference between the upper limit and the lower
limit in the tolerable limits of difference in film thickness (for
example, each layer of the R color in Example 1 has a toler-
able margin width of 20 which is the difference between the
upper limit of +10 and the lower limit of -10).

In Comparative example 1, the respective hole transport
layersofthe R, G, and B colors have an optimal film thickness
of 20 nm, an optimal film thickness of 9 nm, and an optimal
film thickness of 5 nm, respectively. Here, the respective
organic EL, elements of the R, G, and B colors exhibit a
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light-extraction efficiency of 2.1 cd/A, a light-extraction effi-
ciency of 5.0 cd/A, and a light-extraction efficiency of 0.51
cd/A, respectively. Also, the respective organic EL elements
of the R, G, and B colors exhibit a chromaticity of (0.66,
0.34), achromaticity of (0.28, 0.68), and a chromaticity (0.13,
0.06), respectively. Furthermore, respective tolerable limits
of difference in film thickness of the first functional layers of
the R, G, and B colors are a range of —11 nm to +9 nm, arange
of =7 nm to +11 nm, and a range of =7 nm to +11 nm,
respectively. Tolerable margin widths of the first functional
layers of the R, G, and B colors are 20 nm, 18 nm, and 18 nm,
respectively.

According to Example 1 as described above, it is possible
to ensure the chromaticity that is at the same level as that in
Comparative example 1, and to increase especially the light-
extraction efficiency of the B color than in Comparative
example 1. Furthermore, it is possible to set the respective
first functional layers of the R, G, and B colors to have the
same film thickness, thereby simplifying the manufacturing
process.

In Example 1, the organic light-emitting layer of the B
color is set to have a film thickness of 40 nm. This causes a
difference in film thickness of the hole transport layer corre-
sponding to a local maximum of light-extraction efficiency
between the case where the CF is used and the case where no
CF is used. It is proved that in the case where the organic
light-emitting layer of the B color is set to have a film thick-
ness of 55 nm, the hole transport layer has the same film
thickness corresponding to a local maximum of light-extrac-
tion efficiency between the case where the CF is used and the
case where no CF is used. Here, the light-extraction efficiency
ofthe B coloris 0.51 cd/A. As a result of comparison between
the case where the film thickness of the organic light-emitting
layer of the B color is 40 nm and the case where the film
thickness of the organic light-emitting layer of the B color is
55 nm, the following is derived. It is possible to increase the
light-extraction efficiency more by adjusting the film thick-
ness of the transport layer of the B color so as to differ in
corresponding local maximum of light-extraction efficiency
between the case where the CF is used and the case where no
CF is used than by adjusting the film thickness of the hole
transport layer of the B color so as to be equal in correspond-
ing local maximum of light-extraction efficiency between the
case where the CF is used and the case where no CF is used.

Therefore, from viewpoint of the increase in light-extrac-
tion efficiency and the simplification of manufacturing pro-
cess, it is preferable to adjust the respective first functional
layers of the R, G, and B colors so as to have film thicknesses
corresponding to the first local maximum of light-extraction
efficiency, the first local maximum of light-extraction effi-
ciency, and the 0.5th local maximum of light-extraction effi-
ciency, respectively.

Also, each layer constituting the organic EL element
should have a film thickness within a range of £10% of a film
thickness obtained through the simulations in view of manu-
facturing errors. FIG. 8A to FIG. 8C each show the minimum
value, the average value, and the maximum value of the film
thickness of each layer constituting the organic EL element in
Example 1, with respect to the R, G, and B colors, respec-
tively. Specifically, the respective transparent conductive lay-
ers ofthe R, G, and B colors each should have a film thickness
of 13.5 nmto 16.5 nm. The respective hole injection layers of
the R, G, and B colors each should have a film thickness 0f4.5
nmto 5.5 nm. The respective hole transport layers of the R, G,
and B colors each should have a film thickness of 13.5 nm to
16.5 nm. The respective electron transport layers of the R, G,
and B colors each should have a film thickness of 27 nm to 33
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nm. Here, the respective organic light-emitting layers of the
R, G, and B colors each have an optical distance of 57.6 nm to
70.4 nm from the reflective electrode, and each have an opti-
cal distance of 48.6 nm to 59.4 nm from the transparent
electrode. Also, the respective organic light-emitting layers of
the R, G, and B colors should have a film thickness of 81 nm
to 99 nm, a film thickness of 63 nm to 77 nm, and a film
thickness of 36 nm to 44 nm, respectively.

[Second Simulations]

The present inventors further prepared Example 2 and
Comparative example 2, and calculated an optimal film thick-
ness of each layer constituting an organic EL element in
Example 2 and Comparative example 2 through simulations.
The second simulations differ from the first simulations in
that a reflective electrode and a transparent conductive layer
used in the second simulations are formed from an alloy of Al
and IZO (Indium Zinc Oxide), respectively.

FIG. 9A to FIG. 9D show variation of light-extraction
efficiency when varying the film thickness of the hole trans-
port layer, FIG. 9A shows a case where no CF is used in
Example 2, FIG. 9B shows a case where CFs are used in
Example 2, FIG. 9C shows a case where no CF is used in
Comparative example 2, and FIG. 9D shows a case where CFs
are used in Comparative example 2.

In Example 2, an electron transport layer of each of the R,
G, and B colors has a fixed film thickness of 30 nm, a hole
injection layer of each of the R, G, and B colors has a fixed
film thickness of 5 nm, a transparent conductive layer of each
ofthe R, G, and B colors has a fixed film thickness of 20 nm.
Respective organic light-emitting layers of the R, G, and B
colors have a fixed film thickness of 90 nm, a fixed film
thickness of 80 nm, and a fixed film thickness of 40 nm,
respectively. The film thickness of only the hole transport
layer is varied.

In Comparative example 2, an electron transport layer of
each of the R, G, and B colors has a fixed film thickness of 30
nm, a hole injection layer of each ofthe R, G, and B colors has
a fixed film thickness of 5 nm, a transparent conductive layer
of each of the R, G, and B colors has a fixed film thickness of
20 nm. Respective organic light-emitting layers of the R, G,
and B colors have a fixed film thickness of 80 nm, a fixed film
thickness of 80 nm, and a fixed film thickness of 60 nm,
respectively. The film thickness of only the hole transport
layer is varied.

According to FIG. 9B, in order to increase the light-extrac-
tion efficiency in Example 2, it is optimal for the respective
hole transport layers of the R, G, and B colors each to have a
film thickness 0f 10 nm. According to FIG. 9D compared with
Example 2, in order to increase the light-extraction efficiency
in Comparative example 2, it is optimal for the respective hole
transport layers of the R, G, and B colors to have a film
thickness of 25 nm, a film thickness of 16 nm, and a film
thickness of 9 nm, respectively. In this way, in terms of
optimal film thickness for increasing the light-extraction effi-
ciency, while the respective hole transport layers of the R, G,
and B colors are equal to one another in Example 2, the
respective hole transport layers of the R, G, and B colors
differ from one another in Comparative example 2. The rea-
son for this is as described in the first simulations. In Example
2, the respective organic light-emitting layers of the R, G, and
B colors are set to have a film thickness of 90 nm, a film
thickness of 80 nm, and a film thickness of 40 nm, respec-
tively, such that the respective hole transport layers of the R,
G, and B colors have the same film thickness corresponding to
the first local maximum of light-extraction efficiency of a
corresponding color in the case where CFs are used. In Com-
parative example 2 compared with Example 2, the respective
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organic light-emitting layers of the R, G, and B colors are set
to have a film thickness of 80 nm, a film thickness of 80 nm,
and a film thickness of 60 nm, respectively, in the same
manner as in the first simulations.

FIG. 10A and FIG. 10B show light-extraction efficiency
and so on when a hole transport layer is set to have an optimal
film thickness in Example 2 and Comparative example 2,
respectively.

In Example 2 as described above, the respective hole trans-
port layers ofthe R, G, and B colors each have an optimal film
thickness of 10 nm. Here, the respective organic EL elements
of the R, G, and B colors exhibit a light-extraction efficiency
of 1.8 cd/A, a light-extraction efficiency of 4.7 cd/A, and a
light-extraction efficiency of 0.58 cd/A, respectively. Also,
the respective organic EL elements of the R, G, and B colors
exhibit a chromaticity of (0.66, 0.34), a chromaticity of (0.28,
0.67), and a chromaticity (0.13, 0.06), respectively. Further-
more, respective tolerable limits of difference in film thick-
ness of the respective first functional layers of the R, G, and B
colors are a range of =10 nm to +12 nm, a range of -10nm to
+17 nm, and a range of -6 nm to +9 nm, respectively. Toler-
able margin widths of the respective first functional layers of
the R, G, and B colors are 22 nm, 27 nm, and 15 nm, respec-
tively.

In Comparative example 2, the respective hole transport
layersofthe R, G, and B colors have an optimal film thickness
of 25 nm, an optimal film thickness of 16 nm, and an optimal
film thickness of 9 nm, respectively. Here, the respective
organic EL elements of the R, G, and B colors exhibit a
light-extraction efficiency of 1.9 cd/A, a light-extraction effi-
ciency of 4.7 c¢d/A, and a light-extraction efficiency of 0.49
cd/A, respectively. Also, the respective organic EL elements
of the R, G, and B colors exhibit a chromaticity of (0.66,
0.34),achromaticity of(0.28, 0.67), and a chromaticity (0.13,
0.06), respectively. Furthermore, respective tolerable limits
of difference in film thickness of the respective first functional
layers of the R, G, and B colors are a range of =13 nm to +13
nm, arange of -17nm to +11 nm, and arangeof -9 nmto +11
nm, respectively. Tolerable margin widths of the respective
first functional layers of the R, G, and B colors are 26 nm, 28
nm, and 20 nm, respectively.

According to Example 2 as described above, it is possible
to ensure the chromaticity that is at the same level as that in
Comparative example 2, and to increase especially the light-
extraction efficiency of the B color than in Comparative
example 2. Furthermore, it is possible to set the respective
first functional layers of the R, G, and B colors to have the
same film thickness, thereby simplifying the manufacturing
process.

Therefore, from viewpoint of the increase in light-extrac-
tion efficiency and the simplification of manufacturing pro-
cess, it is preferable to adjust the respective first functional
layers of the R, G, and B colors so as to have film thicknesses
corresponding to the first local maximum, the first local maxi-
mum, and the 0.5th local maximum of light-extraction effi-
ciency, respectively.

Also, each layer constituting the organic EL element
should have a film thickness within a range of £10% of a film
thickness obtained through the simulations in view of manu-
facturing errors. FIG. 11A to FIG. 11C each show the mini-
mum value, the average value, and the maximum value of the
film thickness of each layer constituting the organic EL ele-
ment in Example 2, with respect to the R, G, and B colors,
respectively. Specifically, the respective transparent conduc-
tive layers of the R, G, and B colors each should have a film
thickness of 18 nm to 22 nm. The respective hole injection
layers of the R, G, and B colors each should have a film
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thickness of 4.5 nm to 5.5 nm. The respective hole transport
layers of the R, G, and B colors each should have a film
thickness of 9 nm to 11 nm. The respective electron transport
layers of the R, G, and B colors each should have a film
thickness of 27 nm to 33 nm. Here, the respective organic
light-emitting layers of the R, G, and B colors each have an
optical distance of 60.5 nm to 74.0 nm from the reflective
electrode, and each have an optical distance of 48.6 nm to
59.4 nm from the transparent electrode. Also, the respective
organic light-emitting layers of the R, G. and B colors should
have a film thickness of 81 nm 1o 99 nm, a film thickness of 72
nm to 88 nm, and a film thickness of 36 nm to 44 nm,
respectively.

[Third Simulations]

The present inventors further prepared Example 3 and
Comparative example 3, and calculated an optimal film thick-
ness of each layer constituting an organic EL, element in
Example 3 and Comparative example 3 through simulations.
The third simulations differ from the first simulations in that
a reflective electrode and a transparent conductive layer used
in the third simulations are formed from an alloy of Al and
170 (Indium Zinc Oxide), respectively, and in that the respec-
tive first functional layers of the R, G, and B colors have film
thicknesses corresponding to the first local maximum, the
first local maximum, and the 1.5th local maximum of light-
extraction efficiency, respectively.

FIG. 12A to FIG. 12D show variation of light-extraction
efficiency when varying the film thickness of the hole trans-
port layer, FIG. 12D shows a case where no CF is used in
Example 3, FIG. 12B shows a case where CFs are used in
Example 3, FIG. 12C shows a case where no CF is used in
Comparative example 3, and FIG. 12D shows a case where
CFs are used in Comparative example 3.

In Example 3, an electron transport layer of each of the R,
G, and B colors has a fixed film thickness of 30 nm, a hole
injection layer of each of the R, G, and B colors has a fixed
film thickness of 5 nm, a transparent conductive layer of each
ofthe R, G, and B colors has a fixed film thickness of 30 nm.
Respective organic light-emitting layers of the R, G, and B
colors have a fixed film thickness of 60 nm, a fixed film
thickness of 40 nm, and a fixed film thickness of 100 nm,
respectively. The film thickness of only the hole transport
layer is varied.

In Comparative example 3, an electron transport layer of
each of the R, G, and B colors has a fixed film thickness of 30
nm, a hole injection layer of each ofthe R, G, and B colorshas
a fixed film thickness of 5 nm, a transparent conductive layer
of each of the R, G, and B colors has a fixed film thickness of
30 nm. An organic light-emitting layer of each of the R, G,
and B colors has a fixed film thickness of 50 nm. The film
thickness of only the hole transport layer is varied.

According to FIG. 12B, in order to increase the light-
extraction efficiency in Example 3, it is optimal for the
respective hole transport layers of the R, G, and B colors to
have a film thickness of 15 nm, a film thickness of 15 nm, and
a film thickness of 90 nm, respectively. According to FIG.
12D compared with Example 3, in order to increase the light-
extraction efficiency in Comparative example 3, it is optimal
for the respective hole transport layers of the R, G, and B
colors to have a film thickness 0of 20 nm, a film thickness of 10
nm, and a film thickness of 110 nm, respectively.

The hole transport layer can be formed by the inkjet
method that is one type of printing methods. Compared with
a vacuum vapor deposition method or a sputtering method
that is one type of physical vapor deposition methods, the
inkjet method facilitates film formation for each of the R, G,
and B colors. By making film thickness adjustment for each
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oftheR, G, and B colors on the hole transport layer, which can
be formed by the inkjet method, as shown in Example 3, it is
possible to simplify the manufacturing process. Also, the
difference in film thickness of the hole transport layer among
the R, G, and B colors is smaller in Example 3 than in
Comparative example 3. As a result, the hole transport layer is
further easily formed by the inkjet method, and this contrib-
utes to the simplification of the manufacturing process.

FIG. 13A and FIG. 13B show light-extraction efficiency
and so on when the hole transport layer is set to have an
optimal film thickness in Example 3 and Comparative
example 3, respectively.

In Example 3 as described above, the respective hole trans-
port layers of the R, G, and B colors have an optimal film
thickness of 15 nm, an optimal film thickness of 15 nm, an
optimal film thickness of 90 nm, respectively. Here, the
respective organic EL elements of the R, G, and B colors
exhibit a light-extraction efficiency of 2.1 cd/A, a light-ex-
traction efficiency of 5.0 cd/A, and a light-extraction effi-
ciency of 0.51 cd/A, respectively. Also, the respective organic
EL elements of the R, G, and B colors exhibit a chromaticity
of (0.66, 0.34), a chromaticity of (0.28, 0.68), and a chroma-
ticity (0.13, 0.06), respectively.

In Comparative example 3, the respective hole transport
layersofthe R, G, and B colors have an optimal film thickness
0f 20 nm, an optimal film thickness of 10 nm, and an optimal
film thickness of 110 nm, respectively. Here, the respective
organic EL elements of the R, G, and B colors exhibit a
light-extraction efficiency of 2.0 cd/A, a light-extraction effi-
ciency of 5.2 cd/A, and a light-extraction efficiency of 0.51
cd/A, respectively. Also, the respective organic EL elements
of the R, G, and B colors exhibit a chromaticity of (0.66,
0.34), achromaticity of (0.28, 0.68), and a chromaticity (0.13,
0.06), respectively.

According to Example 3 as described above, it is possible
to exhibit the light-extraction efficiency and the chromaticity
that are at the same level as those in Comparative example 3,
and also to reduce the difference in film thickness of the first
functional layer among the R, G, and B colors. As a result, it
is possible to realize both the increase in light-extraction
efficiency and the simplification of the manufacturing pro-
cess.

Also, each layer constituting the organic EL element
should have a film thickness within a range of £10% of a film
thickness obtained through the simulations in view of manu-
facturing errors. FIG. 14A to FIG. 14C each show the mini-
mum value, the average value, and the maximum value of the
film thickness of each layer constituting the organic EL ele-
ment in Example 3, with respect to the R, G, and B colors,
respectively. Specifically, the respective transparent conduc-
tive layers of the R, G, and B colors each should have a film
thickness of 27 nm to 33 nm. The respective hole injection
layers of the R, G, and B colors each should have a film
thickness of 4.5 nm to 5.5 nm. The respective electron trans-
port layers of the R, G, and B colors each should have a film
thickness of 27 nm to 33 nm. Also, the respective hole trans-
port layers of the R and G colors each should have a film
thickness of 13.5 nm to 16.5 nm, and the hole transport layer
of the B color should have a film thickness of 81 nm to 99 nm.
Here, the respective organic light-emitting layers of the R and
G colors each have an optical distance of 86.4 nm to 105.6 nm
from the reflective electrode, and the organic light-emitting
layer of the B color has an optical distance of 202.8 nm to
247.9 nm from the reflective electrode. The organic light-
emitting layer each of the R, G, and B colors has an optical
distance 0f48.6 nm to 59.4 nm from the transparent electrode.
Furthermore, the respective organic light-emitting layers of
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the R, G, and B colors should have a film thickness of 54 nm
to 66 nm, a film thickness of 36 nm to 44 nm, and a film
thickness of 90 nm to 110 nm, respectively.

[Supplementary Description]

The description has been already given on that in the case
where CFs are used, the film thickness of each layer needs to
be considered in view of the CF characteristics. The following
describes this in more detail.

FIG. 15A to FIG. 15C show variation of chromaticity (x,y)
when varying the film thickness of the respective hole trans-

port layers of the R, G, and B colors, respectively, in Example
3.

FIG. 15A to FIG. 15D prove that when the film thickness of
the hole transport layer is varied, the chromaticity varies.
Furthermore, FIG. 15A to FIG. 15D and F1G. 12A prove that
a chromaticity corresponding to a local maximum of light-
extraction efficiency is not necessarily at the neighborhood of
a target chromaticity. Here, the respective target chromatici-
tiesoftheR, G, and B colors are (0.66,0.34), (0.28, 0.68), and
(0.13, 0.06), respectively. For example, when the hole trans-
port layer of the B color has a film thickness of 125 nm, the
second local maximum of light-extraction efficiency appears
(FIG. 12A). At this time, the chromaticity of the B color has
ay value at the neighborhood 0f 0.20 (FIG. 15C) that is away
from a target chromaticity having a y value of 0.06.

The more greatly a current chromaticity differs from the
target chromaticity in the case where no CF is used, the more
chromaticity correction needs to be made with use of CFs. As
a result, there is a case where though a chromaticity before
chromaticity correction with use of no CF corresponds to a
local maximum of light-extraction efficiency, a chromaticity
after the chromaticity correction with use of CFs does not
correspond to a local maximum of light-extraction efficiency.

Therefore, in the case where CFs are used, the film thick-
ness of each layer needs to be considered in view of the CF
characteristics.

Also, the following is derived with use of a general method
of analyzing the cavity structure. In the cavity structure, the
following Equation 1 is satisfied by an optical distance [ in
nm between the reflective electrode and the organic light-
emitting layer, a cavity wavelength A, in nm, and a phase shift
® in radians.

2L 9

R [Equation 1]
PR

m

The phase shift @ in the reflective electrode is calculated
from the following Equation 2.

[Equation 2]

® 71[ Zﬂlko ]
=tan

2 2 2
ny —ng — kg

Here, n, represents a refractive index of the transparent
conductive layer, n, represents a refractive index of the reflec-
tive electrode, and k,, represents an extinction coefficient of
the reflective electrode.

FIG. 16 demonstrates, in Example 3, the right member m in
Equation 1 is an integer of zero with respect to each of the R
and G colors, and is a decimal number of 0.5 with respect to
the B color.
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[Specific Examples of Each Layer]
<Substrate>

The substrate 1 is a Thin Film Transistor (TFT) substrate,
for example. The substrate 1 is a glass plate or quartz plate of
soda glass, nonfluorescent glass, phosphate glass, borate
glass, or the like; a plastic plate or plastic film of acrylic resin,
styrenic resin, polycarbonate resin, epoxy resin, polyethyl-
ene, polyester, silicone resin, or the like; or a metal plate or
metal foil of alumina or the like.
<Banks>

The banks 12 should be formed from an insulating mate-
rial, and it is preferable that the banks 12 have organic solvent
resistance. Furthermore, since the banks 12 undergo etching,
baking, and the like, it is preferable that the banks 12 be
formed from a material that is highly resistant to such pro-
cesses. The material for the banks 12 may be an organic
material such as resin, or an inorganic material such as glass.
As an organic material, acrylic resin, polyimide resin,
novolac-type phenolic resin, and the like can be used. As an
inorganic material, silicon dioxide (SiO,), silicon nitride
(51,N,,), and the like can be used.
<Reflective Electrode>

The reflective electrode 2 is electrically connected to the
TFT provided on the substrate 1. In addition to functioning as
a positive terminal of the organic EL element, the reflective
electrode 2 has the function of reflecting light emitted from
the organic light-emitting layers 6b, 6g, and 6r towards the
reflective electrode 2. The reflecting function may be
achieved by the structural material of the reflective electrode
2 or by applying a reflective coating to the surface portion of
the reflective electrode 2. For example, the reflective elec-
trode 2 is formed from Ag (silver), APC (alloy of silver,
palladium, and copper), ARA (alloy of silver, rubidium, and
gold), MoCr (alloy of molybdenum and chromium), NiCr
(alloy of nickel and chromium), or the like.
<Transparent Conductive Layer>

The transparent conductive layer 3 functions as a protective
layer to prevent the reflective electrode 2 from naturally oxi-
dizing during the manufacturing process. The material for the
transparent conductive layer 3 should be formed from a con-
ductive material sufficiently translucent with respect to light
emitted by the organic light-emitting layers 65, 6g, and 6r.
For example, the transparent conductive layer 3 is preferably
formed from ITO or 1ZO, which achieve good conductivity
even when a film thereof is formed at room temperature.
<Hole Injection Layer>

The hole injection layer 4 has the function of injecting
holes into the organic light-emitting layers 65, 6g, and 6. The
hole injection layer 4 is formed from an oxide of a transition
metal, such as tungsten oxide (WOx), molybdenum oxide
(MoOx), and molybdenum tungsten oxide (MoxWyQOz).
Forming the hole injection layer 4 from an oxide of a transi-
tion metal allows for improvement of voltage-current density
characteristics, and for an increase in emission intensity by
increasing current density. Note that other metal compounds,
such as a transition metal nitride, may also be used.
<Hole Transport Layer>

Examples of the material for the hole transport layer 5
include a triazole derivative, an oxadiazole derivative, an
imidazole derivative, a polyarylalkane derivative, a pyrazo-
line derivative and pyrazolone derivative, a phenylenedi-
amine derivative, an arylamine derivative, an amino-substi-
tuted chalcone derivative, an oxazole derivative, a
styrylanthracene derivative, a fluorenone derivative, a hydra-
zone derivative, a stilbene derivative, a porphyrin compound,
an aromatic tertiary amine compound and styrylamine com-
pound, a butadiene compound, a polystyrene derivative, a
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hydrazone derivative, a triphenylmethane derivative, or a tet-
raphenylbenzene derivative, as disclosed in Japanese Patent
Application Publication No. 5-163488. In particular, a por-
phyrin compound, as well as an aromatic tertiary amine com-
pound and styrylamine compound, are preferable.

<Organic Light-Emitting Layer>

The organic light-emitting layers 65, 6g, and 67 are formed
from a fluorescent material such as, for example, an oxinoid
compound, perylene compound, coumarin compound, aza-
coumarin compound, oxazole compound, oxadiazole com-
pound, perinone compound, pyrrolo-pyrrole compound,
naphthalene compound, anthracene compound, fluorene
compound, fluoranthene compound, tetracene compound,
pyrene compound, coronene compound, quinolone com-
pound and azaquinolone compound, pyrazoline derivative
and pyrazolone derivative, rhodamine compound, chrysene
compound, phenanthrene compound, cyclopentadiene com-
pound, stilbene compound, diphenylquinone compound,
styryl compound, butadiene compound, dicyanomethylene
pyran compound, dicyanomethylene thiopyran compound,
fluorescein compound, pyrylium compound, thiapyrylium
compound, selenapyrylium compound, telluropyrylium
compound, aromatic aldadiene compound, oligophenylene
compound, thioxanthene compound, anthracene compound,
cyanine compound, acridine compound, metal complex of a
8-hydroxyquinoline compound, metal complex of a 2-bipy-
ridine compound, complex of a Schiff base and a group three
metal, metal complex of oxine, rare earth metal complex, and
the like, as recited in Japanese Patent Application Publication
No. H5-163488.
<Electron Transport Layer>

Examples of the material for the electron transport layer 7
include a nitro-substituted fluorenone derivative, a thiopyran
dioxide derivative, a diphenylquinone derivative, a perylene
tetracarboxyl derivative, an anthraquinodimethane deriva-
tive, a fluoronylidene methane derivative, an anthrone deriva-
tive, an oxadiazole derivative, a perinone derivative, and a
quinolone complex derivative, as recited in Japanese Patent
Application Publication No. H5-163488.

Note that from the perspective of further improving elec-
tron injection characteristics, the above materials for forming
the electron transport layer may be doped with an alkali metal
or an alkaline-earth metal, such as Na, Ba, or Ca.
<Transparent Electrode>

The transparent electrode 8 functions as a negative elec-
trode for the organic EL element. The material for the trans-
parent electrode 8 should be formed from a conductive mate-
rial sufficiently translucent with respect to light emitted by the
organic light-emitting layers 6b, 6g, and 67. For example, the
transparent electrode 8 is preferably formed from ITO or IZO.
<Thin-Film Passivation Layer>

The thin-film passivation layer 9 has the function of pre-
venting the layers interposed between the substrate 1 and the
thin-film passivation layer 9 from being exposed to moisture
or air. The material for the thin-film passivation layer 9 1s, for
example, silicon nitride (SiN), silicon oxynitride (SiON),
resin, or the like.
<Resin Passivation Layer>

The resin passivation layer 10 has the functions of adhering
a back panel, which is composed of the layers from the
substrate 1 to the thin-film passivation layer 9, to the substrate
11, on which are formed the color filters 135, 13g, and 137,
and of preventing the layers from being exposed to moisture
or air. The material for the resin passivation layer 10 is, for
example, a resin adhesive or the like.
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<Color Filters>

The color filters 1354, 13g, and 13~ have the function of
correcting the chromaticity of light emitted by the organic
light-emitting layers.

[Organic Display Device]

FIG. 17 is a functional block showing an organic display
device according to the embodiment of the present invention.
FIG. 18 is an exemplary external diagram showing the
organic display device according to the embodiment of the
present invention. An organic display device 15 includes an
organic display panel 16 and a drive control unit 17 that are
electrically connected to each other. The organic display
panel 16 has the pixel structure shown in FIG. 1. The drive
control unit 17 includes drive circuits 18 to 21 that apply
voltage between the reflective electrode 2 corresponding to
each organic EL element and a transparent electrode 8, and a
control circuit 22 that controls operations of the drive circuits
181021,

[Method of Manufacturing Organic EL Panel]

Next, the method of manufacturing an organic EL panel is
described. FIG. 19A to FIG. 19D and FIG. 20A to FIG. 20C
how a method of manufacturing an organic EL panel accord-
ing to the embodiment of the present invention.

First, reflective electrodes 2 are formed on a substrate 1 by
a vapor deposition method, a sputtering method, or the like
(FIG.19A). Next, transparent conductive layers 3 are formed
on the respective reflective electrodes 2 by the vapor deposi-
tion method, the sputtering method, or the like (FIG. 19B).
The respective transparent conductive layers 3 of the R, G,
and B colors are set to have the same film thickness.

Next, on each of the transparent conductive layers 3, a hole
injection layer 4, for example, is formed by the vapor depo-
sition method, the sputtering method, or the like. Then, banks
12 are formed. Furthermore, on each of the hole injection
layers 4, a hole transport layer 5, for example, is formed by a
printing method such as the inkjet method (FIG. 19C). The
respective hole injection layers 4 of the R, G, and B colors are
set to have the same film thickness. Also, in Examples 1 and
2, the respective hole transportlayers of the R, G, and B colors
are set to have the same film thickness. In Example 3, the
respective hole transport layers 5 of the R and G colors are set
to have the same film thickness, and to have a different film
thickness only from the hole transport layer 5 of the B color.

Next, on the respective hole transport layers 5, light-emit-
ting layers 6b, 6g, and 6r, for example, are formed by a
printing method such as the inkjet method (FIG. 19D). The
respective organic light-emitting layers 6b, 6g, and 6» are
each set to appropriately have a different film thickness.

Next, on the light-emitting layers 6b, 6g, and 67, an elec-
tron transport layer 7 is formed by the vapor deposition
method, the sputtering method, or the like (FIG. 20A). The
respective electron transport layers 7 of the R, G, and B colors
are set to have the same film thickness.

Next, on the electron transport layer 7, a transparent elec-
trode 8 is formed by the vapor deposition method, the sput-
tering method, or the like (FIG. 20B). The transparent elec-
trode 8 has a film thickness of 90 nm to 110 nm, for example.

Next, a thin-film passivation layer 9 is formed on the trans-
parent electrode 8 by the vapor deposition method, the sput-
tering method, or the like, and a substrate 11 in which color
filters 135, 13g, and 13r are formed is adhered thereto using a
resin passivation layer 10 (FIG. 20C). These passivation lay-
ers each have a film thickness of 900 nm to 1100 nm, for
example.

Although the present invention has been described based
on the above embodiment, the present invention is not limited
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to the above embodiment. The present invention may include
the following modification examples.

(1) In Example 1, the respective first functional layers of
the R, G, and B colors each have a film thickness of31.5 nm
to 38.5 nm. The present invention is not limited to this. It is
considered that the effect of increasing the light-extraction
efficiency is exhibited due to the interference phenomenon
that occurs between light traveling the first optical path C1
and light traveling the second optical path C2. This leads to an
idea that what is important is not the film thickness of the first
functional layer, but the optical distance between the organic
light-emitting layer and the reflective electrode. The respec-
tive organic light-emitting layers of the R, G, and B colors
each should have an optical distance of 57.6 nm to 70.4 nm
from the reflective electrode. As long as this condition is
satisfied, the same effect is exhibited even if the film thickness
of the first functional layer is varied.

Also, in Example 2, the respective first functional layers of
the R, G, and B colors each have a film thickness 0of 31.5 nm
to 38.5 nm. The present invention is not limited to this. The
respective organic light-emitting layers of the R, G, and B
colors each should have an optical distance of 60.5 nm to 74.0
nm from the reflective electrode. As long as this condition is
satisfied, the same effect is exhibited even if the film thickness
of the first functional layer is varied.

Also, in Example 3, the respective first functional layers of
the R and G colors each have a film thickness of 45 nm to 55
nm, and the first functional layer of the B color has a film
thickness of 112.5 nm to 137.5 nm. The present invention is
not limited to this. The respective first functional layers of the
R and G colors each should have an optical distance of 86.4
nm to 105.6 nm from the reflective electrode, and the first
functional layer of the B color should have an optical distance
0f202.8 nm to 247.9 nm from the reflective electrode. As long
as this condition is satisfied, the same effect is exhibited even
if the film thickness of the first functional layer is varied.

Also, although the second functional layer has a film thick-
ness of 27 nm to 33 nm, the present invention is not limited to
this similarly. The respective organic light-emitting layers of
the R, G, and B colors each should have an optical distance of
48.6 nm to 59.4 nm. As long as this condition is satisfied, the
same effect is exhibited even if the film thickness of the
second functional layer is varied.

(2) In the above embodiment, the first functional layer is
constituted from the transparent conductive layer, the hole
injection layer, and the hole transport layer. Alternatively, the
first functional layer may not include any one of the transpar-
ent conductive layer, the hole injection layer, and the hole
transport layer. Further alternatively, the first functional layer
may further include another functional layer.

(3) Inthe above embodiment, the second functional layer is
constituted from the hole transport layer. Alternatively, the
second functional layer may further include an electron injec-
tion layer, for example.

Industrial Applicability

The present invention is applicable to organic EL displays
and the like.

Reference Signs List

1 substrate

2 reflective electrode

3 transparent conductive layer
4 hole injection layer

5 hole transport layer
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6b, 6g, and 6r organic light-emitting layer
7 electron transport layer
8 transparent electrode
9 thin-film passivation layer
10 resin passivation layer
11 substrate
12 bank
134, 13g, and 137 color filter
15 organic display device
16 organic display panel
17 drive control unit
18 to 21 drive circuit
22 control circuit

The invention claimed is:

1. An organic electro luminescence (EL) panel, compris-

ing:

a first electrode of each of red (R), green (G), and blue (B)
colors that reflects incident light;

a second electrode that faces the first electrode of each of
the R, G, and B colors, and transmits incident light
therethrough;

an organic light-emitting layer of each of the R, G, and B
colors that is disposed between the first electrode of a
corresponding color and the second electrode, and emits
light of a corresponding color due to voltage application
between the first electrode of the corresponding color
and the second electrode;

a functional layer of each of the R, G, and B colors that is
disposed between the first electrode of a corresponding
color and the organic light-emitting layer of a corre-
sponding color;

a color filter of each of the R, G, and B colors for chroma-
ticity correction that is disposed opposite the organic
light-emitting layer of a corresponding color with the
second electrode being interposed therebetween,
wherein

a first portion of light of each of the R, G, and B colors
emitted from the organic light-emitting layer of a corre-
sponding color travels through the functional layer of a
corresponding color towards the first electrode of a cor-
responding color, strikes and is reflected by the first
electrode of the corresponding color, and then is emitted
externally after passing through the functional layer of
the corresponding color, the organic light-emitting layer
of the corresponding color, the second electrode, and the
color filter of a corresponding color,

a second portion of the light of each of the R, G, and B
colors travels towards the second electrode instead of
towards the first electrode of the corresponding color,
and is emitted externally after passing through the sec-
ond electrode and the color filter of the corresponding
color,

the respective functional layers of the R, G, and B colors
are equal in film thickness to one another,

the film thickness of each of the respective functional lay-
ers of the R and G colors corresponds to a first local
maximum of light-extraction efficiency with respect to
the light of the corresponding color before passing
through the color filter of the corresponding color,

the film thickness of the functional layer of the B color
corresponds to a value of light-extraction efficiency that
is smaller than a first local maximum of light-extraction
efficiency with respect to the light of the B color before
passing through the color filter of the B color,

the respective organic light-emitting layers of the R, G, and
B colors differ in film thickness from one another, such



US 8,907,329 B2

29

that the respective functional layers of the R, G, and B
colors are equal in film thickness to one another, and
thelightofeachoftheR, G, and B colors emitted externally
after passing through the color filter of the correspond-
ing color exhibits a local maximum of light-extraction
efficiency.

2. The organic EL panel of claim 1, wherein

the film thickness of the functional layer of the B color is
thinner than a film thickness corresponding to the first
local maximum of light-extraction efficiency with
respect to the light of the B color before passing through
the color filter of the B color.

3. The organic EL panel of claim 2, wherein

the respective organic light-emitting layers of the R, G, and
B colors have a film thickness of 81 nm to 99 nm, a film
thickness of 63 nm to 77 nm, a film thickness of 36 nm
to 44 nm, respectively, and

the respective functional layers of the R, G, and B colors
each have a film thickness of 31.5 nm to 38.5 nm.

4. The organic EL panel of claim 3, wherein

the functional layer of each of the R, G, and B colors
includes a transparent conductive layer formed on an
anode that is the first electrode of the corresponding
color, a hole injection layer formed on the transparent
conductive layer, and a hole transport layer formed on
the hole injection layet,

the respective transparent conductive layers of the R, G,
and B colors each have a film thickness of 13.5 nm to
16.5 nm,

the respective hole injection layers of the R, G, and B colors
each have a film thickness of 4.5 nm to 5.5 nm, and

the respective hole transport layers of the R, G, and B
colors each have a film thickness of 13.5nm to 16.5 nm.

5. The organic EL panel of claim 4, wherein

the first electrode of each of the R, G, and B colors is
formed from silver or alloy of silver, and

the transparent conductive layer of each of the R, G, and B
colors is formed from indium tin oxide.

6. The organic EL panel of claim 2, wherein

the respective organic light-emitting layers of the R, G, and
B colors have a film thickness of 81 nm to 99 nm, a film
thickness of 72 nm to 88 nm, a film thickness of 36 nm
to 44 nm, respectively, and

the respective functional layers of the R, G, and B colors
each have a film thickness of 31.5 nm to 38.5 nm.

7. The organic EL panel of claim 6, wherein

the functional layer of each of the R, G, and B colors
includes a transparent conductive layer formed on an
anode that is the first electrode of the corresponding
color, a hole injection layer formed on the transparent
conductive layer, and a hole transport layer formed on
the hole injection layer,

the respective transparent conductive layers of the R, G,
and B colors each have a film thickness of 18 nm to 22
nm,

the respective hole injectionlayers of the R, G, and B colors
each have a film thickness of 4.5 nm to 5.5 nm, and

the respective hole transport layers of the R, G, and B
colors each have a film thickness of 9 nm to 11 nm.

8. The organic EL panel of claim 7, wherein

the first electrode of each of the R, G, and B colors is
formed from aluminum or alloy of aluminum, and

the transparent conductive layer of each of the R, G, and B
colors is formed from indium zinc oxide.
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9. The organic EL panel of claim 1, wherein

the organic light-emitting layer of each of the R, G, and B
colors contains an organic material, and is formed by a
printing method.

10. A display device with use of the organic EL panel of

claim 1.

11. The organic EL panel of claim 1, wherein

the film thickness of the functional layer of the B color is
not close to a film thickness at which local maximum
light-extraction efficiency occurs when the color filter is
not provided, and is close to a film thickness at which
local maximum light-extraction efficiency occurs when
the color filter is provided.

12. An organic electro luminescence (EL) panel, compris-

ing:

a first electrode of each of red (R), green (G), and blue (B)
colors that reflects incident light;

a second electrode that faces the first electrode of each of
the R, G, and B colors, and transmits incident light
therethrough;

an organic light-emitting layer of each of the R, G, and B
colors that is disposed between the first electrode of a
corresponding color and the second electrode, and emits
light of a corresponding color due to voltage application
between the first electrode of the corresponding color
and the second electrode;

a functional layer of each of the R, G, and B colors that is
disposed between the first electrode of a corresponding
color and the organic light-emitting layer of a corre-
sponding color;

a color filter of each of the R, G, and B colors for chroma-
ticity correction that is disposed opposite the organic
light-emitting layer of a corresponding color with the
second electrode being interposed therebetween,
wherein

a first portion of light of each of the R, G, and B colors
emitted from the organic light-emitting layer of a corre-
sponding color travels through the functional layer of a
corresponding color towards the first electrode of a cor-
responding color, strikes and is reflected by the first
electrode of the corresponding color, and then is emitted
externally after passing through the functional layer of
the corresponding color, the organic light-emitting layer
of the corresponding color, the second electrode, and the
color filter of a corresponding color,

a second portion of the light of each of the R, G, and B
colors travels towards the second electrode instead of
towards the first electrode of the corresponding color,
and is emitted externally after passing through the sec-
ond electrode and the color filter of the corresponding
color,

the respective functional layers of the R and G colors are
equal in film thickness to each other, and differ in film
thickness from the functional layer of the B color,

with respect to the light of the corresponding color before
passing through the color filter of the corresponding
color, the film thickness of each of the respective func-
tional layers of the R and G colors corresponds to a first
local maximum of light-extraction efficiency,

with respect to the light of the B color before passing
through the color filter of the B color, the film thickness
of the functional layer of the B color corresponds to a
value of light-extraction efficiency that is smaller than a
first local maximum of light-extraction efficiency and is
larger than a second local maximum of light-extraction
efficiency, where the first local maximum of light-ex-
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traction efficiency is larger than the second local maxi-
mum of light-extraction efficiency,

the respective organic light-emitting layers of the R, G, and
B colors differ in film thickness from one anothet, such
that the respective functional layers of the R and G
colors are equal in film thickness to each other, and differ
in film thickness from the functional layer of the B color,
and

the lightofeachofthe R, G, and B colors emitted externally
after passing through the color filter of the correspond-
ing color exhibits a local maximum of light-extraction
efficiency.

13. The organic EL panel of claim 12, wherein

with respect to the light of the B color before passing
through the color filter of the B color, the film thickness
of the functional layer of the B color is thicker thana film
thickness corresponding to the first local maximum of
light-extraction efficiency and is thinner than a film
thickness corresponding to the second local maximum
of light-extraction efficiency.

14. The organic EL panel of claim 13, wherein

the functional layer of each of the R, G, and B colors
includes a layer formed by a printing method and a layer
formed by a physical vapor deposition method,

the respective layers of the R and G colors formed by the
printing method are equal in film thickness to each other,
and differ in film thickness from the layer of the B color
formed by the printing method, and

the respective layers of the R, G, and B colors formed by
the physical vapor deposition method are equal in film
thickness to one another.

15. The organic EL panel of claim 14, wherein

the respective organic light-emitting layers of the R, G, and
B colors have a film thickness of 54 nm to 66 nm, a film
thickness of 36 nm to 44 nm, a film thickness of 90 nm
to 110 nm, respectively, and

the respective functional layers of the R and G colors each
have a film thickness of 45 nm to 55 nm, and the func-
tional layer of the B color has a film thickness of 112.5
nm to 137.5 nm.

16. The organic EL panel of claim 15, wherein

the functional layer of each of the R, G, and B colors
includes a transparent conductive layer formed on an
anode that is the first electrode of the corresponding
color, a hole injection layer formed on the transparent
conductive layer, and a hole transport layer formed on
the hole injection layer,

the respective transparent conductive layers of the R, G,
and B colors each have a film thickness of 27 nm to 30
nm,

the respective hole injection layers of the R, G, and B colors
each have a film thickness of 4.5 nm to 5.5 nm, and

the respective hole transport layers of the R and G colors
each have a film thickness of 13.5nm to 16.5 nm, and the
hole transport layer of the B color has a film thickness of
81 nm to 99 nm.

17. The organic EL panel of claim 16, wherein

the first electrode of each of the R, G, and B colors is
formed from aluminum or alloy of aluminum, and

the transparent conductive layer of each of the R, G, and B
colors is formed from indium zinc oxide.

18. The organic EL panel of claim 12, wherein

the organic light-emitting layer of each of the R, G, and B
colors contains an organic material, and is formed by a
printing method.

19. A display device with use of the organic EL panel of

claim 12.
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20. A method of manufacturing an organic electro lumi-

nescence (EL) panel, comprising:

preparing a firstelectrode ofeach of red (R), green (G), and
blue (B) colors that reflects incident light;

disposing a functional layer of each of the R, G, and B
colors on the first electrode of a corresponding color;

disposing an organic light-emitting layer that emits light of
each of the R, G, and B colors on the functional layer of
a corresponding color;

disposing a second electrode that transmits incident light
therethrough on the respective organic light-emitting
layers of the R, G, and B colors so as to face the respec-
tive first electrodes of the R, G, and B colors; and

disposing a color filter of each ofthe R, G, and B colors for
chromaticity correction so as to be opposite the organic
light-emitting layer of a corresponding color with the
second electrode being interposed therebetween,
wherein

the functional layer is disposed such that (i) the respective
functional layers of the R, G, and B colors are equal in
film thickness to one another, the film thickness of each
of the respective functional layers of the R and G colors
corresponds to a first local maximum of light-extraction
efficiency with respect to the light of the corresponding
color before passing through the color filter of the cor-
responding color, and (i1) the film thickness of the func-
tional layer of the B color corresponds to a value of
light-extraction efficiency that is smaller than a first
local maximum of light-extraction efficiency with
respect to the light of the B color before passing through
the color filter of the B color, and

the organic light-emitting layer is disposed such that (i) the
respective organic light-emitting layers ofthe R, G, and
B colors differ in film thickness from one another such
that the respective functional layers of the R, G, and B
colors are equal in film thickness to one another, and (ii)
the light of each of the R, G, and B colors emitted
externally after passing through the color filter of the
corresponding color exhibits a local maximum of light-
extraction efficiency.

21. A method of manufacturing an organic electro lumi-

nescence (EL) panel, comprising:

preparing a first electrode ofeach of red (R), green (G), and
blue (B) colors that reflects incident light;

disposing a functional layer of each of the R, G, and B
colors on the first electrode of a corresponding color;

disposing an organic light-emitting layer that emits light of
each of the R, G, and B colors on the functional layer of
a corresponding color;

disposing a second electrode that transmits incident light
therethrough on the respective organic light-emitting
layers of the R, G, and B colors so as to face the respec-
tive first electrodes of the R, G, and B colors; and

disposing a color filter of each ofthe R, G, and B colors for
chromaticity correction so as to be opposite the organic
light-emitting layer of a corresponding color with the
second electrode being interposed therebetween,
wherein

the functional layer is disposed such that (i) the respective
functional layers of the R and G colors are equal in film
thickness to each other, and differ in film thickness from
the functional layer of the B color, (ii) with respect to the
light of the corresponding color before passing through
the color filter of the corresponding color, the film thick-
ness of each of the respective functional layers of the R
and G colors corresponds to a first local maximum of
light-extraction efficiency, and (iii) with respect to the
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light of the B color before passing through the color filter
of the B color, the film thickness of the functional layer
of the B color corresponds to a value of light-extraction
efficiency that is smaller than a first local maximum of
light-extraction efficiency and is larger than a second 5
local maximum of light-extraction efficiency, where the
first local maximum of light-extraction efficiency is
larger than the second local maximum of light-extrac-
tion efficiency, and

the organic light-emitting layer is disposed such that (i) the 10
respective organic light-emitting layers of the R, G, and
B colors differ in film thickness from one another, such
that the respective functional layers of the R and G
colors are equal in film thickness to each other, and differ
in film thickness from the functional layer of the B color, 15
and (ii) thelight of each of the R, G, and B colors emitted
externally after passing through the color filter of the
corresponding color exhibits a local maximum of light-
extraction efficiency.
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