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(57) ABSTRACT

A pixel unit having two or more pixels different in emission
color is provided with lenses in such a manner that the differ-
ence of the angular dependence of brightness in organic EL
elements for every emission color of the pixels becomes
small.
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DISPLAY DEVICE

BACKGROUND OF THE INVENTION

[0001] 1.Field of the Invention

[0002] The present invention relates to a display device
having organic EL elements.

[0003] 2. Description of the Related Art

[0004] In recent years, the display device having organic
EL elements has been actively researched and developed. The
organic EL element is constituted by an anode, an organic
compound layer containing a light emitting layer, and a cath-
ode, in which a hole and an electron are injected into the light
emitting layer from the anode and the cathode, respectively,
so that a light beam is emitted from the light emitting layer
utilizing the recombination energy of the hole and the elec-
ron.

[0005] In order to achieve color display, a display device
having two or more organic EL elements that emit different
colors of red, green, and blue, for example, displays white
color by making the organic EL elements of the respective
colors emit a light beam. However, since the organic EL
elements of the respective colors (red, green, and blue) are
different from each other in the angular dependence of bright-
ness, there has been a problem in that the white color chro-
maticity is different between the case where the display
device is observed from the front and the case where the
display device is observed at an angle inclining from the front
(white color shiff).

[0006] The description is specifically given with reference
10 F1G. 9. FIG. 9 is a graph showing the changes in the relative
brightness to the radiation angle of the organic EL elements of
red (R), green (G), and blue (B). The relative brightness is
indicated under the conditions where the brightness at the
front (0 angle) is 1. In FIG. 9, when the radiation angle is 50°,
the relative brightness of the red color is about 0.55 and, in
contrast, the relative brightness of each of the green color and
the blue color is about 0.42 and about 0.30, respectively.
Therefor, even when white color is observed when the display
device is observed from the front, when the display device is
observed at an angle inclining from the front, reddish white is
observed because the relative brightness of the red color is
larger than that of the other colors.

[0007] In order to address the problem, Japanese Patent
Laid-Open No. 2009-123404 discloses that, in an organic EL
element that causes multiple interference of light beams emit-
ted from light emitting layers between the reflection planes of
an anode and a cathode, the order of interference of a blue
organic EL element is set to zero and functional layers other
than the light emitting layers are made the same in the organic
EL elements of the respective colors, whereby the difference
in the angular dependence of brightness of the respective
colors is suppressed.

[0008] However, it is difficult to control the film thickness
of the organic compound layer constituting the organic EL
element and it is difficult to form the organic EL element as
designed while suppressing the in-plane variation of the func-
tional layers which are thin films and further considering the
interference.

SUMMARY OF THE INVENTION

[0009] The present invention is a display device in which
two or more pixel units containing two or more pixels differ-
ent in the emission color are arranged, in which the pixels
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have an organic EL element and the pixel units are provided
with a lens in such a manner that the difference in an angular
dependence of brightness in the organic EL element for every
emission color of the pixels becomes small.

[0010] Further features of the present invention will
become apparent from the following description of exem-
plary embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIGS. 1A and 1B are a perspective schematic view
and a partial sectional schematic view, respectively, illustrat-
ing an example of a display device according to a first
embodiment of the invention.

[0012] FIG. 2 is a partial sectional schematic view of a
former display device.

[0013] FIG. 3 is a graph showing the correlation between
the radiation angle and the relative brightness.

[0014] FIGS. 4A to 4E are views illustrating manufacturing
processes of the display device according to the first embodi-
ment of the invention.

[0015] FIG. 5is apartial sectional schematic view illustrat-
ing a display device according to a second embodiment of the
invention.

[0016] FIG. 6 is a partial sectional schematic view of a
display device according to a third embodiment of the inven-
tion.

[0017] FIG. 7 is a graph showing the correlation between
the radiation angle of and the relative brightness of a display
device according to an Example of the invention.

[0018] FIGS. 8A to 8C are views illustrating manufacturing
processes of the display device according to the third embodi-
ment of the invention.

[0019] FIG.9isa graph showing the problems to be solved
of the invention.

DESCRIPTION OF THE EMBODIMENTS

[0020] Hereinafter, embodiments of a display device
according to the invention will be described with reference to
the drawings. To portions that are not particularly illustrated
or described in this description, well known or known tech-
niques of the technical field are applied. The embodiment
described below is one embodiment of the invention and the
invention is not limited thereto.

[0021] Inthe invention, the angular dependence of bright-
ness refers to a property such that, the brightness (relative
brightness) when a display device is observed at an angle
inclining from the front changes to the brightness when the
display device is observed from the front. Reducing the dif-
ference in the angular dependence of brightness refers to
bringing changes in the relative brightness depending on the
observation angle close to each other.

First Embodiment

[0022] FIG. 1A1is aperspective schematic view illustrating
adisplay device according to a first embodiment of the inven-
tion. The display device of this embodiment has two or more
pixels 1 each having an organic EL element. The two or more
pixels 1 are disposed in the shape of a matrix and form a
display region 2. The pixel refers to a region corresponding to
a light emitting region of one light emitting element. In the
display device of this embodiment, the light emitting element
is an organic EL element and the display device of this
embodiment is a display device in which an organic EL ele-
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ment of one color is disposed in each of the pixels 1. As the
emission color of the organic EL elements, red, green, and
blue can be considered and, in addition, yellow, cyan, and
white may be acceptable. The color is not particularly limited
insofar as at least two or more colors are employed. In the
display device of this embodiment, two or more pixel units
containing two or more pixels different in the emission color
differs (e.g., a pixel emitting red, a pixel emitting green, and
apixel emitting blue) are arranged. The pixel unit refers to the
minimum unit that can achieve light emission of a desired
color by mixing the colors of the respective pixels.

[0023] FIG. 1B is a partial sectional schematic view along
the IB-IB line of FIG. 1A. The pixel 1 has an organic EL
element 3 having a first electrode (anode) 11, a hole trans-
porting layer 12, any one of light emitting layers 13R, 13G,
and 13B, an electron transporting layer 14, and a second
electrode (cathode) 15 on a substrate 10. In this embodiment,
the light emitting layer 13R is a light emitting layer that emits
red, the light emitting layer 13G is a light emitting layer that
emits green, and the light emitting layer 13B is a light emit-
ting layer that emits blue. The light emitting layers 13R, 13G,
and 13B are patterned and formed corresponding to the pixels
(organic EL elements 3) that emits red, green, and blue,
respectively. The first electrode 11 is also separated from the
first electrode 11 ofthe next pixel (organic EL element 3). The
hole transporting layer 12, the electron transporting layer 14,
and the second electrode 15 may be formed in common to
those of the next pixel or may be patterned for every pixel. In
order to prevent a short circuit between the first electrode 11
and the second electrode 15 due to foreign substances, an
insulating layer 20 is provided between the pixels (more
specifically the first electrodes 11).

[0024] The display device of this embodiment is further
provided with a lens member 30. Between the lens member
30 and each of the organic EL elements 3, a protection layer
40 that protects the organic EL elements 3 from moisture or
oxygen is disposed. The lens member 30 has a concave por-
tion on the surface and concave lenses 30R, 30G, and 30B are
disposed corresponding to the respective pixels. Theradius of
curvature of each of the concave lenses 30R, 30G, and 30B is
adjusted in such a manner as to be different from each other.
Due to the configuration, the radiation characteristics of the
lens can be changed for every pixel. In the invention, the
difference in the angular dependence of brightness of the
organic EL elements different in the angular dependence of
brightness is made small by adjusting the radiation charac-
teristics of the lens for every color. A specific description is
given below. The “radiation characteristics” refer to charac-
teristics with which the radiation angle of a light beam to be
emitted is larger than the incidence angle of a light beam that
enters an interface. The radiation characteristics can be con-
trolled also by a region occupied by the lens of the region of
the pixel, the radius of curvature (or curvature) of the lens, the
distance from the light emitting layer (organic EL element) to
the lens, and the refractive index of materials of the lens.

[0025] First, as illustrated in FIG. 2, the case where no
lenses are formed in the pixels is considered. Light beams 50
obliquely emitted from the organic EL element are emitted as
light beams 51, which are more obliquely inclined, when
emitted from the protection layer 40. In contrast, when a
concave lens (e.g., a concave lens 30G) is formed in the pixel
as illustrated in FIG. 1B, the light beams 50 that are emitted
after penetrating the concave lens 30G are emitted as light
beams 52 which are more obliquely inclined in the in-plane
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direction of the substrate 10 compared with the case where no
lenses are provided (dashed lines). Therefore, there is a func-
tion of dispersing light beams in an oblique direction in the
case where a concave lens is provided as compared with the
case where no lenses are provided. More specifically, as a
display device, a reduction in the brightness when observed
from an oblique direction is suppressed. The “oblique” refers
to the direction of an angle inclining in the in-plane direction
of the substrate from the front of the display device.

[0026] Next, the curvature of the concave lens and the
angular dependence of brightness will be described. F1G. 3 is
a graph showing the correlation between the radiation angle
and the relative brightness when the concave lenses are dif-
ferent from each other in the radius of curvature R. In FIG. 3,
the “flat” refers to the case where no lenses are formed. As the
concave lenses for use in the measurement, four kinds of
lenses with a radius of curvature R of 20 um, 30 um, 60 um,
and 100 pm were prepared. In the configuration of the lenses
having the radius of curvature mentioned above, the pitch of
the pixels was 31.5 um, the maximum width of the concave
lenses was 31.5 pm, and the width of the pixels was 16.5 um.
The second electrode 15 contains a mixture of indium oxide
and zinc oxide, in which the refractive index was 1.9 and the
film thickness was 0.05 um. The protection layer 40 contains
nitride silicon, in which the refractive index was 1.83 and the
film thickness was 0.18 um. The lens member 30 contains
epoxy resin, in which the refractive index was 1.54 and the
minimum film thickness was 10 pm. The relative brightness
refers to a relative brightness when the brightness at a radia-
tion angle of zero (front) in each composition was 1.

[0027] As illustrated in FIG. 3, the relative brightness is
more difficult to decrease in the case where the lenses are
formed (solid line) as compared with the case where the
lenses are not formed (dashed lines). FIG. 3 further shows
that, also in the case where the concave lenses are formed, the
relative brightness is difficult to decrease when the radius of
curvature of the concave lenses is smaller. This shows that the
radiation characteristics due to the concave lens are higher in
a concave lens with a small radius of curvature than a lens
with a large radius of curvature. More specifically, the radia-
tion characteristics become higher in the order of a configu-
ration in which no lenses are provided, a configuration in
which a concave lens with a large radius of curvature is
provided, and a configuration in which a concave lens with a
small radius of curvature is provided. Therefor, the relative
brightness is difficult to decrease even when obliquely
observed in a pixel having a lens with higher radiation char-
acteristics.

[0028] Incontrast, the angular dependence of brightness of
the organic EL element generally changes depending on the
emission color. This is considered to be caused by the fact that
the light absorption and the light transmittance have chro-
matic dispersion due to an organic compound layer, such as
the light emitting layer or the hole transporting layer, and the
materials or the film thickness of the electrodes and the like of
the organic EL element. Moreover, it is considered that the
shape of the spectra emitted by the light emission materials of
the light emitting layers of the organic EL elements of the
respective colors are different from each other, for example.
[0029] In the display device of this embodiment, a lens
whose radiation characteristics are adjusted is provided in
each pixel corresponding to the color emitted by each pixel in
such a manner that the differences of the angular dependence
of brightness of the organic EL elements that emit different
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colors is made small. More specifically, a lens with high
radiation characteristics is provided in a pixel having an
organic EL, element in which the angular dependence of
brightness is high (large reduction in relative brightness) and
a lens with low radiation characteristics is provided in a pixel
having an organic ELL element in which the angular depen-
dence of brightness is low (small reduction in relative bright-
ness). When the radiation characteristics are controlled by the
radius of curvature of the concave lens, a concave lens with a
small radius of curvature is provided in a pixel having an
organic EL element in which the angular dependence of
brightness is low and a concave lens with a large radius of
curvature is provided in a pixel having an organic EL element
in which the angular dependence of brightness is high.

[0030] Forexample, the case is considered where the angu-
lar dependence of brightness varies in each color in a display
device having, in each pixel of the pixel unit, an organic EL
element which emits red (hereinafter referred to as a B ele-
ment), an organic EL element which emits green (hereinafter
referred to as a G element), an organic EL element which
emits blue (hereinafter referred to as an R element). More
specifically, the case is considered where the angular depen-
dence of brightness becomes larger in the order of the R
element, the G element, and the B element (Angular depen-
dence of R eclement<Angular dependence of G
element<Angular dependence of B element). In this case, the
radiation characteristics of a lens to be provided may be
simply increased in the order of the R element, the G element,
and the B element (Radiation characteristics of the lens of the
R element<Radiation characteristics of the lens of the G
element<Radiation characteristics of the lens of the B ele-
ment). By this configuration, in the pixel having the B ele-
ment provided with a lens with high radiation characteristics,
a reduction in the relative brightness is suppressed and the
angular dependence of brightness thereof can be brought
close to the angular dependence of brightness of the R ele-
ment. Similarly, also in the pixel having the G element, the
angular dependence of brightness thereof can be brought
close to the angular dependence of brightness of the R ele-
ment. More specifically, the angular dependence of bright-
ness of the B element and the G element becomes close to the
angular dependence of brightness of the R element. Therefor,
even when white color which is a mixed color of red color,
green color, and blue color is observed from an oblique angle
relative to the display device, the white color shift is sup-
pressed. A more specific description is as follows.

[0031] The chromaticity coordinate of each color when
observed at the front is, in terms of CIExy, red (0.67,0.33),
green (0.21,0.71), and blue (0.14,0.08). When white color of
achromaticity coordinate (0.31,0.33) is displayed, the bright-
ness ratio of red, green, and blueis 3:6:1. in such acase, when
a display device is observed from an oblique angle, e.g., an
angle inclining from the front by 50°, for example, the chro-
maticity coordinate of each color is as follows: red (0.65,0.
35), green (0.18,0.66), and blue (0.15,0.05). The brightness
ratio of red, green, and blue at the angle is 1.26:2.04:0.23. The
relative brightness ratio to the brightness of each color when
observed at the front is 0.42:0.34:0.23. More specifically,
when observed at the angle inclining from the front by 50°,
the brightness ratio greatly changes as compared with the
brightness ratio at the front in displaying white color, result-
ing in considerable changes in the chromaticity. Therefor, the
brightness ratio at the front cannot be maintained in the case
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where a display device is observed at the angle inclining from
the front by 50°, the white color shift arises.

[0032] Then, in order to maintain the brightness ratio of
red, green, and blue at 3:6:1 and obtain the white color close
to the chromaticity coordinate (0.31,0.33) even when
observed from an oblique angle, the angular dependence of
brightness of each color is made the same. The reduction ratio
of the relative brightness of each color when observed at the
angle inclining from the front by 50° is as follows 58% inred,
66% in green, and 77% in blue. In order to make the reduction
ratio of the relative brightness of green and blue the same as
that of the relative brightness of red, the reduction ratio of the
relative brightness is made the same by suppressing a reduc-
tion in brightness of green and blue by 11% and 19%, respec-
tively, and thus the difference of the angular dependence of
brightness becomes small. Therefor, the brightness ratio
when observed at the front can be maintained in the case
where a display device is observed at the angle inclining from
the front by 50° and the white color shift can be reduced. For
the white color shift, the CIE 1976 UCS chromaticity coor-
dinate (hereinafter referred to as an u'v' chromaticity coordi-
nate) (u', v') is generally used and the relationship with the
CIExy chromaticity coordinate (x, y) is as follows.

i 4x 9y

_ , [Equation 1]
S Tary+3 ) T Tae12y+3

[0033] Specifically, the white CIExy chromaticity coordi-
nate (0.31,0.33) is (0.20,0.47) in the u'v' chromaticity coor-
dinate.

[0034] Tt can besaid that the white color shift is sufficiently
suppressed when the chromaticity difference du'v' repre-
sented by a relational expression (Equation 2) of the chroma-
ticity (u', v'o) observed at the front in the u'v' chromaticity
coordinate and the chromaticity (', v'g) observed atan angle
0 inclining from the front is 0.015 or lower at 8=50°.

duv'= \/(” o) VgV

[0035] The radiation characteristics of the lens are is not
necessarily required to change for every color and may be
adjusted as appropriate as required. For example, even when
the angular dependence of brightness of the R element, the G
element, and the B element is different from each other, the
radiation characteristics of the lenses of the B element and the
G element are made the same and only the radiation charac-
teristics of the lens provided in the R element may be
changed, for example.

[0036] In general, the angular dependence of brightness is
larger in an organic EL element which emits a light beam of
ashort wavelength than in an organic EL element which emits
alight beam of along wavelength (Angular dependence of the
R element<Angular dependence of the G element<Angular
dependence of the B element). Therefor, the angular depen-
dence of brightness becomes larger in the order of the R
element, the G element, and the B element. Therefor, it is
desirable to enlarge the radiation characteristics of the lens to
be provided in the order of the R element, the G element, and
the B element (Radiation characteristics of the lens of the R
element, Radiation characteristics of the lens of the G
element<Radiation characteristics of the lens of the B ele-
ment). A configuration may be acceptable in which no lenses
are provided in the R element.

[Equation 2]
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[0037] Theradiation characteristics can also be adjusted by
a configuration in which a concave lens is provided and a
configuration in which a concave lens is not provided. More
specifically, a concave lens may be provided in a pixel having
an organic ELL element with high angular dependence of
brightness and a concave lens may not be provided in a pixel
having an organic EL element with low angular dependence
of brightness.

[0038] The substrate 10 may be an insulating substrate on
which a switching element (not illustrated), such as TFT or
MIM, is formed, and contains glass, plastic, or the like, or
may be asilicon substrate on which a transistor is formed. The
substrate 10 may have an interlayer insulation film having a
contact hole for electrically connecting the switching element
and the first electrode 11. The substrate 10 may further have
a planarization film for planarizing irregularities of the
switching element.

[0039] For the first electrode 11, a metal layer containing a
metal simple substance, such as Al, Cr, or Ag, and an alloy
thereof can be used. A configuration can also be employed in
which a transparent conductive oxide layer, such as a com-
pound layer of indium oxide and tin oxide or a compound
layer of indium oxide and zinc oxide, is laminated on the
metal layer. The film thickness of the first electrode 11 is
suitably 50 nm or more and 200 nm or lower. The “transpar-
ent” refers to having a light transmittance of 40% or more in
a visible light region (Wavelength of 400 nm to 780 nm).
[0040] The hole transporting layer 12 contains a single
layer or two or more layers of an organic compound having
hole injection properties and hole transportation properties.
In contrast, the electron transporting layer 14 contains a
single layer or two or more layers of an organic compound
having electron injection properties and electron transporta-
tion properties. In order to suppress the movement of elec-
trons from the light emitting layer to the anode side, an
electron blocking layer can also be provided as the hole
transporting layer 12 as required. A hole blocking layer can
also be provided as the electron transporting layer 14. More-
over, as the hole transporting layer 12 and the electron trans-
porting layer 14, an exciton blocking layer for suppressing the
diffusion of excitons occurring in the light emitting layer can
also be provided.

[0041] The light emitting layer 13R which emits red, the
light emitting layer 13G which emits green, and the light
emitting layer 13B which emits blue are not particularly
limited and known materials can be applied. For example, a
single layer of materials having both light emitting properties
and carrier transportation properties or a mixed layer of light
emitting materials, such as fluorescent materials or phospho-
rescent materials, and host materials having carrier transpor-
tation properties can be applied.

[0042] For each of the light emitting layers 13R, 13G, and
13B, the hole transporting layer 12, and the electron trans-
porting layer 14, known materials can be used and, as film
forming techniques, known film forming techniques, such as
vapor deposition or transfer, can be used. The film thickness
of each layer is suitably set to the optimal film thickness in
order to increase the light emission efficiency of the organic
EL elements of the respective colors and is suitably 5 nm or
more and 100 nm or lower.

[0043] For the second electrode 15, a metal thin film con-
taining a metal simple substance, such as Al, Cr, or Ag, and an
alloy thereof can be used. Particularly in a metal thin film
containing Ag, the absorptivity is low and the specific resis-
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tance is also low. Therefore, the metal thin film is suitable as
the second electrode 15. The film thickness of the second
electrode 15 is suitably 5 nm or more and 30 nm or lower. The
second electrode 15 may have a configuration in which the
above-described metal thin film and the transparent conduc-
tive oxide layer, such as the compound layer of indium oxide
and tin oxide or the compound layer of indium oxide and zinc
oxide, are laminated or a configuration in which only the
transparent conductive oxide layer is provided.
[0044] For the protection layer 40, known materials and
film forming techniques can be used. As an example, a
method for forming a film of silicon nitride or silicon oxyni-
tride by a CVD device is mentioned. The film thickness of the
protection layer40is suitably 0.5 pmto 10 um in order to have
protection capability.
[0045] For the lens member 30, thermosetting resin with
little moisture content, thermoplastic resin, and photocuring
resin can be used. The film thickness of the lens member 30 is
suitably from 10 um to 100 um. When the thermosetting resin
and the photocuring resin are used, a spin coating method, a
dispense method, and the like can be used as the film forming
methods. Moreover, a method can also be used which
includes sticking a thermoplastic resin film having a film
thickness of about 10 pm to about 100 pm under vacuum onto
the protection layer 40. As a specific resin material, epoxy
resin and butyl resin are suitably used.

[0046] As methods for manufacturing the concave lenses

30R, 30G, and 30B, the following methods are mentioned:

[0047] (1) A method including preparing a mold for a lens,
and pressing the mold to a resin layer to thereby form the
resin into a lens shape;

[0048] (2) A method including heat treating a resin layer
patterned by photolithography or the like, and then trans-
forming the resin layer into a lens shape by reflow;

[0049] (3) A method including exposing a photocuring
resin layer formed with a uniform thickness with a light
beam having a distribution in the in-plane direction, and
developing the resin layer to thereby form a lens;

[0050] (4) A method including processing the surface of the
resin material formed with a uniform thickness using ion
beam, electron beam, laser, or the like into a lens shape;

[0051] (5) A method including adding dropwise an appro-
priate amount of resin to each pixel to thereby form a lens
in a self-aligned manner; and

[0052] (6) A method including preparing a resin sheet on
which a lens is formed beforehand separately from a sub-
strate on which an organic EL element is formed, aligning
the substrate and the resin sheet, and the sticking them to
each other to thereby form a lens.

[0053] The case where the method of (1) above is used for
manufacturing the display device of this embodiment will be
described with reference to FIGS. 4A to 4E. A method for
forming the first electrode 11 to the second electrode 15 on the
substrate 10 is omitted because well-known methods are
used.

[0054] First, as illustrated in FIG. 4A, two or more top

emission type organic EL elements are formed on the sub-

strate 10. Next, as illustrated in FIG. 4B, the protection layer

40 is formed throughout a display region in such a manner as

to cove the organic EL elements. The protection layer 40

protects the organic EL elements from moisture or oxygen in

the air or moisture inherent in a resin material 30a to be
formed later and also has a planarization function for forming

a lens on the protection layer 40 with high accuracy.
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[0055] Next, as illustrated in FIG. 4C, the resin material
30a serving as the base for the lens member 30 is formed on
the protection layer 40. Then, as illustrated in FIG. 40, 2 mold
31 for molding the concave lenses 30R, 30G, and 30B is
prepared, and then the mold 31 is pressed against the resin
material 30¢ in such a manner that air bubbles are not mixed
in the resin material 30a. On the surface of the mold 31 in
contact with the resin material 30a, convex portions are
formed corresponding to each pixel, and the radius of curva-
ture of each convex portion is adjusted according to the radia-
tion characteristics of the concave lens to be provided in each
pixel.

[0056] Themold31 canbe formed with a general metal but
when photocuring resin is used for the resin material 304, the
mold 31 is suitably formed with a quartz substrate because the
mold 31 needs to transmit a light beam. In order to increase
the separability of the mold 31 from the lens member 30, a
film of fluororesin or the like may be formed on the surface of
the mold 31.

[0057] When thermosetting resin is used for the resin mate-
rial 30a, the resin material 30a is cured by heating the same to
80° C. in a state where the top of the convex portion in the
mold 31 is almost in agreement with the center of the corre-
sponding pixel. Since the heat-resistant temperature of
organic compounds constituting common organic EL ele-
ments is about 100° C., the curing temperature is suitably
about 80° C., which is lower than the heat-resistant tempera-
ture.

[0058] Next, as illustrated in FIG. 4E, the mold 31 is
removed from the cured lens member 30. Thus, the concave
lenses 30R, 30G, and 30B are formed on the surface of the
lens member 30 corresponding to each pixel.

[0059] When the concave lenses 30R, 30G, and 30B are
formed with resin, it is desirable to provide a second protec-
tion layer (not illustrated) containing inorganic substances on
the lenses in order not to damage the shape of the lenses. The
second protection layer can be formed with the same materi-
als and the same methods as those of protection layer 40.

Second Embodiment

[0060] FIG. 5 is a partial sectional schematic view of a
display device of this embodiment. The first embodiment
relates to the display device in which the radius of curvature
of the lenses is varied in the organic EL elements of the
respective colors to thereby control the radiation characteris-
tics, whereby the difference in the angular dependence of
brightness of the organic EL elements of the respective colors
is made small. In contrast, this embodiment relates to a dis-
play device in which the distance between a lens and a light
emitting layer of each organic EL element is varied in the
organic EL elements of the respective colors to thereby con-
trol the radiation characteristics, whereby the difference in
the angular dependence of brightness of the organic EL ele-
ments of the respective colors is made small.

[0061] In general, the radiation characteristics of the lens
become small with an increase in the distance between the
concave lens and the light emitting point (or light emitting
surface). Therefor, in a pixel having an organic EL element
with high angular dependence ofbrightness (a large reduction
in relative brightness), the lens is disposed at a position near
the light emitting layer in such a manner that the radiation
characteristics become high. In a pixel having an organic EL
element with low angular dependence of brightness (a small
reduction in relative brightness), the lens is disposed at a
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position distant from the light emitting layer in such a manner
that the radiation characteristics become small. The distance
between the concave lens and the light emitting layer is a
distance (the length of the arrow) between the dashed line and
the light emitting layer illustrated in FIG. 5. More specifi-
cally, the distance between the concave lens and the light
emitting layer is a distance between the surface of a lens
portion furthest from the light emitting layer of the surface of
the lens portion corresponding to a light emitting region
(pixel) and the light emitting layer.

[0062] Specifically, the case is considered where the angu-
lar dependence of brightness becomes larger in the order of
the R element, the G element, and the B element (Angular
dependence of the R element<Angular dependence of the G
element<Angular dependence of the B element). As illus-
trated in FIG. 5, the distance of the concave lenses 30R, 30G,
and 30B and each of the light emitting layers 13R, 13G, and
13B is made smaller in the order of the R element, the G
element, and the B element (Distance between the lens and
the light emitting layer of the R element>Distance between
the lens and the light emitting layer of the G
element>Distance between the lens and the light emitting
layer of the B element). Due to this configuration, in the pixel
having the B element provided with the lens with high radia-
tion characteristics, the reduction in the relative brightness is
suppressed and the angular dependence of brightness thereof
can be brought close to that of the R element. Similarly, also
in the pixel having the G element, the angular dependence of
brightness thereof can also be brought close to that of the R
element. More specifically, since the angular dependence of
brightness of the B element and the G element becomes close
to the angular dependence of brightness of the R element, the
white color shift is suppressed even when white color which
is a mixed color of red, green, and blue is observed from an
oblique angle relative to the display device.

[0063] The display device of this embodiment can also be
manufactured with the same manufacturing method as in the
first embodiment. In this embodiment, the radius of curvature
of the concave lenses may be the same in each pixel or may be
different from each other. In particular, it is desirably config-
ured such that a concave lens with a small radius of curvature
is provided in a pixel having an organic EL element with low
angular dependence of brightness and a concave lens with a
large radius of curvature is provided in a pixel having an
organic EL element with high angular dependence of bright-
ness as in the first embodiment. Third embodiment

[0064] FIG. 6 is a partial sectional schematic view of a
display device of this embodiment. This embodiment relates
to a display device in which the refractive index of a lens is
varied in the organic EL elements of the respective colors to
thereby control the radiation characteristics, whereby the dif-
ference of the angular dependence of brightness of organic
EL elements of the respective colors is made small.

[0065] In general, the radiation characteristics of the lens
become large with an increase in the refractive index of the
concave lens. Therefor, it is configured such that, in a pixel
having an organic EL element with high angular dependence
of brightness (a large reduction in relative brightness), a con-
cave lens having a high reflective index is provided in such a
manner that the radiation characteristics become high. In a
pixel having an organic EL element with low angular depen-
dence of brightness (a small reduction in relative brightness),
a concave lens having a low reflective index is provided.
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[0066] Specifically, the case is considered where the angu-
lar dependence of brightness becomes larger in the order of
the R element, the G element, and the B element (Angular
dependence of the R element<Angular dependence of the G
element<Angular dependence of the B element). In this case,
as illustrated in FIG. 6, the refractive index of the concave
lenses is increased in the order of the R element, the G
element, and the B element (Refractive index of the lens of the
R element<Refractive index of the lens of the G
element<Refractive index of the lens of the B element). Due
to this configuration, in the pixel having the B element pro-
vided with the lens with a high reflective index and high
radiation characteristics, the reduction in the relative bright-
ness is suppressed and the angular dependence of brightness
thereof can be brought close to that of the R element. Simi-
larly, also in the pixel having the G element, the angular
dependence of brightness thereof can also be brought close to
that of the R element. More specifically, since the angular
dependence of brightness of the B element and the G element
becomes close 1o the angular dependence of brightness of the
R element, the white color shift is suppressed even when
white color which is a mixed color of red, green, and blue is
observed from an oblique angle relative to the display device.
[0067] The display device of this embodiment can also be
manufactured with the same manufacturing method as in the
first embodiment. In this embodiment, the radius of curvature
ofthe concave lenses may be the same in each pixel or may be
different from each other. In particular, it is desirably config-
ured such that a concave lens with a small radius of curvature
is provided in a pixel having an organic EL element with low
angular dependence of brightness and a concave lens with a
large radius of curvature is provided in a pixel having an
organic EL element with high angular dependence of bright-
nessas in the firstembodiment. The third embodiment may be
combined with the configuration of the second embodiment
or may be combined with a combination of the configuration
of the first embodiment and the configuration of the second
embodiment.

[0068] Mentioned as methods for controlling the refractive
index is a method for adjusting the refractive index with the
refractive index of the resin forming the lens. Furthermore,
mentioned is a method including blending inorganic materi-
als intheresin forming the lens to thereby adjust the refractive
index or the content in the resin of the inorganic materials.
Mentioned as the inorganic materials are, for example, tita-
nium oxide (2.90), ITO (2.12), mercury sulfide (2.81), cobalt
green (1.97), cobalt blue (1.74), and the like.

Other Embodiments

[0069] As described above, the radiation characteristics can
be controlled by a method different from the methods of the
first embodiment to the third embodiment. For example,
when the radiation characteristics are controlled by a region
occupied by the lens of the pixel region, the effects of the
invention are demonstrated in the case of the following con-
figuration. More specifically, the region occupied by the lens
may be enlarged in a pixel having an organic EL element with
low angular dependence of brightness and the region occu-
pied by the lens may be reduced in a pixel having an organic
EL element with high angular dependence of brightness. Due
to the configuration, the ratio of light beams that penetrate the
lens among light beams emitted from the light emitting
regions (pixels) can be adjusted, and thus the radiation char-
acteristics of the entire pixel are controlled.
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[0070] Moreover, in the configuration described above, the
lens is provided in accordance with the angular dependence of
brightness of color in which the reduction in the brightness is
small. However, even in a configuration such that the lens is
provided in accordance with the angular dependence of
brightness of color in which the reduction in the brightness is
large, the white color shift can be reduced. Specifically, the
following configuration is mentioned.

[0071] More specifically, the radiation characteristics can
also be adjusted by providing both a configuration such that a
concave lens is provided and a configuration in which a con-
vex lens is provided. The radiation characteristics of the con-
vex lens are lower and the light gathering characteristics
thereof are higher than the configuration in which a concave
lens is provided and than the configuration in which no lenses
are provided. By utilizing the characteristics. a convex lens
may be provided in a pixel having an organic EL element with
low angular dependence of brightness and a concave lens may
be provided in a pixel having an organic EL element with high
angular dependence of brightness.

[0072] The radiation characteristics (light gathering char-
acteristics) of pixels can also be controlled only by a convex
lens by utilizing the fact that, in the convex lens, the radiation
characteristics become lower as the radius of curvature
becomes lower (the light gathering characteristics become
higher). More specifically, it may be configured such that a
convex lens with a small radius of curvature is provided in a
pixel having an organic EL element with low angular depen-
dence of brightness and a convex lens with a large radius of
curvature is provided in a pixel having an organic EL element
with high angular dependence of brightness. Even in the
configuration, the difference of the angular dependence of
brightness of the organic EL elements of the respective colors
can be made small.

[0073] Mentioned as the display device of the invention are
television sets, personal computers, imaging devices, display
portions of cellular phones, and portable game machines. In
addition, portable music playback devices, Personal Digital
Assistant (PDA), car navigation systems, and the like are
mentioned.

EXAMPLES
Example 1

[0074] This Example describes an example in which the
difference of the angular dependence of brightness of organic
EL elements using lenses different in the radius of curvature
will be described with reference to FIGS. 4A to 4E.

[0075] First, a low-temperature polysilicon TFT was
formed on a glass substrate, and then an interlayer insulation
film containing nitride silicon and a planarization film con-
taining acrylic resin were formed thereon in this order,
thereby creating a substrate 10 illustrated in FIG. 4A. An ITO
film/AINd film was formed on the substrate 10 by sputtering
with a thickness of 38 nm/100 nm. Subsequently, the ITO
film/AINd film was patterned for every pixel to form first
electrodes 11.

[0076] Acrylicresin was applied onto the first electrodes 11
by spin coating. The acrylic resin was patterned by lithogra-
phy in such a manner that openings (the openings correspond
to the pixels) were formed in portions where the first elec-
trodes 11 were formed to thereby form an insulation layer 20.
The pitch of the pixels was 30 um and the size of the exposed
portions of the first electrodes 11 formed by the openings was
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10 um. The product was cleaned through ultrasonic cleaning
with isopropyl alcohol (IPA), cleaned through boiling, and
then dried. Further, the product was subjected to UV/ozone
cleaning, and the following organic EL layers were formed by
vacuum deposition. The degree of vacuum and the deposition
rate during film formation of each organic compound layer
was 1x10t0 3.0x107* Pa was 0.2 to 0.5 nm/sec, respectively.
[0077] First, a compound 1 of the following structural for-
mula was formed into a film with a thickness of 87 nm in
common on the first electrodes 11 as the hole transporting
layer 12 on the entire display region.

[0078] Next, CBP and Ir(piq), were formed into a film as a
red light emitting layer 13R on a portion serving as a pixel
which emits red by co-deposition using a vapor deposition
mask in such a manner that the weight ratio was 91:9 and the
thickness was 30 nm. Then, Alq; and coumarin 6 were formed
into a film as a green light emitting layer 13G on a portion
serving as a pixel which emits green by co-deposition using a
vapor deposition mask in such a manner that the weight ratio
was 99:1 and the thickness was 40 nm. Furthermore, BAlq
and perylene were formed into a film as a blue light emitting
layer 13B on a portion serving as a pixel which emits blue by
co-deposition using a vapor deposition mask in such a manner
that the weight ratio was 97:3 and the thickness was 25 nm.
[0079] Subsequently, Bphen was formed into a film with a
thickness of 10 nm as a common electron-transporting layer
14 on the entire display region. Furthermore, Bphen and
Cs,CO; were formed into a film thereon as a common elec-
tron injection layer (a part of the electron-transporting layer
14) by co-deposition (Weight ratio of 90:10) with a thickness
0f 40 nm.

[0080] Next, the above-described product was transferred
10 a sputtering apparatus while the vacuum state was main-
tained, and then Ag and ITO were successively formed into a
film as a second electrode 15 with a thickness of 10 nm and 50
nm, respectively.

[0081] Next, as illustrated in FIG. 4B, a protection layer 40
containing nitride silicon was formed by a plasma CVD
method using SiN,, gas, N, gas, and H, gas.

[0082] Then, as illustrated in FIG. 4C, a thermosetting
epoxy resin material having a viscosity of 3000 mPa-s was
applied as the resin material 30a in a nitrogen atmosphere
with a dew point of 60° C. using a dispenser (Product name:
SHOT MINI SL, manufactured by Musashi Engineering,
Inc.).

[0083] Before curing the resin material 30a by heating, the
mold 31, separately prepared, for molding the concave lenses,
30R. 30G, and 30B was pressed against the surface of the
resin material 30q as illustrated in FIG. 40. In pressing, posi-
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tioning was performed by aligning an alignment mark formed
on the mold 31 with an alignment mark formed on the sub-
strate 10. As a result, the concave lenses 30R, 30G, and 30B
were formed corresponding to pixels. On the mold 31, convex
portions were formed at the same pitch as the pitch of the
pixels and the surface of the mold 30 was coated with fluo-
roresin as a release agent. The radius of curvature of each of
the convex portions corresponding to the red, green, and blue
pixels of the mold 31 was 100 pm, 45 pm, and 25 pm, respec-
tively. The film thickness of the lens member 30 was 20 pm.
[0084] Here, in consideration of the environment of a clean
room and a processing apparatus, the minimum thickness (the

Compound 1

thickness in the thinnest portion) of the lens member 30 was
set to 10 um for the purpose of planarizing with the resin
material 30a even when there are foreign substances or the
like.

[0085] Next, in the state where the mold 31 was pressed
against the resin material 30qa, heating was performed at a
temperature of 100° C. for 15 minutes under a vacuum envi-
ronment to cure the resin material 30@, whereby the lens
member 30 was formed. Thereafter, the mold 31 was removed
from the lens member 30, thereby forming the concave lenses
30R, 30G, and 30B as illustrated in FIG. 4E. The radius of
curvature of the concave lenses 30R, 30G, and 30B was 100
wm, 45 um, and 25 pm, respectively.

[0086] Furthermore, a protection layer (not illustrated)
containing inorganic materials containing nitride silicon was
formed by a plasma CVD method using SiH, gas, N, gas, and
H, gas. The film thickness of the protection layer was 1 pm
and was formed in such a manner as to cover the entire surface
of the display region.

[0087] The properties of the display device thus manufac-
tured of the invention were evaluated, and the results are
collectively shown in Table 1. Here, the propetrties at an angle
inclining from the front by 50° were compared. F1G. 7 shows
the angular dependence of brightness of each color in the
display device of this Example.

[0088] The relative brightness (Front brightness: 1) in
Table 1 is the value obtained by standardizing the brightness
of each color at an inclination of 50° under the conditions
where the brightness of each color required for obtaining
white color (0.31,0.33) at the front was 1.

[0089] The du'v' indicates a color difference between the
white color when the display device was observed from the
front and the white color when the display device was
observed at 50°. As a Comparative Example, the evaluation
results of a display device in a configuration such that no
lenses are provided in each pixel are also shown in Table 1.
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TABLE 1
Example 1 Compatative Example
Front 50° Relative 50° Relative

chromaticity chromaticity brightness chromaticity brightness

Red  (0.67,033) (0.66,034) 087  (0.65,035 042

Green (021,070) (0.20,0.69)  0.87  (0.18,0.66) 034
Blue (0.13,0.08) (0.13,007) 087 {015,005  0.23
White (031,033  (030,032) 056 (031,0.30) 023
duv' — 0.010 0.017

[0090] Table1and FIG.7 show that, in the display device of
this Example, the difference of the angular dependence of
brightness among the respective colors is made smaller than
that of the Comparative Example and the white color shift is
reduced. More specifically, in Example 1, when the display
device was observed at an inclination of 50°, the relative
brightness is comparable in each color, i.e., a reduction ratio
of brightness is comparable in each color, and therefore the
balance of white display is maintained also in this direction,
so that the white color shift is suppressed.

Example 2

[0091] This Example is an example in which the difference
of the angular dependence of brightness of the organic EL
elements is made small by adjusting the distance from the
light emitting layer to the concave lens.

[0092] This Example is manufactured by the same pro-
cesses, except that the surface shape of the lens mold 31 is
different from that of Example 1. In this Example, convex
portions are formed with the same pitch as the pixel pitch and
the height of the convex portions is different from that of
Example 1. The height was set in such a manner that the
distance from the concave lens to the light emitting layer was
60 um, 48 pm, and 25 um, respectively. in the pixels emitting
red, green, and blue.

[0093] The properties of the display device thus manufac-
tured were evaluated, and the results are collectively shown in
Table 2. The Comparative Example is the same as in Example
L.

TABLE 2
Example 2 Comparative Example
Front 50° Relative 50° Relative
chromaticity chromaticity brightness chromaticity brightness
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[0096] This Example is manufactured by the same pro-
cesses, except that the application process of the lens member
and the surface shape of the lens mold 31 are different from
those of Example 1. After forming the protection layer 40
similarly as in Example 1, epoxy resins 30aR, 30aG, and
30aB were applied to the position of the corresponding pixels
using a nozzle dispenser as illustrated in FIG. 8A. Into the
nozzle at the position corresponding to the red pixel, the
epoxy resin was charged and, into the nozzles at the position
corresponding to the green pixel and the blue pixel, the epoxy
resins different in the mixing ratio of titanium oxide particles
were charged, and then the epoxy resins were applied. The
proportion of the titanium oxide in the epoxy resin charged
into the nozzle at the position corresponding to each of the
green and blue pixels was 22% by weight and 40% by weight
relative to the epoxy resin, respectively.

[0097] Next, as illustrated in FIG. 8B, the concave lenses
was formed by pressing the mold 31 separately prepared
against the surface of the resin member 30a. The mold 31 of
this Example had convex portions formed with the same pitch
as the pixel pitch.

[0098] Next, under the state where the mold 31 was pressed
against the resin materials 30aR, 30aG, and 30aB, heating
was performed at a temperature of 100° C. for 15 minutes
under a vacuum environment to cure the resin materials 30aR,
30aG, and 30aB, whereby the lens member 30 was formed.
Thereafter, the mold 31 was removed from the lens member
30, thereby forming concave lenses 30R, 30G, and 30B as
illustrated in FIG. 8C. The radius of curvature of the concave
lenses 30R, 30G, and 30B was all the same, 50 um.

[0099] In the concave lenses 30R, 30G, and 30B, titanium
oxide particles having a refractive index of 2.90 were mixed
in epoxy resin having a refractive index 1.54, and the refrac-
tive index of the lenses was increased in the order of the R
element, the G element, and the B element (Refractive index
of the concave lens of the R element<Refractive index of the
concave lens of the G element<Refractive index of the con-
cave lens of the B element) by increasing the mixing ratio in
the order of the R element, the G element, and the B element.
[0100] The properties of the display device thus manufac-
tured were evaluated, and the results are collectively shown in
Table 3. The Comparative Example is the same as in Example
1.

Red  (0.67,033) (0.66,034)  0.87  (0.65,035) 042

Green (021,070) (0.20,0.69)  0.83  (0.18,0.66)  0.34
Blue (0.13,008) (0.13,007) 081  (0.15,0.05) 023
White  (0.31,033) (0.30,031)  0.54  (0.31,030) 0.3
duv' — 0.011 0.017

[0094] Table 2 shows that, in the display device of this
Example, the difference of the angular dependence of bright-
ness among the respective colors is made smaller than that of
the Comparative Example and the white color shift is
reduced.

Example 3

[0095] This Example is an example in which the difference
of the angular dependence of brightness of the organic EL
elements is made small by adjusting therefractive index of the
concave lens.

TABLE 3
Example 3 Comparative Example
Front 50° Relative 50° Relative
chromaticity chromaticity brightness chromaticity brightness
Red 0.67,0.33)  (0.66,0.34) 0.87 (0.65,0.35) 0.42
Green (0.21,0.70)  (0.20,0.69) 0.83 (0.18, 0.66) 0.34
Blue  (0.13,0.08) (0.13,0.07) 0.81 (0.15,0.05) 0.23
White (0.31,0.33) (0.30,0.31) 0.54 (0.31,0.30) 0.23
du'v' — 0.011 0.017

[0101] Table 3 shows that, in the display device of this
Example, the difference of the angular dependence of bright-
ness among the respective colors is made smaller than that of
the Comparative Example and the white color shift is
reduced.

[0102] While the present invention has been described with
reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
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accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.
[0103] This application claims the benefit of Japanese
Patent Application No. 2010-213896 filed Sep. 24, 2010 and
No. 2011-164381 filed Jul. 27, 2011, which are hereby incor-
porated by reference herein in their entirety.

What is claimed is:

1. A display device, comprising:

two or more pixel units containing two or more pixels

different in emission color,

the pixels each having an organic EL element, and

the pixel units each being provided with a lens in such a

manner that a difference in an angular dependence of
brightness of the organic EL elements for every emis-
sion color of the pixels is small.

2. The display device according to claim 1, wherein the
lens provided in the pixel in which the angular dependence of
brightness is high has higher radiation characteristics than
radiation characteristics of the lens provided in the pixel in
which the angular dependence of brightness is low.

3. The display device according to claim 1, wherein the
pixel in which the angular dependence of brightness is high is
provided with a lens having radiation characteristics and the
pixel in which the angular dependence of brightness is low is
not provided with a lens.

4. The display device according to claim 2, wherein the
radiation characteristics are controlled by the radius of cur-
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vature of a concave lens, a distance between the concave lens
and a light emitting layer, or a refractive index of the concave
lens.

5. The display device according to claim 1, wherein the
pixel in which the angular dependence of brightness is high is
provided with a concave lens whose radius of curvature is
smaller than a radius of curvature of a concave lens provided
in the pixel in which the angular dependence of brightness is
low.

6. The display device according to claim 1, wherein a
concave lens provided in the pixel in which the angular
dependence of brightness is high is disposed at a position
distant from a light emitting layer relative to a concave lens
provided in the pixel in which the angular dependence of
brightness is low.

7. The display device according to claim 1, wherein a
reflective index of a concave lens provided in the pixel in
which the angular dependence of brightness is high is higher
than a reflective index of the lens provided in the pixel in
which the angular dependence of brightness is low.

8. The display device according to claim 2, wherein

the two or more pixels have a pixel which emits red, green,

or blue, and

the organic EL element having high large angular depen-

dence of brightness is an organic EL element which
emits blue.
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