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7) ABSTRACT

Provided are an organic light-emitting device that has wide
viewing angle characteristics and enables excellent color
reproduction, and a display apparatus including the organic
light-emitting device. In the device, an optical path between a
first reflective surface formed on the first electrode side with
respect to an emission layer and a second reflective surface
formed on a second electrode side with respect to the emis-
sion layer are set so as to resonate light emitted in the emis-
sion layer, and a first region with a relatively short optical path
L, and a second region with a relatively long optical path L,
are provided, wherein L, and L, are set to satisfy Expression
1 with resonant wavelengths A, , A,, and A5, a sum ¢t of phase
shifts when light is reflected by the first reflective surface and
the second reflective surface, and a viewing angle o

M=2L,/(p-¢t/2m)
ho=2L,/(g+1-¢t/2m)
h3=2L, cos o/(q—¢t/2m)

h=ho=hy (Expression 1)

wherein p and q each independently represent a positive inte-
ger and a is not 0°.

12 Claims, 11 Drawing Sheets
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ORGANIC LIGHT-EMITTING DEVICE AND
DISPLAY APPARATUS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a light-emitting device
using an organic compound and a display apparatus using the
light-emitting device. More specifically, the present invention
relates to an organic light-emitting device that emits light
when an electric field is applied to a thin film including an
organic compound, and a display apparatus using the organic
light-emitting device.

2. Description of the Related Art

An organic light-emitting device (organic electrolumines-
cence (EL) device; hereinafter, sometimes simply referred to
as “device”) has been extensively researched and developed.
Such an organic light-emitting device includes a pair of elec-
trodes consisting of an anode and a cathode, and a plurality of
organic compound layers including a light-emitting layer
(hereinafter, simply referred to as “emission layer”) formed
between the pair of electrodes. The organic compound layers
each have a film thickness of about several tens of nanom-
eters, and one of the electrodes reflects light. The other elec-
trode functions as a light extraction electrode, and reflects a
part of emitted light at an interface thereof with an external
environment. Thus, an optical interference effect is developed
remarkably in which light with a particular wavelength is
resonated to be enhanced in an organic light-emitting device.

FIG. 1 is a schematic cross-sectional view of an ordinary
organic light-emitting device. In FIG. 1, the organic light-
emitting device includes a substrate 1, and a reflective layer 2,
a transparent conductive layer (anode) 3, a hole-transporting
layer 4, an emission layer 5, an electron-transporting layer 6,
an electron injection layer 7, a semi-transmissive layer 8, a
transparent electrode (cathode) 9 provided in the mentioned
order on the substrate 1. Holes injected from the anode and
electrons injected from the cathode are recombined in the
emission layer by allowing a current to flow through the EL
device, whereby light is emitted.

In such an organic light-emitting device, a resonator struc-
ture is constituted between the reflective layer 2 on the sub-
strate and the semi-transmissive layer 8. Here, an optical path
between the reflective layer 2 and the reflective interface of
the semi-transmissive layer 8 is represented by L, a resonant
wavelength is represented by A, and an angle at which light
emission from the device is recognized visually is represented
by 0 (it is assumed that the angle at which the light emission
is recognized visually in front of the device, namely when
recognized visually in a direction perpendicular to a light
extraction surface of the device is defined as 0°). Further, in
the case where the sum of phase shifts when emitted light is
reflected by the upper and the lower electrodes is represented
by ¢ (rad), and the order of optical interference is represented
by m, when there is a relationship satisfying Equation 1
between the respective parameters, emission enhancement by
resonance can be utilized.

That is, by bringing the peak wavelength of the emission
spectrum (PL spectrum) generated by photoexcitation of the
emission layer into conformity with the resonant wavelength,
the intensity of the peak wavelength of the emission spectrum
can be enhanced. Hereinafter, for differentiation from the PL.
spectrum, the emission spectrum taken out from the device is

refereed to as “EL spectrum”.
A=2L cos 6/(m-¢t/2m) (Equation 1)

wherein m represents a positive integer.
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Incidentally, when emitted light is actually reflected by the
respective electrodes, the sum of phase shifts ¢t varies
depending upon the combination of an electrode material and
an organic material constituting the reflective interface.

Tt can be seen from Equation 1 that the enhancement peak
wavelength (resonant wavelength) A varies depending upon
the optical path L. Furthermore, when the angle (viewing
angle) 8 at which light emission is recognized visually with
respect to the device increases, the cos 0 value decreases, and
the resonant wavelength A is shifted to a shorter wavelength
side. Therefore, in the case where the viewing angle is
increased when the device having the optical path L is
viewed, the resonant wavelength is displaced from the peak
wavelength of the emission spectrum of the emission layer
(PL spectrum), and the peak wavelength of the emission
spectrum is not enhanced and further, is weakened. As a
result, as the viewing angle increases, the emitted light looks
darker.

Further, in the case where the viewing angle is increased,
the resonant wavelength A is shifted (blue shift) to a shorter
wavelength side along with the decrease in the cos 0 value,
whereby the color of light emitted from the light-emitting
device looks different, which is a problem.

The above-mentioned problem also applies to the case
where the light-emitting devices are used as pixels of a dis-
play apparatus. Specifically, the above-mentioned problem
also applies to the case of a display apparatus having a plu-
rality of pixels with different emission colors (e.g., red, green,
blue) as a pixel unit. In the case of such a display apparatus,
there is another problem that the balance of'a mixed color may
be varied due to the change in color of each pixel when viewed
obliquely. That is, when a light-emitting device that exhibits
ared color in front thereof (namely, in a direction perpendicu-
lar to a light extraction surface of the device) is viewed
obliquely, the light-emitting device exhibits an orange color.
When a light-emitting device that exhibits a green color in
front thereof is viewed obliquely, the light-emitting device
exhibits a blue color. When a light-emitting device that exhib-
its a blue color in front thereof is viewed obliquely, the light-
emitting device exhibits a darker blue color. Therefore, the
white color (white balance) expressed by the color mixing of
red, green, and blue is impaired.

Japanese Patent Application Laid-Open No. 2006-32327
discloses a light-emitting device in which portions having
different optical paths are provided in one light-emitting
device, and light emissions having different viewing angle
characteristics are combined, whereby the change in charac-
teristics depending upon the viewing angle is averaged and
alleviated. This patent document discloses a device in which
the optical path in the light-emitting device is changed, for
example, a green-light-emitting device in which the resonant
wavelength and the order at a viewing angle of 0° are each set
to be 510 nm/m=2 and 570 nm/m=1.

Furthermore, Japanese Patent Application Laid-Open No.
2007-234581 discloses a light-emitting device and a display
apparatus in which a plurality of portions with different opti-
cal paths are provided in one light-emitting device and
between adjacent pixels having the same emission color,
whereby the viewing angle characteristics are improved. The
optical paths in this case are set to be changed within a range
of 2% to 5% with respect to an average value of the different
optical paths, and the order of optical interference is set to be
the same value in the portions with any optical paths.

However, in the light-emitting device disclosed in Japanese
Patent Application Laid-Open No. 2006-32327, since light
emission spectra having two different peak wavelengths are
combined, there is a problem that the full width at half maxi-
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mum of the composite spectrum is enlarged, which makes it
difficult to improve the color purity of emission color.

Furthermore, inthe light-emitting device disclosed in Japa-
nese Patent Application Laid-Open No. 2007-234581, since
the change in optical path in one light-emitting device or
between adjacent pixels is about 2 to 5% of an average optical
path, there is a problem that the effect of improving the
viewing angle characteristics is small.

The present invention has been accomplished in view of the
above-mentioned problems, and it is, therefore, an object of
the present invention to provide an organic light-emitting
device that has high color purity of light emission and enables
excellent color reproduction, while having wide viewing
angle characteristics. Furthermore, it is another object of the
present invention to provide a display apparatus having the
organic light-emitting device.

SUMMARY OF THE INVENTION

In order to achieve the above objects, in the present inven-
tion, portions with different optical paths for resonating light
emitted from an emission layer are provided in one organic
light-emitting device, in at least one pixel unit, or in one pixel,
and the resonant wavelengths of the respective portions are
set to be identical to each other. The term “pixel” herein
employed refers to a minimum unit which constitutes an
image in a display apparatus and includes an organic light-
emitting device. The term “pixel unit” herein employed refers
to a combination of a plurality of pixels. In the case of a full
color display apparatus, it is general to design a mixture of
pixels displaying different colors which can display white
color, such as a pixel unit which is a combination of pixels
displaying, for example, red, blue and green.

That is, the organic light-emitting device of the present
invention is disposed on a substrate and includes: a first elec-
trode; an emission layer; and a second electrode provided in
the mentioned order from the substrate side, an optical path
between a first reflective surface located on the first electrode
side with respect to the emission layer and a second reflective
surface located on the second electrode side with respect to
the emission layer being set so as to resonate light emitted in
the emission layer, and which has a first region in which the
optical path is relatively short and is L, and a second region in
which the optical path is relatively long and is L,, wherein L,
and L, are set so as to satisfy Expression 1 with resonant
wavelengths i, A,, and A, a sum ¢t of phase shifts when light
is reflected by the first reflective surface and the second reflec-
tive surface, and a viewing angle a:

hy=2L /(p-¢t/27)
ho=2L,/(q+1-¢t/2m)
h3=2L, cos a/(g-¢t/2x)

h=ho=h; (Expression 1)

wherein p and q each independently represent a positive
integer and o is not 0°.

In addition, the display apparatus of the present invention
includes a plurality of organic light-emitting devices consti-
tuting pixels disposed on a substrate, each of the organic
light-emitting devices comprising: a first electrode; an emis-
sion layer; and a second electrode provided in the mentioned
order from the substrate side, an optical path between a first
reflective surface located on the first electrode side with
respect to the emission layer and a second reflective surface
located on the second electrode side with respect to the emis-
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sion layer being set so as to resonate light emitted in the
emission layer, and having a first pixel in which the optical
path is relatively short and is L, and a second pixel in which
the optical path is relatively long and is L,, wherein L, and L,
are set so as to satisfy Expression 2 with resonant wavelengths
Ay Aoy, and A, a sum ¢t of phase shifts when light is reflected
by the first reflective surface and the second reflective surface,
and a viewing angle ou:

hy=2L /(p-¢t/2m)
ho=2L,/(q+1-¢t/2x)
h3=2L, cos o/(q—¢t/2m)

h=ho=h,

3 (Expression 2)

wherein p and q each independently represent a positive inte-
ger and a is not 0°.

According to the present invention, portions with different
optical paths are provided in one organic light-emitting
device, in at least one pixel unit, or in one pixel. Therefore, the
viewing angle characteristics of the respective portions are
different, and the entire device or display apparatus has emis-
sion characteristics in which the viewing angle characteristics
are averaged. Therefore, the problem of the viewing angle
dependence of the emission characteristics is overcome. Fur-
thermore, since the emission enhancement wavelengths of
the respective portions are set to be identical to each other,
light emission with high color purity can be obtained without
enlarging the full width at half maximum of the EL spectrum.

Further features of the present invention will become
apparent from the following description of exemplary
embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic cross-sectional view of a conven-
tional organic light-emitting device.

FIG. 2 is a schematic cross-sectional view of a general
organic light-emitting device.

FIG. 3 is a graphical representation illustrating a PL spec-
trum of a blue emission layer.

FIG. 4 is a graphical representation illustrating emission
spectra of an organic light-emitting device.

FIG. 5 is a graphical representation illustrating a viewing
angle vs. relative luminance profile of an organic light-emit-
ting device.

FIG. 6 is a schematic cross-sectional view of an organic
light-emitting device according to Embodiment 1.

FIGS. 7A and 7B are a schematic cross-sectional view and
a schematic plan view of an organic light-emitting device
according to Embodiment 2, respectively.

FIG. 8 is a schematic plan view of a display apparatus
according to Embodiment 3.

FIG. 9 is a schematic plan view of a display apparatus
according to Embodiment 4.

FIG. 10 is a block diagram illustrating a method of con-
verting a video signal.

FIG. 11 is a schematic plan view of a display apparatus
according to Embodiment 5.

FIG. 12 is a schematic cross-sectional view of an organic
light-emitting device according to Example 1.

FIG. 13 is a graphical representation illustrating a viewing
angle vs. relative luminance profile of an organic light-emit-
ting device according to Comparative Example 1.

FIG. 14 is a graphical representation illustrating a viewing
angle vs. relative luminance profile of an organic light-emit-
ting device according to Comparative Example 2.
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FIG. 15 is a schematic cross-sectional view of a display
apparatus according to Example 2.

FIG. 16 is a graphical representation illustrating a PL spec-
trum of a red emission layer used in the display apparatus
according to Example 2.

FIG. 17 is a graphical representation illustrating a PL spec-
trum of a green emission layer used in the display apparatus
according to Example 2.

FIG. 18 is a graphical representation illustrating a viewing
angle vs. relative luminance profile of the display apparatus
according to Example 2.

FIG. 19 is a graphical representation illustrating a viewing
angle vs. relative luminance profile of a display apparatus
according to Example 3.

FIG. 20 is a graphical representation illustrating a viewing
angle vs. relative luminance profile of a display apparatus
according to Comparative Example 3.

DESCRIPTION OF THE EMBODIMENTS
Regarding Change in Emission Characteristics

Before describing an organic light-emitting device of the
present invention, first, a change in emission characteristics
by a resonance effect is described using an example of a
general organic light-emitting device illustrated in FIG. 2.

FIG. 2 is a schematic cross-sectional view of a top-emis-
sion type light-emitting device in which light is extracted
from a side opposite to a substrate. In FIG. 2, the light-
emitting device includes a substrate 10, a reflective layer 11,
a transparent conductive layer 12, a hole-transporting layer
13, an emission layer 14, an electron-transporting layer 15, an
electron injection layer 16, a semi-transmissive layer 17, and
a transparent electrode 18. When a current is allowed to flow
through the organic light-emitting device, holes injected from
the reflective layer 11 and electrons injected from the semi-
transmissive layer 17 are recombined in the emission layer
14, whereby light is emitted.

In such an organic light-emitting device, light generated in
the device is subjected to enhancement by optical interference
in a resonator structure formed between the interface of the
reflective layer and the transparent conductive layer and the
interface of the electron injection layer and the semi-trans-
missive layer. The resonant wavelength at which the light
subjected to the enhancement is represented by the above-
mentioned Equation 1, and is determined by structural param-
eters of the organic light-emitting device such as the optical
path L of the resonator structure and the sum ¢t of phase shifts
at the reflection interface, and the order m of optical interfer-
ence.

In the case of the organic light-emitting device, the optical
path L of the resonator structure is the sum of the optical paths
of the layers existing between the interface of the reflective
layer and the transparent conductive layer and the interface of
the electron injection layer and the semi-transmissive layer.
That is, the optical path L of the resonator structure is a sum
(n,d;+n,d,+ . . . ) of products nd of refractive indices n and
thicknesses d of the transparent conductive layer and the
respective organic compound layers.

Furthermore, assuming that a material located on a light
incident side is medium I and the other material is medium II
of the two materials forming the reflection interface, and the
optical constants of the materials are (n;, k;) and (n,, k,),
respectively, the phase shift ¢ at the reflection interface can be
represented by the following Equation 2. These optical con-
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stants can be measured by, for example, using a spectroscopic
ellipsometer.

d=tan™' (2n ko/(n, ~ny" k%)) (where 0=¢<2m) (Equation 2)

For example, in the case of the reflection interface formed
at the interface between the reflective layer and the transpar-
ent conductive layer in the organic light-emitting device, the
transparent conductive layer on the light incident side corre-
sponds to the medium I and the reflective layer corresponds to
the medium II. In the case of the interface between the elec-
tron injection layer and the semi-transmissive layer, the elec-
tron injection layer corresponds to the medium I and the
semi-transmissive layer corresponds to the medium II. The
sum ¢t of the phase shifts in Equation 1 is the result obtained
by calculating the phase shifts at these two interfaces, respec-
tively, and adding them up.

As can be seen from Equation 1, the resonant wavelength A
is proportional to the optical path I of the resonator structure.
Thus, by regulating the film thicknesses of the layers located
between the two reflection interfaces, the optical path L of the
resonator structure can be changed and the resonant wave-
length A can be adjusted. Furthermore, even when the angle
(viewing angle) e at which the light-emitting device is recog-
nized visually changes, an effectual optical path changes, and
the resonant wavelength at the viewing angle 0 changes. Table
1 collectively shows a change in resonant wavelength in the
case of changing the film thickness of the transparent con-
ductive layer within a range of 69 to 110 nm in an organic
light-emitting device in which the film thickness of each
organic compound layer, the semi-transmissive layer, and the
transparent electrode are set as shown in Table 2. Incidentally,
the order m of optical interference is 2. It can be seen from
Table 1 that the resonant wavelength can be adjusted by
changing the optical path of the resonator structure. The opti-
cal constants of the respective layers are shown in Table 3.

TABLE 1

Relationship between thickness of transparent
conductive laver and resonant wavelength

Transparent conductive film Resonant wavelength

69 nm 430 nm
74 nm 440 nm
80 nm 450 nm
86 nm 460 nm
92 nm 470 nm
98 nm 480 nm
104 nm 490 nm
110 nm 499 nm

TABLE 2

Film thicknesses of respective layers

Layer Thickness

Transparent electrode 34 nm
Semi-transmissive layer 10 nm
Electron injection layer 64 nm
Electron-transporting layer 10 nm
Emission layer 36 nm
Hole-transporting layer 52 nm
Transparent conductive layer 69 to 110 nm
Reflective layer 100 nm
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TABLE 3

Optical constants of respective layers

Transparent Hole- Electron- Electron Semi-
Wave-  Reflective  conductive  transporting Emission transporting  injection  transmissive
length layer layer layer layer layer layer layer
(nm) it k n k 1 k n k it k n k n k
430 062 39 195 0 197 0 203 0 184 0 184 00l 024 638
440 065 406 194 0 192 0 198 0 181 0 181 00l 024 638
450 068 415 192 0 189 0 194 0 179 0 179 00l 025 638
460 071 425 191 0 187 0 191 0 177 0 177 00l 025 638
470 073 434 18 0 18 0 18 0 176 0 176 00l 026 638
480 076 443 188 0 184 0 18 0 175 0 175 00l 026 638
490 079 452 187 0 184 0 18 0 174 0 174 00l 027 638
500 0.8 461 18 0 18 0 18 0 173 0 173 001 028 638
Next, regarding the change in resonant wavelength TABLE 5-continued
depending upon the order m of optical interference, two cases
in which the film thicknesses of the transparent conductive 20 Resonant wavelength and viewing angle
layers were different were stu@ied. Ta'ble 4 shows a change i'n Transparent Transparent
resonant wavelength when viewed in front of the organic conductive layer conductive layer
light-emitting device (namely, in a direction perpendicular to Viewing 74 nm 184 nm
a light extraction surfage Qf the device) in the case where the s angle mel I me? me3
order m was changed within the range of 1 to 4 in the organic
light-emitting devices in which the film thicknesses of the 207 750 nm 4l3nm - 593 nm- 409 nm
t t conductive layers were 74 nm and 184 nm. The 20 691 am Jlam - fam o 377m
ransparent con Y ‘ 400 611 nm 337mm 483mm 3341m
film thicknesses of the layers other than the transparent con- 45° 564nm 31lnm  446nm  308mm
ductive layer were set as shown in Table 2. 50° 513nm 283nm  406nm 280 nm
30 60° 399 nm 220 nm 315 nm 218 nm
TABLE 4
Onder and  wavelonath Accordingto Table 5, in the case of the film thickness of the
T AR A e transparent conductive layer of 74 nm and the order m of 2,
Resonant wavelength 55 the resonant wavelength in the case of observing the organic
light-emitting device from the front is 440 nm, and when
Transparent Transparent . . P
‘ . viewed with the viewing angle changed, the resonant wave-
conductive layer conductive layer R K K
Order 74 nm 184nm length is shifted to a wavelength side shorter than 440 nm.
Further, in the case of viewing the organic light-emitting
1 798 nm 1,145 nm . . .
5 240 1m 631 om 40 device having the transparent conductive layer of 184 nm
3 303 nm 435nm from the front thereof, two resonant wavelengths of 631 nm
4 232nm 322nm (m=2) and 435 nm (m=3) are observed in the visible light
region. These resonant wavelengths are also shifted to a
The resonant wavelength is also influenced by the angle shorter wavelength side due to the change in viewing angle. In
(viewing angel) 6 at which the device is viewed visually. 45 particular, when the condition of the resonant wavelength of
Then, four resonant wavelengths existing within the wave- 631 nm (m=2) is paid attention to, the resonant wavelength at
. . . . . . ] 3 0 3 M M M
length region of visible light when viewed from the front in a viewing angle of 45° is 446 nm. This is approx1mately
the case where the film thickness of the transparent conduc- ~ identical to a resonant wavelength of 440 nm in the case of
tive layer is 74 nm (m=1 and m=2) and in the case where the ~ observing the organic light-emitting device having the trans-
film thickness of the transparent conductive layer is 184 nm S0 parent conductive layer with a film thickness of 74 nm from
(m=2 and m=3) were paid attention to, and it was estimated ~ the front thereof under the condition of m=2, and a resonant
how they were changed depending upon the viewing angle. ~ Wavelength of 435 nm in the case of observing the organic
Table 5 collectively shows the results indicating how the four ~ light-emitting device having a transparent conductive layer
resonant wavelengths change depending upon the viewing ~ Witha ﬁl.II.l thickness of 184 nm from the front thereof under
angle, which was obtained by calculation using Equation 1. 33 the condition of m=3. o
Thus, the resonant wavelength of 631 nm (m=2)is different
TABLE 5 from that under the condition of the transparent conductive
layer with a film thickness of 74 nm and m of 2, and that under
Resonant wavelength and viewing angle the condition of the transparent conductive layer with a film
. . . . 60 thickness of 184 nm and m of 3, in the case of recognizing an
Conéﬁiﬂfﬁyer Conzin;i:?zyer organic light-emitting device from the front thereof. How-
Viewing 74 nm 184 nm ever, as described above, the resonant wavelength in the con-
dition of 631 nm (m=2) when viewed from the front becomes
angle m=1 m=2 m=2 m=3 approximately identical to the resonant wavelengths when
0° 798 nm 440 nm 631 nm  435mm 65 viewed from the front under the two other conditions, in the
10° 786 nm 433nm 62lnm  429mm case where the viewing angle changes to 45°. By utilizing the

change in resonant wavelength due to the optical path of an
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organic light-emitting device, the viewing angle at which the
light-emitting device is viewed visually, and the order of
optical interference, the emission characteristics of the
organic light-emitting device can be adjusted. For example, in
the case where the adjustment of an emission color is paid
attention to, when the resonant wavelength is set so as to be
shifted to a longer wavelength side with respect to the peak
wavelength of a PL spectrum peculiar to the material consti-
tuting the emission layer, the EL spectrum can be set to be a
longer wavelength side. Furthermore, when the resonant
wavelength is set so as to be shifted to a shorter wavelength
side, the EL spectrum can be set to be on a shorter wavelength
side.

Table 6 collectively shows changes in resonant wave-
length, emission chromaticity, and relative luminance in the
case of viewing a light-emitting device from the front thereof,
when the film thickness of the transparent conductive layer is
changed within the range of 69 to 110 nm in the organic
light-emitting device in which the film thicknesses of organic
compound layers, semi-transmissive layer, and transparent
electrode are set as shown in Table 2. Incidentally, the emis-
sion layer of the device shows a blue PL spectrum illustrated
in FIG. 3. The PL spectrum can be measured by a general-
purpose spectrophotometer.

TABLE 6

Change in emission characteristics

Film thickness Emission
of transparent Rescnant chromaticity Relative
conductive layer wavelength CIEx CIEy  luminance
69 nm 430 nm 0139 0075 0.26
74 nm 440 nm 0.134  0.091 0.35
80 nm 450 nm 0129 0115 0.48
86 nm 460 nm 0125 0.144 0.62
92 nm 470 nm 0122 0175 0.76
98 nm 480 nm 0.12 0.208 0.87
104 nm 490 nm 0119  0.241 0.96
110 nm 499 nm 0.12 0.274 1

As described above, by changing a resonant wavelength by
an optical path of a resonator structure, emission character-
istics such as emission chromaticity and Iuminance of an
organic light-emitting device can be adjusted.

Then, the change in characteristics of an organic light-
emitting device, in which the order of optical interference is
paid attention to, is described.

FIG. 4 illustrates EL spectra in the case of observing
organic light-emitting devices from the front thereof, in
which the film thickness of a transparent conductive layer is
set to 74 nm and 184 nm, and the film thicknesses of the other
layers are set as shown in Table 2. Table 7 shows the emission
chromaticity of each of the organic light-emitting devices.

TABLE 7

Emission chromaticity

Film thickness of Emission chromaticity
transparent conductive layer CIEx CIEy
74 nm 0.134 0.091

184 nm 0.157 0.083

As can be seen from Table 4, the resonant wavelength in the
case of the order of optical interference m of 2 when the film
thickness of the transparent conductive layer is 74 nm and the
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resonant wavelength in the case of the order m of 3 when the
film thickness of the transparent conductive layer is 184 nm
are 440 nm and 435 nm, respectively, which are approxi-
mately identical to each other. As illustrated in FIG. 4, the
peak intensity ratio of these emission spectra was about
1:0.75, and stronger light emission was observed from a
device in which the film thickness of the transparent conduc-
tive layer was 74 nm. The reason for this is that even in the
case where the resonant wavelengths are approximately iden-
tical to each other by the influence of the order of optical
interference, there is a difference in effects of enhancement
by resonance, and hence, the effect of enhancement increases
as the order decreases. That is, in these organic light-emitting
devices, the effect of stronger resonance can be obtained in
the device in which the film thickness of the transparent
conductive layer is 74 nm, compared with the device in which
the film thickness of the transparent conductive layer is 184
nm, when viewed in front of the device.

Therefore, even if the resonant wavelengths are approxi-
mately identical to each other, there is a slight difference in
emission chromaticity as shown in Table 7. However, particu-
larly in the case of a blue light-emitting device, when the
chromaticity coordinate of CIEy is +0.01 and is within a
range of 0.02, the human’s eye does not feel the color differ-
ence in visual recognition, and thus, emission colors can be
considered to be identical in a practical use.

In Table 4, the device in which the film thickness of a
transparent conductive layer is 184 nm has a resonant wave-
length of 631 nm under the condition of the order m of 2.
However, as illustrated in FIG. 3, the PL spectrum of the
emission layer has an intensity of almost 0 in a wavelength
region of 600 nm or more, and hence this resonant wavelength
hardly influences the emission characteristics of a device
when viewed in front of the device.

Next, the relationship between the angle (viewing angle)
for visual recognition and the emission characteristics are
described. As shown in Table 4, in the organic light-emitting
device in which the film thickness of the transparent conduc-
tive layer is 74 nm, the resonant wavelength becomes 440 nm
when viewed from the front when the order of optical inter-
ference m is 2. The emission layer of the organic light-emit-
ting device has a PL spectrum with a peak wavelength of 475
nm and a full width at half maximum of 74 nm as illustrated
in FIG. 3. Therefore, in the case of viewing the light-emitting
device from the front (i.e., viewing angle of 0°), the resonant
wavelength of 440 nm at the order m of 2 overlaps the PL
spectrum of the emission layer, which influences the emission
characteristics.

When the angle at which the organic light-emitting device
is viewed visually changes, the resonant wavelength is shifted
to a shorter wavelength side as shown in Table 5. Therefore,
the overlapping of the resonant wavelength of 440 nm at the
order m of 2 when viewed from the front with the PL spectrum
becomes small with the change in viewing angle, and the
influence on emission characteristics becomes small.

Furthermore, in the organic light-emitting device in which
the film thickness of the transparent conductive layer is 184
nm, the resonant wavelengths are 631 nm and 435 nm, respec-
tively, in the case where the order of optical interference m is
2 and 3. In the case where the device is viewed visually in
front thereof, the resonant wavelength of 435 nm at the order
m of 3 is included in the wavelength region of the PL spec-
trum of the emission layer, which influences the emission
characteristics. Moreover, as described above, since the reso-
nant wavelength of 631 nm at the order m of 2 is not included
in the wavelength region of the PL spectrum of the emission
layer, the resonant wavelength hardly influences the emission
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characteristics in the case where the organic light-emitting
device is viewed visually from the front thereof.

However, when the viewing angle increases, all the reso-
nant wavelengths are shifted to a shorter wavelength side, as
shown in Table 5. Therefore, since the resonant wavelength at
the order m of 3 is deviated from the peak wavelength of the
PL spectrum with the increase in viewing angle, the influence
on emission characteristics becomes small. On the other
hand, the resonant wavelength at the order m of 2 starts to be
included in the wavelength region of the PL spectrum as the
viewing angle increases. Although not described in Table 5,
the resonant wavelength of 631 nm when viewed from the
front becomes 475 nm at a viewing angle of 41.2°, which is
identical to the wavelength at which the emission intensity of
the PL spectrum is the highest. Thus, the influence of the
resonant wavelength of 631 nm at the order m of 2 when
viewed from the front on the emission characteristics
increases as the viewing angle increases. Thus, the resonant
wavelength at the order m of 2 of the organic light-emitting
device in which the film thickness of the transparent conduc-
tive layer is 184 nm exerts more influence on the emission
characteristics as the viewing angle increases.

FIG. 5 illustrates changes in relative luminance depending
upon the viewing angle in the case where the front surface
emission luminance of organic light-emitting devices
(namely, the emission luminance when observed in a direc-
tion perpendicular to a light extraction surface of a device) in
which the film thicknesses of the transparent conductive lay-
ers are 74 nm and 184 nm is defined as 1, and the organic
light-emitting devices are observed in a viewing angle of 0 to
90°. FIG. 5 also illustrates a change in relative luminance
depending upon the viewing angle of light emission obtained
by combining light emissions in the case of the transparent
conductive layer with a film thickness of 74 nm and the
transparent conductive layer with a film thickness of 184 nm
ataratio of 1:1. FIG. 5 also illustrates a luminance profile of
a Lambertian light source in which equal luminance is
obtained even when a light-emitting device is viewed visually
at any angle.

As illustrated in FIG. 5, the profile of viewing angle vs.
relative luminance varies depending upon the film thickness
of the transparent conductive layer. In the organic light-emit-
ting device in which the film thickness of the transparent
conductive layer is 74 nm, luminance decreases as the view-
ing angle increases. However, in the organic light-emitting
device in which the film thickness of the transparent conduc-
tive layer is 184 nm, as the viewing angle increases, the
intensity increases to be highest (i.e., a luminance ratio of 1.3
in the front direction (namely, in a direction perpendicular to
alight extraction surface of the device)) at or near the viewing
angle of 50°.

These changes are attributable to that the effectual optical
path changes due to the increase in the viewing angle, and the
resonant wavelength is shifted to a shorter wavelength side. In
the light-emitting device in which the film thickness of the
transparent conductive layer is 74 nm, the resonant wave-
length at the order m of 2 is shifted to a shorter wavelength
with the increase in the viewing angle and falls in a wave-
length range in which emission intensity is low in the PL
spectrum of the emission layer, and the luminance decreases.
The reduction of the gradient of the luminance lowering
involved in the increase of the viewing angle beginning at or
near a viewing angle of 50° is attributable to that the influence
of the resonant wavelength at the order m of 1 is further
exerted.

On the other hand, in the light-emitting device in which the
film thickness of the transparent conductive layer is 184 nm,
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although the influence of the resonant wavelength at the order
m of 3 decreases due to the viewing angle, the resonant
wavelength at the order m of 2 is shifted to a shorter wave-
length side due to the increase in the viewing angle, which
influences emission characteristics. The resonant wavelength
becomes 483 to 406 nm at or near the viewing angle of 40° to
50° and is included in the wavelength range in which the
emission intensity is high in the PL spectrum. Therefore, the
effect of resonance acts strongly, and the luminance at these
angles becomes maximum.

As described above, when the optical path of the resonator
structure is set considering the relationship between the reso-
nant wavelength at a viewing angle . and the order of optical
interference, a change in emission characteristics involved in
achange in a viewing angle can be controlled. At this time, it
is preferred that the viewing angle  be set within the range of
0°<lal<60°, because the viewing angle characteristics can be
compensated in a wide range.

Furthermore, FIG. 5 illustrates a viewing angle vs. relative
luminance change profile of light emission obtained by com-
bining light emissions in the case of the transparent conduc-
tive layer with a film thickness of 74 nm and the transparent
conductive layer with a film thickness of 184 nm at a ratio of
1:1. As illustrated in FIG. 5, the profile of the combined light
is substantially the same as to that of a Lambertian light
source. Therefore, light obtained by combining lights emitted
from two devices can provide light emission which is sub-
stantially the same as that of a Lambertian light source even
when viewed visually at any angle.

(Regarding Configuration of Organic Light-Emitting
Device According to Present Invention)

The present inventors have paid attention to that the reso-
nant wavelength and the effect of enhancement change due to
an optical path, a viewing angle, and an order of optical
interference, and hence the emission characteristics when a
device is viewed visually in front of the device can be
adjusted. Furthermore, attention was paid to that a change in
emission characteristics involved in a change in viewing
angle can be adjusted by combining light emissions having
different luminance profiles.

In the present invention, in order to obtain an organic
light-emitting device that emits light with excellent color
purity in the front direction (namely, in a direction perpen-
dicular to a light extraction surface of the device) and has
excellent display characteristics even at a viewing angle in a
wide range, a first region in which an optical path was rela-
tively short and a second region in which an optical path was
relatively long are provided in the light-emitting device.
Then, the optical path L, of the first region and the optical path
L, of the second region in the case where the device is viewed
visually in front thereof is set so as to satisfy the relationship
of Equation 3 with resonant wavelengths A, A,, and 25, the
sum ¢t of phase shifts, and the viewing angle .

(Equation 3)

h=2L /(p-¢i/2m)
ho=2L,/(q+1-(t/27)
h3=2L, cos o/(q-¢t/2m)
h=ho=h; 4)

wherein p and q each independently represent a positive inte-
ger and a is not 0°.

Furthermore, in the organic light-emitting device, the reso-
nant wavelengths of the two regions provided in the device are
identical to each other, but the optical paths thereof are dif-
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ferent from each other. The first region has a low-order optical
interference condition and the second region has a high-order
optical interference condition in the front direction. Thus, in
the first region, the effect of stronger resonance compared
with that in the second region can be obtained, and higher
luminance can be obtained in front of the device. That is, in
the first region, emission characteristics are adjusted giving a
priority to the characteristics in front of the device.

On the other hand, in the second region, a change in emis-
sion characteristics involved in a change in a viewing angle is
adjusted. In order to attain this, the second region is set so as
to have at least two different resonance conditions. A first
resonance condition is such that emitted lights interfere with
and enhance each other at an order q+1 which is higher than
thatin the first region regarding the same resonant wavelength
as that of L, at the front (namely, in a direction perpendicular
to a light extraction surface of the device). A second reso-
nance condition is such that emitted lights interfere with and
enhance each other at an order q lower than that in the front
direction regarding the same resonant wavelength as that in
the front direction of L, , at a viewing angle .. Atthis time, the
resonant wavelength A, of the order q in the front direction of
the second region satisfies the following Equation 4 and is in
a wavelength region which is not included in the wavelength
region of the PL spectrum of the emission layer.

hg=2L>/(q—t/2m) (Equation 4)

wherein q represents a positive integer.

Thus, since the resonant wavelength A, in the front direc-
tion of L, to be approximately the same as the resonant wave-
length A, in the front direction of [; has an interference
condition of an order higher than that of L,, the effect of
adjusting the emission characteristics is lower than that in the
first region. However, since the resonant wavelengths A, and
h., are the same, emission colors in the first region and the
second region can be set to be the same in the case where the
device is viewed visually from the front. Further, in the case
where the viewing angle is changed, the resonant wave-
lengths are shifted to a shorter wavelength side, and the reso-
nant wavelengths A, and k., fall, with the change in the view-
ing angle, in a wavelength region in which the intensity in the
PL spectrum of the emission layer is small, and the influence
on the emission characteristics becomes small. On the other
hand, the resonant wavelength A, satisfying an interference
condition of an order higher than that of the resonant wave-
length A, in front of L, changes, with the change in the
viewing angle, to the wavelength region in which the emis-
sion intensity ofthe PL spectrum of the emission layer is high,
and then, at a viewing angle a., satisfies the resonance condi-
tion regarding approximately the same resonant wavelength
5 as the resonant wavelengths A, and . That is, the resonant
wavelength satisfying an interference condition of an order
higher than that of the resonant wavelength A, does not influ-
ence the emission characteristics in the front direction, but
influences the emission characteristics due to the change in
the viewing angle. Therefore, the viewing angle characteris-
tics of the light-emitting device can be adjusted, using these
features.

Accordingly, inthe second region, the emission color equal
to that in the first region is exhibited in the case where the
light-emitting device is viewed visually from the front
thereof, and the emission characteristics depending upon the
viewing angle can be adjusted to those different from the
emission characteristics in the first region.

At this time, the emission characteristics as a whole device
become those obtained by combining the characteristics in
the first and the second regions. In the organic light-emitting
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device of the present invention, the resonant wavelengths at
the front in the respective portions are set to be the same.
Therefore, the emission color in the case where the light-
emitting device is viewed visually from the front is the same
as a whole device, and hence the color irregularity in the
device due to the difference in optical interference condition
is not caused.

Similarly, the emission characteristics depending upon the
viewing angle are also those obtained by combining the char-
acteristics of the respective regions. Therefore, the viewing
angle characteristics in the second region may be set, consid-
ering the viewing angle characteristics in the first region, in
such a manner that the viewing angle characteristics of com-
bined light become desired viewing angle emission charac-
teristics. That is, the viewing angle characteristics as a whole
device are compensated with the viewing angle characteris-
tics in the second region. In particular, it is preferred that the
viewing angle vs. relative luminance profile of the combined
light be set so as to be the same as that of a Lambertian
diffusion light source, because the lowering in the luminance
decreases is small even when the device is viewed visually in
oblique direction.

In the case of mixing a plurality of different emitted lights
to obtain a combined light, the chromaticity coordinates (x,,
y,) and the luminance Y, of the combined light can be calcu-
lated as follows. Specifically, assuming that the chromaticity
coordinates of light emission are (x,, y,) and the luminance of
light emission is Y, (1=1, 2, .. .), they can be calculated using
the following Equation 5.

X = (S + XS+ 205 (S + S + ... + 5 (Equation 5)

Vo= St +y2Sa + o A WSS+ 52+ +S)
=Y +h+. +)/S+5+...+5)

Si=Y/yi

Yo=Y +Y, 4. + Y

The organic light-emitting device of the present invention
is set such that the relationship of Equation 3 was satisfied
between the optical path and the resonant wavelength in the
device. Thus, a light-emitting device having both the excel-
lent emission efficiency at the front and the wide viewing
angle characteristics can be realized.

Incidentally, the equal sign “="herein employed does not
mean strict equality, but means substantial equality in a con-
ceptual sense. For example, in Equation 3(3), even in the case
where two resonant wavelengths are not identical to each
other strictly, the emission chromaticities of the organic light-
emitting device may be in the range in which the two resonant
wavelengths are considered to be identical to each other in a
practical use, and specifically may be within the range of +10
nm.
Furthermore, the above description has been made by tak-
ing, as an example, the case where the resonant wavelength
when the film thickness of the transparent conductive layer is
74 nm and the order m is 2 is brought into conformity with the
resonant wavelength when the film thickness of the transpar-
ent conductive layer is 184 nm and the order m is 3 mainly at
the front. Inthis case, a relationship of p=2 and g=2 is satisfied
in Equation 3.

However, in the present invention, there is no particular
limitation to p and q, and similar effects can be expected even
in the case where p is 3 or more and q is 3 or more. Table 8
shows an example of a change in the viewing angles of reso-
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nant wavelengths in respective orders of the organic light-
emitting devices in which the film thicknesses of the trans-
parent conductive layers are 74 nm and 300 nm.

TABLE 8 5

Resonant wavelength and viewing angle

Transparent conduc- Transparent conductive

tive Layer 74 nm layer 300 nm
10
Numerical Numerical Numerical
Viewing expression 5 expression 5 expression 1
angle orderm =2 orderm =3 orderm =4
0° 440 nm 575 nm 439 nm
10° 433 nm 566 nm 432 nm 15
20° 413 nm 540 nm 412 nm
30° 381 nm 498 nm 380 nm
40° 337 nm 440 nm 336 nm
50° 283 nm 369 nm 282 nm
60° 220 nm 287 nm 219 nm

20

As shown in Table 8, the film thickness of the transparent
conductive layer is changed and the optical path of the light-
emitting device is adjusted, whereby the resonant wave-
lengths at the front at m=2 and m=4 in Equation 1 can be
brought into conformity with each other. Furthermore, when
the viewing angle is changed, the state can be seen in which
the resonant wavelength at a lower order (i.e., m=3) is shifted
to the wavelength region in which the resonant wavelength
can overlap the PL spectrum of the emission layer. The con-
dition of the combination of m=2 and m=4 in Equation 1
corresponds to the condition of p=2 and g=3 in Equation 3.
Thus, even the condition of g=3 or more is applicable to an
organic light-emitting device.

However, in the case where the transparent conductive
layer is 300 nm, as shown in Table 9 below, the emission
chromaticity is remarkably different from that when the trans-
parent conductive layer is set to be 74 nm. In particular, the
chromaticity coordinate of CIEy changes by about 0.1, and
hence a slight difference in color is recognized when viewed
visually with the human eye. 40

TABLE 9

Emission chromaticity

45

Film thickness of Emission chromaticity

transparent conductive layer CIEx CIEy

74 nm
300 nm

0.134
0.164

0.091

0.192 50

Therefore, it is preferred that the resonant wavelengths be
brought into conformity with each other at an order that is as
low as possible. Furthermore, as described above, the effect
of resonance enhancement is larger as the order is lower. 55
Therefore, it is preferred that p and q be as small as possible
even in the case of considering the degree of freedom of the
emission characteristic adjustment.

In order to satisfy the condition of p=1 and/or ¢=1 in
Equation 3, it is necessary to set the film thicknesses of the 60
transparent conductive layer and the organic compound layer
to be small. In order to realize the order m of 1 and the
resonant wavelength of 440 nm in the organic light-emitting
device, it is necessary to change the film thicknesses of the
transparent conductive layer and the hole-transporting layer 65
remarkably. Although there are some combinations for such
thicknesses, as an example, it is necessary to set the transpar-
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ent conductive layer to be 8 nm and the hole-transporting
layer to be 10 nm. If the film thicknesses of the transparent
conductive layer and the hole-transporting layer are set to be
so small, short-circuiting due to foreign matter or dust taken
in at the time of device production and the like occur, which
is a problem. Therefore, the combination of p=2 and q=2 is
particularly preferred.

Furthermore, such setting of the resonant wavelengths can
be applied to organic light-emitting devices that exhibit vari-
ous emission colors. Generally, an organic blue-light-emit-
ting device has an emission efficiency lower than those of
devices of the other emission colors. Therefore, in order to
obtain a high emission efficiency in front of an organic blue-
light-emitting device, for example, a means for concentrating
radiation characteristics of light emission to the front surface
of the device using a microcavity or the like to thereby
enhance the apparent emission efficiency is used. At this time,
the light emission radiation intensity in a region other than the
front surface is weakened, and hence the light emitted from
the device is visually recognized to be dark when observed at
some viewing angle.

When the present invention is applied to a device with a
relatively low emission efficiency resulting from such a light-
emitting material, in particular to a blue-light-emitting
device, a balance can be struck between a high emission
efficiency in front of the device and satisfactory viewing
angle characteristics, which is preferable. Furthermore, the
materials of respective layers constituting an organic light-
emitting device have wavelength dispersion characteristics of
refractive index, and in particular, the change in refractive
index is larger on the shorter wavelength side. Therefore, the
change in EL spectrum depending on the viewing angle is
larger, especially in a blue-light-emitting device. Also from
this point of view, it is preferable that the present invention is
applied to a blue-light-emitting device. The term “blue light
emission” herein employed refers to light emission in a wave-
length region having a peak wavelength of 400 to 500 nm.

Furthermore, it is preferred that the configuration of pro-
viding portions with different optical paths of the present
invention be applied to an organic light-emitting device in
which the resonant wavelength of the organic light-emitting
device 1s required to be set on a side of a wavelength shorter
than a peak wavelength of the PL spectrum of the emission
layer due to the requirement of emission chromaticity. When
the resonant wavelength is set on a side of a wavelength
longer than the peak wavelength of the PL spectrum of the
emission layer, the resonant wavelength approaches the peak
wavelength of the PL spectrum as a viewing angle increases.
Therefore, the viewing angle vs. relative luminance change
profile does not have a curved shape showing a monotonous
decrease. Consequently, it becomes difficult to combine
lights in portions (A portion and B portion) having different
emission characteristics and make the profile close to that of
a Lambertian light source.

Embodiment 1

The organic light-emitting device of the present invention
is described in detail with reference to the drawings below.

FIG. 6 is a schematic cross-sectional view of a top-emis-
sion type light-emitting device, as an example of the organic
light-emitting device of the present invention. In FIG. 6, the
organic light-emitting device includes a substrate 20, a reflec-
tive layer 21, a transparent conductive layer (anode) 22, a
hole-transporting layer 23, an emission layer 24, an electron-
transporting layer 25, an electron injection layer 26, a semi-
transmissive layer 27, and a transparent electrode (cathode)
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28. When a current is allowed to flow through the organic
light-emitting device with the transparent conductive layer
being used as the anode and the transparent electrode being
used as the cathode, holes injected from the transparent con-
ductive layer 22 and electrons injected from the semi-trans-
missive layer 27 to the organic compound layer are recom-
bined in the emission layer 24, whereby light is emitted.

Incidentally, in the present embodiment, an example of the
configurationin which the anode is formed on the substrate 20
has been illustrated. However, the cathode, the organic com-
pound layer, and the anode may be formed in the mentioned
order from the substrate side, and there is no particular limi-
tation to the stacking order of the electrodes.

There is no particular limitation to the substrate 20 used in
the present invention, and metal, ceramic, glass, quartz, or the
like is used. Furthermore, a flexible substrate using a flexible
sheet such as a plastic sheet can also be used. The reflective
layer 21 and the transparent conductive layer 22 (first elec-
trode) are formed on the substrate 20. It is desired that the
reflective layer 21 have a reflectance at an interface with the
transparent conductive layer of at least 50% or more, and
preferably 80% or more. The interface between the reflective
layer 21 and the transparent conductive layer 22 provided on
the emission layer side is a first reflective surface located on
the first electrode side forming a resonator structure in the
organic light-emitting device of the present embodiment.

Furthermore, in the present embodiment, for convenience
of presentation, an example has been described in which the
reflective layer 21 is in contact with the transparent conduc-
tive layer 22 and also functions as a conductive member
(electrode). However, the reflective layer 21 only needs to be
formed of a member having characteristics of reflecting emit-
ted light. The reflective layer 21 may have a function as a
conductive member (electrode), or an electrode may be pro-
vided separately from the reflective layer 21. Thus, in the case
of providing an electrode separately from the reflective layer
21, for example, an insulating member such as a dielectric
multi-layered film mirror can be used as a reflective layer.

There is no particular limitation to the material constituting
the reflective layer 21, and for example, metal such as silver,
aluminum, or chromium, an alloy thereof, or the like is used.

As the transparent conductive layer 22, a metal oxide con-
ductive film, specifically, a compound film (ITO) of indium
oxide and tin oxide, a compound film (IZO) of indium oxide
and zinc oxide, or the like can be used. The term “transparent”
herein employed refers to having a transmittance of 70 to
100% with respect to visible light, and more specifically, it is
preferred that an extinction coefficient k be 0.05 or less,
preferably 0.01 or less from the viewpoint of suppressing the
extinction of emitted light in the transparent conductive layer.

Organic compounds used for the organic compound layers
such as the hole-transporting layer 23, the emission layer 24,
the electron-transporting layer 25, and the electron injection
layer 26 may be composed of a low-molecular material, a
polymer material, or both materials. Furthermore, it is also
possible to apply a fluorescent material, a phosphorescent
material, or the like, and there is no particular limitation
thereto. A well-known material can be used as needed.

Furthermore, as the electron injection layer 26, for
example, electron injection materials that are generally
widely used, such as lithium fluoride, alkali metal, alkaline-
earth metal, can be used. Further, alkali metal, alkaline-earth
metal, or a compound thereof may be contained in the elec-
tron-transporting organic compound material in an amount of
0.1%to several tens % to obtain an electron injection layer. At
this time, it is preferred that the film thickness of the electron
injection layer be set to be about 10 to 100 nm, because the
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film formation damage of the semi-transmissive layer 27 and
the transparent electrode 28 to be formed later can be allevi-
ated.

The organic compound layer of the present invention is
obtained by forming a thin film generally by vacuum evapo-
ration, ionized evaporation, sputtering, plasma CVD, or by
dissolving an organic compound in an appropriate solvent
and coating the solution by a known coating method (e.g,,
spin coating, dipping, casting, or ink-jet method).

As the semi-transmissive layer 27, an elemental metal such
as aluminum, silver, magnesium, or calcium, or an alloy
thereof can be used. In particular, an alloy of silver and
magnesium (silver magnesium) is preferred from the view-
point of the injectability of electrons and the reflectance of
emitted light. Further, it is preferred that the film thickness of
the semi-transmissive layer be selected from the range of 2
nm or more and 50 nm or less from the viewpoint of emitted
light extraction efficiency, because a part of emitted light
passes through the semi-transmissive layer. In the case of
such a device structure, although emitted light is reflected
also by the interface between the semi-transmissive layer 27
and the transparent electrode 28 provided thereon, the inter-
face between the electron injection layer 26 and the semi-
transmissive layer 27 provides greater reflection. Therefore,
the second reflective surface that forms the resonator struc-
ture in the organic light-emitting device according to the
present embodiment and is located on the second electrode
side with respect to the emission layer will be the interface
between the electron injection layer 26 and the semi-trans-
missive layer 27. The second reflective surface may be
formed by providing a semi-transmissive layer or may be
formed without providing the semi-transmissive layer. For
example, in the case where the light extraction side of the
transparent electrode 28 is a gas layer such as air, a large
refractive index difference is generated between the transpar-
ent electrode and the gas layer. In this case, a resonator can be
configured using the interface between the transparent elec-
trode and the gas layer as a second reflective surface.

The transparent electrode 28 has both a function as a cath-
ode and a function as an emitted light extraction electrode. As
the transparent electrode 28, a metal oxide conductive film
can be used as is the case with the transparent conductive
layer 22. The film thickness of the transparent electrode 28 is
preferably 10to 1,000 nm, and more preferably 30 to 300 nm.
This is because a balance can be struck between the reduction
in a sheet resistance of the electrode and a high optical trans-
mittance. Furthermore, the transparent electrode 28 may be
formed by any method, and can be formed, for example, by
sputtering.

In the organic light-emitting device of the present embodi-
ment, as 1llustrated in FIG. 6, the film thickness of the trans-
parent conductive layer 22 is set to vary in one organic light-
emitting device such that a first region (A portion) in which
the optical path of a resonator structure is relatively small and
a second region (B portion) in which the optical path of a
resonator structure is relatively large are formed in one and
the same light-emitting device. The film thicknesses of the
respective organic compound layers, the semi-transmissive
layer, and the transparent electrode other than the transparent
conductive layer 22 are the same in the one device.

As illustrated in FIG. 6, the film thickness of the transpar-
ent conductive layer may be varied partially in one device by
any method. For example, a general-purpose lithography
technique can be used. In this case, first, the transparent
conductive layer is formed at a time so as to have a larger
thickness (thickness of B portion) in the entire device. Then,
a resist pattern is formed, wet etching is performed using the
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resist pattern as a mask, and the transparent conductive layer
in the A portion is selectively removed so as to have a desired
thickness, whereby the film thickness of the transparent con-
ductive layer can be varied in one light-emitting device. Fur-
thermore, in the case of using a general-purpose shadow mask
for forming a transparent conductive layer by sputtering, first,
the transparent conductive layer is formed at a time so as to
have a smaller thickness (thickness of A portion) in the entire
device. Then, the portion in which the film thickness of the
transparent conductive layer is allowed to remain small (A
portion) is covered with a shadow mask, and the transparent
conductive layer is formed again by sputtering. Thus, the film
thickness of the transparent conductive layer in one device
can be varied partially.

Furthermore, in the case of adjusting the optical path by the
film thickness of the transparent conductive layer, the optical
path can also be adjusted by the presence/absence of the
transparent conductive layer. In this case, by designing a
mask dimension for patterning the transparent conductive
layer to be also required for forming a conventional organic
light-emitting device, a portion having the transparent con-
ductive layer and a portion having no transparent conductive
layer can be formed in one device. In this case, it is necessary
to inject holes from the reflective layer to the organic com-
pound layer. Therefore, in the case where an injection barrier
is generated due to a low work function of the reflective layer,
aholeinjection layer with a film thickness smaller than that of
the transparent conductive layer may be provided between the
reflective layer and the hole-transporting layer.

Owing to such a procedure, the respective organic com-
pound layers, the semi-transmissive layer, and the transparent
electrode are formed at a time after the difference in film
thickness of the transparent conductive layer is formed,
whereby the organic light-emitting device of the present
embodiment can be obtained.

Ttis preferred that the optical path be adjusted by providing
a film thickness difference in the transparent conductive layer
as described for the present embodiment, because the film
thicknesses of the respective organic compound layers can be
made the same in the A portion and in the B portion, and as a
result, the driving characteristics become uniform in the
entire device.

Further, in the case of adjusting the optical path by the film
thickness of the respective organic compound layers instead
of the transparent conductive layer, it is preferred that the
optical path be adjusted by partly vary the film thickness of a
layer having a relatively large carrier mobility, such as the
hole-transporting layer and the electron-transporting layer,
because the influence on the driving characteristics of the
organic light-emitting device is small.

Further, the optical path can also be adjusted by changing
the film thicknesses of both of the transparent conductive
layer and the organic compound layer(s).

Incidentally, the change in film thickness of the organic
compound layer within a device can be effected by adjusting
the film thickness partly, using a general-purpose evaporation
mask or the like.

Furthermore, in the present embodiment, the description
has been made by taking, as an example, the case where two
different optical paths are provided in the organic light-emit-
ting device. However, the present invention is not limited to
two optical paths in the device. The present invention is also
applicable to the case where there are three or more different
optical paths in one and the same light-emitting device.

Embodiment 2

FIGS. 7A and 7B are schematic views illustrating an
organic light-emitting device according to Embodiment 2. On
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a substrate 20, a reflective layer (first electrode) 21, a trans-
parent conductive layer (anode) 22, a hole-transporting layer
23, an emission layer 24, an electron-transporting layer 25, an
electron injection layer 26, a semi-transmissive layer 27, and
atransparent electrode (second electrode) 28 are successively
provided to form an organic light-emitting device. Then, a
device separation layer 29 is provided at the periphery of the
device, and an auxiliary electrode 30 is provided on the trans-
parent electrode 28 formed on the device separation layer 29.
FIG. 7B is a schematic view of the organic light-emitting
device of the present embodiment viewed from above, and
FIG. 7A is a schematic cross-sectional view taken along line
7A-7A in FIG. 7B.

In the organic light-emitting device of the present inven-
tion, a first region in which an optical path is relatively small
and a second region in which an optical path is relatively large
are provided by changing the film thickness(es) of the trans-
parent conductive layer and/or the organic compound
layer(s). In the organic light-emitting device of the present
embodiment, in order to form portions with different optical
paths in the device, it is necessary to form a difference in the
film thickness of, for example, the transparent conductive
layer or the organic compound layer. The film thickness dif-
ference in this case may depend upon how to adjust the
emission characteristics. For example, in the case of applying
the resonance condition shown in Table 4, the film thickness
difference of the transparent conductive layer is 110 nm.
When such a large film thickness difference is formed in such
a device, stepped cut may occur in the organic compound
layer or the transparent electrode 28. In particular, when the
transparent electrode 28 in the upper portion is electrically
disconnected in the device, there may be posed a problem
such that one of the first region and the second region cannot
be driven, for example.

Therefore, in the present embodiment, the auxiliary elec-
trode connecting the first and the second regions electrically
is provided. Thus, even in the case where stepped cut occurs
in the transparent electrode 28 to disenable electrical connec-
tion, electrical connection to any one of the first region and the
second region can be attained through the auxiliary electrode
30. As the device separation layer 29, an insulating resin
material or an inorganic insulating material can be used. For
example, acrylic resin, polyimide resin, silicon nitride, or the
like can be used. As the auxiliary electrode 30, a material with
a relatively low resistance is preferably used, and for
example, ametal such as aluminum, silver, or zinc, or an alloy
thereof can be used.

Embodiment 3

A display apparatus of the present embodiment includes a
plurality of pixels each composed of an organic light-emitting
device and a driving circuit for controlling light emission of
each pixel, in which at least one pixel is composed of the
organic light-emitting device of the present invention. More-
over, portions with different optical paths are provided in
pixel(s) that emits light of at least one color, and the optical
paths and resonant wavelengths thereof are set so as to satisfy
the relationship of Equation 3.

FIG. 8 is a schematic view of an exemplary display appa-
ratus of the present embodiment viewed from above, in which
portions with different optical paths are provided only in
blue-light-emitting pixels of red-, green-, and blue-light-
emitting pixels. A plurality of pixel units 32 are arranged in a
matrix pattern in a display region 31, and each pixel unit is
composed of a red-light-emitting pixel R, a green-light-emit-
ting pixel G, and a blue-light-emitting pixel B. In the blue-
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light-emitting pixel B, a region BA in which the optical path
for resonating light emitted from the emission layer is rela-
tively small and a region BB in which the optical path is
relatively large are provided.

Incidentally, the term “pixel” herein employed refers to a
minimum unit capable of controlling light emission indepen-
dently. Moreover, the term “pixel unit” herein employed
refers to a minimum unit that is composed of a plurality of
pixels with different emission colors and that enables light
emission of a desired color by mixing colors of the respective
pixels.

In the present embodiment, all the pixels may be the
organic light-emitting devices of the present invention, or
only some pixels may be the organic light-emitting devices of
the present invention. That is, the display apparatus may
include both the organic light-emitting devices of the present
invention and conventional organic light-emitting devices. In
this case, by adjusting the combination ratio of the both kinds
of devices, the emission characteristics of the display appa-
ratus can be adjusted.

Further, in the case where the display apparatus includes
both the organic light-emitting devices of the present inven-
tion and the conventional light-emitting devices, the organic
light-emitting devices of the present invention and the con-
ventional organic light-emitting devices may be arranged
regularly or the organic light-emitting devices of the present
invention may be disposed irregularly.

Furthermore, in the present embodiment, as the pixels
including the organic light-emitting devices of the present
invention, pixels exhibiting any emission colors are appli-
cable. It is preferred that the organic light-emitting devices
constituting the pixels exhibiting blue light emission of the
display apparatus be the organic light-emitting devices of the
present invention, because light emission having high color
purity and satisfactory viewing angle characteristics is
obtained.

Embodiment 4

A display apparatus of the present embodiment includes a
plurality of pixels each composed of an organic light-emitting
device. Each of the organic light-emitting devices has a gen-
eral device configuration such as illustrated in FIG. 2. Fur-
thermore, first pixels in which the optical path for resonating
light emitted by the emission layer is relatively small and
second pixels in which the optical path is relatively large are
provided. That is, in the display apparatus of the present
embodiment, pixels with different emission characteristics
can be driven independently of each other.

In addition, the optical path of the resonator structure in the
first pixel is set so as to satisfy Equation 3(1) and the optical
path of the resonator structure in the second pixel is set so as
to satisfy Equation 3(2) and Equation 3(3).

For at least one kind of emission color of the emission
colors of the pixels constituting the pixel units, there are
provided pixel units each including the first pixel in which the
relationship between the optical path and the resonant wave-
length satisfies Equation 3(1) and pixel units each including
the second pixel in which the relationship between the optical
path and the resonant wavelength satisfies Equation 3(2) and
Equation 3(3). Consequently, a display apparatus having
excellent emission characteristics at the front and wide view-
ing angle characteristics can be realized.

FIG. 9 is a schematic view of an exemplary display appa-
ratus of the present embodiment viewed from above, in which
first pixels and second pixels with different optical paths are
provided only in blue-light-emitting pixels of red-, green-,
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and blue-light-emitting pixels. A plurality of pixel units 32
are arranged in a matrix pattern in a display region 31, and
each pixel unit is composed of a red-light-emitting pixel R, a
green-light-emitting pixel G, and a blue-light-emitting pixel
B. The pixel units 32 include pixel units each including a pixel
B, inwhich the optical path for resonating light emitted by the
emission layer is relatively small and pixel units each includ-
ing a pixel B, in which the optical path is relatively large.
Then, the light emissions of the red-light-emitting pixel R,
green-light-emitting pixel G, and blue-light-emitting pixels
B, and B, are controlled by a driving circuit of each pixel.

Furthermore, when the pixel B, and the pixel B, are respec-
tively disposed in adjacent pixel units, the viewing angle
characteristics are compensated between the adjacent pixel
units, and the emission colors at the front are the same, and
hence an apparatus with satisfactory display performance can
be realized. In particular, it is preferred that such arrangement
be applied to a display apparatus with a high resolution hav-
ing a small distance between adjacent pixel units, because the
difference between the adjacent pixel units are unlikely to be
recognized. Further, it is preferred that the pixel units having
the pixel B, and the pixel units having the pixel B, be disposed
alternately in longitudinal and lateral directions, because the
viewing angle characteristics are compensated over the entire
display region.

Incidentally, in the case of varying the optical path in
different pixels such as the first pixel and the second pixel in
the present embodiment, it is also possible to vary the optical
path by providing one pixel with a transparent conductive
layer and not providing the other pixel with the transparent
conductive layer.

Furthermore, in the present embodiment, the first pixel in
which the optical path for resonating light emitted by the
emission layer is relatively small and the second pixel in
which the optical path is relatively large are applicable to
pixels exhibiting any emission color and may be applied to
pixels of all the emission colors. In particular, it is preferred
that the first and the second pixels be applied to those which
are formed of organic light-emitting devices in which the
resonant wavelength is required to be set to be on a side ofa
wavelength shorter than the peak wavelength of the PL spec-
trum of the emission layer due to the requirement of emission
chromaticity. It is more preferred that the organic light-emit-
ting devices constituting the pixels exhibiting blue-light
emission of the display apparatus be the organic light-emit-
ting devices of the present invention, because light emission
with high color purity and satisfactory viewing angle charac-
teristics is obtained.

Herein, when the display apparatus is viewed visually from
the front in the case where the first and the second pixels are
driven at the same current value, the orders of optical inter-
ference are different although the resonant wavelengths
thereof are the same, and hence the front luminance becomes
higher in the first pixel than in the second pixel, which is not
preferred because this is recognized as luminance unevenness
or flickering of the display surface. Therefore, in the present
embodiment, in the case where the first and the second pixels
are allowed to emit light at the same front luminance, it is
preferred that the value of a current supplied to the second
pixel be set to be larger than that of a current supplied to the
first pixel.

In order to make the value of a current supplied to the first
pixel different from the value of a current supplied to the
second pixel, there is a method of converting a video signal
whichisinput to each pixel. Alternatively, there is a method of
varying a driving circuit for each pixel or pixel unit previ-
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ously, thereby varying the value of an output current supplied
to an organic light-emitting device from the circuit.

There is no particular limitation to a method of converting
a video signal to compensate for the luminance difference
among the respective pixels, and any method is available. For
example, it is possible to use a method of combining a means
for storing the disposition of the first pixel and the second
pixel and the information on emission characteristics and a
means for correcting a video signal in accordance with the
difference in emission characteristics of respective pixels.
FIG. 10 is a block diagram illustrating an exemplary method
of converting a video signal by a combination of the storage
means and the correction means. In FIG. 10, reference
numeral 40 denotes a video signal; 41, storage means; 42,
correction means; and 43, a correction video signal, respec-
tively. The video signal 40 supplied to a switching device
controlling the light emission of the first pixel or the video
signal 40 supplied to a switching device controlling the light
emission of the second pixel is corrected by the correction
means 42 based on the information stored in the storage
means 41 and is output as the correction video signal 43.

There is no particular limitation to the method of varying a
driving circuit to compensate for the luminance difference in
respective pixels, and any method is available. For example,
the ratio between the channel width and the channel length of
a TFT used in the driving circuit may be adjusted such that a
larger driving current is supplied to the second pixel, com-
pared with that of the first pixel. Further, in the case of a
current-mirror type pixel circuit, the mirror ratio of the cir-
cuits can also be varied between the first and the second pixels
to adjust the value of a driving current supplied to the pixels.

Further, as another procedure for compensating for the
luminance difference among the respective pixels, the areas
of the pixels may be adjusted. In this case, the area of the first
pixel that can be expected to have higher luminance is set to
be smaller than that of the second pixel such that the emission
intensity of the first pixel is the same as that of the second
pixel.

Embodiment 5

A display apparatus of the present embodiment includes a
plurality of pixels each comprised of an organic light-emit-
ting device. Each of the organic light-emitting devices has a
general device configuration such as illustrated in FIG. 2.
Furthermore, the display apparatus has a plurality of pixel
units each having a plurality of pixels with different emission
colors, and for at least one color of the emission colors, there
are provided a first pixel in which the optical path for reso-
nating light emitted by the emission layer is relatively small
and a second pixel in which the optical path is relatively large.

Moreover, the optical path of the resonator structure in the
first pixel is set so as to satisfy Equation 3(1) and the optical
path of the resonator structure in the second pixel is set so as
to satisfy Equation 3(2) and Equation 3(3).

For at least one kind of emission color of the emission
colors of the pixels constituting the pixel units, each of the
respective pixel units has the first pixel in which the relation-
ship between the optical path and the resonant wavelength
satisfies Equation 3(1) and the second pixel in which the
relationship between the optical path and the resonant wave-
length satisfies Equation 3(2) and Equation 3(3). Conse-
quently, a display apparatus having excellent emission char-
acteristics at the front and wide viewing angle characteristics
can be realized.

In the present embodiment, excellent emission character-
istics and wide viewing angle characteristics can be obtained
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in each pixel unit, and hence more minute display can be
performed compared with that in Embodiment 4.

FIG. 11 is a schematic view of an exemplary display appa-
ratus of the present embodiment viewed from above, in which
the first pixel and the second pixel with different optical paths
are provided only in the green-light-emitting pixel of the red-,
green-, and blue-light-emitting pixels. A plurality of pixel
units 32 are arranged ina matrix pattern in a display region 31.
Moreover, each pixel unitis composed of a red-light-emitting
pixel R, a blue-light-emitting pixel B, a green-light-emitting
pixel G, in which the optical path for resonating light emitted
by the emission layer is relatively small, and a green-light-
emitting pixel G, in which the optical path is relatively large.
The light emissions of the red-light-emitting pixel R, the
blue-light-emitting pixel B, and the green-light-emitting pix-
els G,, G, are controlled by the driving circuit of each pixel.

As illustrated in FIG. 11, two pixels with different optical
paths for resonating the light emitted from the emission layer
are provided in green-light-emitting pixels having a highest
luminous efficiency among red-, green-, and blue-light-emit-
ting pixels, whereby viewing angle characteristics can be
enhanced more effectively.

The green-light-emitting pixel G, and the green-light-
emitting pixel G, may be disposed distant from each other as
illustrated in FIG. 11, or may be placed adjacent to each other.
It is preferred that the green-light-emitting pixels G, and G,
be disposed distant from each other because the spatial fre-
quency is increased, and the resolution looks higher to the
human eye. In the case where the green-light-emitting pixels
G, and G, are disposed adjacent to each other, they may be
disposed with a member such as a device separation layer or
the like disposed therebetween, or may be disposed adjacent
to each other.

The green-light-emitting pixels G; and G, may not be
allowed to emit light at the same front luminance. However,
when the green-light-emitting pixels G, and G, are allowed to
emit light at the same front luminance, better emission char-
acteristics and wider viewing angle characteristics can be
obtained at the front. As a method of compensating for the
difference in front luminance of the green-light-emitting pix-
els G, and G,, the same method as described for Embodiment
4 can be used.

The display apparatus of the present invention has been
described by way of embodiments. The display apparatus of
the present invention can be applied to various uses such as
illumination, a display of electronic equipment, and a back-
light for a display system. Examples of the display of elec-
tronic equipment include displays of a television receiver and
a personal computer, a back surface display portion of an
imaging apparatus, a display portion of a mobile phone, and
adisplay portion of a portable game machine. Other examples
include a display portion of a portable audio player, a display
portion of a personal digital assistant (PDA), and a display
portion of a car navigation system.

EXAMPLES

Hereinafter, the present invention is described in detail by
way of examples with reference to the drawings. However,
the present invention is not limited thereto.

Example 1

The present example corresponds to the display apparatus
according to Embodiment 1. An organic light-emitting device
illustrated in FIG. 12 was produced by the procedure
described below.
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A film of an aluminum alloy (AINd) was formed on a
substrate 50 in a thickness of about 100 nm as a reflective
layer 51 by a sputtering process, and a film of ITO was formed
in a thickness of 184 nm thereon as a transparent conductive
layer (anode) 52 by a sputtering process. After that, a resist
pattern was formed on the transparent conductive layer 52. At
this time, the resist pattern was formed so as to occupy 50% of
the aperture area of the organic light-emitting device. Then,
using the resist pattern as a mask, the transparent conductive
layer 52 in the portion where the resist pattern was not formed
was removed selectively by dry etching so as to have a thick-
ness of 74 nm. Thus, in the organic light-emitting device of
the present invention, the portion in which the film thickness
of the transparent conductive layer was 74 nm and the portion
in which the film thickness of the transparent conductive layer
was 184 nm were present in one and the same light-emitting
device. Further, a device separation layer 53 was formed with
an acrylic resin, whereby a substrate was produced. The
resultant is subjected to ultrasonic cleaning with isopropyl
alcohol (IPA). Next, the resultant was washed with boiled
water and dried. Further, the resultant was cleaned with
UV/ozone before organic compounds were formed into films
by vacuum evaporation.

First, a film of Compound (I) represented by the below-
mentioned structural formula is formed in a thickness of 52
nm as a hole-transporting layer 54. At this time, the degree of
vacuum was 1x10™* Pa and the deposition rate was 0.2
nm/sec.

Compound (T)

3, 600"
@@

Then, a blue-light emission layer 55 exhibiting the PL
spectrum illustrated in FIG. 2 was formed into a film having
a thickness of 36 nm by a vacuum evaporation process. The
degree of vacuum during the evaporation was 1x10™* Pa and
the deposition rate was 0.2 nm/sec.

Furthermore, bathophenanthroline (Bphen) was formed
into a film having a thickness of 10 nm by a vacuum evapo-
ration process as an electron-transporting layer 56. The
degree of vacuum during the evaporation was 1x10~* Pa and
the film formation rate was 0.2 nm/sec.

Then, Bphen and Cs,CO, were coevaporated (at a weight
ratio of 90:10) to form an electron injection layer 57 having a
thickness of 64 nm. The degree of vacuum during the evapo-
ration was 3x10™* Pa and the film formation rate was 0.2
nmy/sec.

Subsequently, silver was formed into a film having a thick-
ness of 10 nm by a vacuum evaporation process as a semi-
transmissive layer 58. The degree of vacuum during the
evaporation was 1x107* Pa and the film formation rate was
0.2 nm/sec.

Then, the substrate after the formation of the electroninjec-
tion layer was transferred to a sputtering system without
breaking the vacuum, and ITO was formed into a film having
a thickness of 34 nm as a transparent electrode 59, thereby
obtaining the organic light emitting device.
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Table 10 collectively shows the emission efficiencies,
chromaticity coordinates, and full width at half maximums of
emission spectrum of the sites of the thus obtained organic
light-emitting device in which the film thickness of the trans-
parent conductive layer varies and of the whole device as the
combination thereof. Furthermore, FIG. 5 illustrates a change
in relative luminance depending upon viewing angle of each
of the sites and the whole device.

TABLE 10

Emission efficiency, chromaticity coordinates,
full width at half maximum of emission spectrum

Full width at
Emission Chromaticity half maximum
efficiency coordinates of emission
(cd/A) CIEx  ClEy spectrum
Transparent 2.3 0.134  0.091 50 nm
conductive
layer 74 nm
Transparent 14 0.157  0.083 351m
conductive
layer 184 nm
Combined 37 0.143 0.088 50 nm
emitted light

As described above, in the organic light-emitting device of
the present invention, the film thickness of the transparent
conductive layer is varied in one light-emitting device. How-
ever, since the enhancement wavelengths by resonance at the
front are brought into conformity with each other, the differ-
ence in emission chromaticity exhibited by the respective
sites 1s small, and it can be said that the emission colors are
identical to each other practically. Furthermore, as can be
seen from FIG. 5, the viewing angle characteristics show a
profile that varies locally depending upon the film thickness
of the transparent conductive layer; however, the viewing
angle characteristics of the whole device as the combination
of the respective sites are approximately the same as those of
a Lambertian light source. Thus, the luminance can be visu-
ally recognized to be equal when viewed at any angle. That is,
the organic light-emitting device can be said to have wide
viewing angle characteristics.

Comparative Example 1

In Comparative Example 1, a change in relative luminance
due to viewing angle is brought close to that of a Lambertian
light source in an organic light-emitting device in which the
film thickness of the transparent conductive layer in the
device is set to be uniform, with no thickness difference being
formed.

An organic light-emitting device was produced by follow-
ing the same procedure as in Example 1 with the exception
that the transparent conductive layer was formed in a uniform
thickness of 74 nm and the film thickness of the hole-trans-
porting layer was set to be 98 nm. Table 11 shows the optical
path and resonant wavelength of the light-emitting device of
Comparative Example 1, and Table 12 shows the emission
efficiency, chromaticity coordinates, and full width at half
maximum of emission spectrum of the light-emitting device
of Comparative Example 1. Furthermore, FIG. 13 illustrates
achange in relative luminance profile due to viewing angle of
the device.
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TABLE 11

Optical path and resonant wavelength

Film thickness of

transparent conductive

layer 74 nm
Optical path 590 nm
Resonant Orderm=1 961 nm
wavelength Orderm =2 529 nm
Orderm =3 365nm

TABLE 12

Emissien efficiency, chromaticity coordinates,
full width at half maximum of emission spectrum

Full width at
Emission Chromaticity half maximum
efficiency coordinates of emission
(cd/A) CIEx  CIEy spectrum
Transparent 6.5 0.124  0.327 60 nm
conductive
layer 74 nm

It can be seen from FIG. 13 that the viewing angle vs.
relative luminance profile of the organic light-emitting device
of Comparative Example 1 exhibits characteristics approxi-
mately similar to those of a Lambertian light source, and
therefore that the luminance changes of the organic light-
emitting device is small when viewed at any angle. However,
the emission characteristics, in particular, the emission chro-
maticity CIEy coordinate is more than 0.3, which shows
bluish white (sky blue) light emission. Moreover, the full
width at half maximum of emission spectrum is larger than
that of the device of Example 1, and the color purity of the
light-emitting device of Comparative Example 1 is low.

Incidentally, the emission efficiency of the organic light-
emitting device of the present comparative example is 6.5
cd/A, which is about twice that of the light-emitting device of
Example 1. The reason for this is that as can also be seen from
the large value of the chromaticity CIEy coordinate, the peak
wavelength of EL spectrum of the device of Comparative
Example 1 is shifted to a longer wavelength, whereby the
luminous efficiency increases. Even in the organic light-emit-
ting device of the present invention described in Example 1,
the emission efficiency can be improved using similar effects,
by setting the peak wavelength of EL spectrum in a wave-
length region where the luminous efficiency is high.

Comparative Example 2

An organic light-emitting device was produced by follow-
ing the same procedure as in Example 1 with the exception
that the film thickness of the transparent conductive film to be
74 nm and 100 nm in one device. Table 13 illustrates the
optical path and resonant wavelength of the organic light-
emitting device of Comparative Example 2.
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TABLE 13

Optical path and resonant wavelength

Film thickness of
transparent conductive layer

74 nm 100 nm

Optical path 489 nm 540 nm
Resonant Orderm =1 798 nm 880 nm
wavelength Orderm =2 440 nm 485 nm
Orderm =3 303 nm 335 nm

In this Comparative Example 2, when the two kinds of film
thicknesses of the transparent conductive layer are set as
mentioned above, the optical paths thereof become 489 nm
and 540 nm, respectively, which means that when compared
with the average value of 515 nm of the optical paths, the
optical path is set to be shorter or longer by about 5%. There
is a difference between the resonant wavelengths at all the
orders, and in the case of the order m of 2, which is the same
as that is Example 1, there is a difference of 45 nm.

Table 14 collectively shows the emission efficiencies,
chromaticity coordinates, and full width at half maximums of
emission spectrum of the sites of the thus obtained organic
light-emitting device in which the film thickness of the trans-
parent conductive layer varies and of the whole device as the
combination thereof. Furthermore, FIG. 14 illustrates a
change in relative luminance depending upon viewing angle
of each of the sites and the whole device.

TABLE 14

Emission efficiency, chromaticity coordinates, and
full width at half maximum of emission spectrum

Full width at
Emission Chromaticity half maximum
efficiency coordinates of emission
(cd/A) CIEx  ClEy spectrum
Transparent 2.3 0.134  0.091 50 nm
conductive
layer 74 nm
Transparent 59 0.112  0.219 60 nm
conductive
layer 100 nm
Combined 8.2 0.123 0.157 60 nm
emitted light

In the organic light-emitting device of Comparative
Example 2, there is a difference in resonant wavelength of 45
nm at the order m of 2, and the chromaticity varies remarkably
even in the same light-emitting device. In particular, there is
a difference of 0.128 in the CIEy-value of the chromaticity
coordinate, and the chromaticity shift is large, which is unac-
ceptable as the same emission color, so that there is posed a
problem in color irregularity from the practical point of view.

Furthermore, as can be seen from FIG. 14, the viewing
angle characteristics show a profile in any film thickness of
the transparent conductive layer, in which the luminance
decreases monotonously with the increase in the viewing
angle. This also applies to that of the combined emitted light,
and in particular, the emitted light is found to be dark when the
organic light-emitting device is viewed visually at a certain
angle.

Incidentally, even in the light-emitting device of Compara-
tive Example 2, the emission efficiency of the combined
emitted light is large. This is attributable to the influence of
the luminous efficiency involved in the change in emission
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chromaticity as is the case with Comparative Example 1
above. Even in the light-emitting device of Example 1, the
emission efficiency can be improved by setting of such emis-
sion chromaticity coordinates.

Example 2

The present example corresponds to the display apparatus
according to Embodiment 5. The display apparatus includes a
plurality of organic light-emitting devices that emit red,
green, and blue lights as pixels, and two blue-light-emitting
pixels are provided in one light-emitting pixel unit. That is,
one pixel unit is composed of four pixels in total of three
colors, including a red-light-emitting pixel, a green-light-
emitting pixel, a first blue-light-emitting pixel, and a second
blue-light-emitting pixel. The two blue-light-emitting pixels
are set to have optical paths different from each other.

FIG. 15 is a schematic cross-sectional view illustrating one
pixel unit of the display apparatus of the present invention,
produced by the following procedure.

On a glass substrate 60 as a support, a TFT driving circuit
61 made of low-temperature polysilicon was formed, and a
planarizing layer 62 made of an acrylic resin was formed
thereon, whereby a substrate was obtained. An aluminum
alloy (AINd) was formed thereon in a thickness of about 100
nm as a reflective layer 63 by a sputtering process, followed
by patterning.

Then, an ITO film as a transparent conductive layer 64 was
formed in a uniform thickness of 74 nm for all the light-
emitting pixels by a sputtering process. After that, in the
region corresponding to the second blue-light-emitting pixel,
an ITO as a transparent conductive film was additionally
formed in a thickness of 110 nm by use of a shadow mask.
Subsequently, the transparent conductive film was patterned
for the respective pixels, whereby an anode was formed.

Furthermore, a device separation layer 65 was formed of an
acrvlic resin, whereby a substrate was produced. The result-
ant was ultrasonically cleaned with isopropyl alcohol (IPA),
and then washed with boiled water and dried. After that, the
resultant was cleaned with UV/ozone before organic com-
pounds were formed into films by vacuum evaporation.

First, as a hole-transporting layer 66 common to all the
pixels, Compound (I) represented by the below-mentioned
structural formula was formed into a film in all pixels. At that
time, the degree of vacuum was 1x10™* Pa and the deposition
rate was 0.2 nm/sec.

o8% 21
® NN
o O

Next, an emission layer for each of red, green, and blue
colors was formed by use of a shadow mask. As a red-light-
emitting layer, an emission layer 67 exhibiting a PL spectrum
illustrated in FIG. 16 was formed. As a green-light-emitting
layer, an emission layer 68 exhibiting a PL spectrum illus-
trated in FIG. 17 was formed. As blue-light-emitting layers,
emission layers 69 exhibiting a PL. spectrum illustrated in
FIG. 3 were formed.
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Furthermore, as an electron-transporting layer 70 common
to all the pixels, Bathophenanthroline (Bphen) was formed
into a film by a vacuum evaporation process. The degree of
vactum during the evaporation was 1x10™* Pa and the film
formation rate was 0.2 nny/sec.

Then, as an electron injection layer 71 common to all the
pixels, Bphen and Cs,CO; were coevaporated (at a weight
ratio of 90:10). The degree of vacuum during the evaporation
was 3x107* Pa and the deposition rate was 0.2 nm/sec.

Subsequently, as a semi-transmissive layer 72 common to
all the pixels, a silver film was formed by a vacuum evapora-
tion process. The degree of vacuum during the evaporation
was 1x10™* Pa and the deposition rate was 0.2 nm/sec.

Next, the substrate after the formation of the semi-trans-
missive layer was transferred to a sputtering system without
breaking the vacuum. An I'TO film was formed as a transpar-
ent electrode 73 common to all the pixels, whereby a display
apparatus was obtained.

Table 15 shows collectively the film thicknesses of the
transparent conductive layer, organic compound layer, semi-
transmissive layer, and transparent electrode of the respective
pixels of the thus obtained display apparatus.

TABLE 15

Film thickness of respective layers

Second
blue-
light-

emitting
pixel

First
blue-
light-
emitting
pixel

Red-
light-
emitting
pixel

Green-
light-
emitting
pixel

Transparent 34 nm
electrode
Semi-
transmissive
layer
Electron
injection
layer
Electron-
transporting
layer
Emission
layer

Hole-
transporting
layer
Transparent
conductive
layer
Reflective
layer

10 nm

64 nm

10 nm

50 nm 50 nm 36 nm

114 nm 110 nm 50 nm

74 nm 184 nm

100 nm

Table 18 shows the color reproduction range (NTSC ratio)
and the viewing angle color shift amount of the display appa-
ratus thus obtained. Furthermore, FIG. 18 illustrates a change
in relative luminance depending upon viewing angle in the
case where a white color (chromaticity coordinates: 0.32,
0.33; luminance: cd/m?) is displayed in the display apparatus.
The term “viewing angle color shift amount 8” herein
employed refers to a color shift amount when the color shift at
the front is largest in a viewing angle range of 0° to 50°, with
the viewing angle in visual recognition at the front being
defined as 0°. Incidentally, the color shift amount 8, when the
viewing angle is 0 is calculated using Equation 6 below. It can
be said that the smaller the viewing angle color shift amount
d, the smaller the change in color depending upon viewing
angle.

S . (Eqution 6)
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Wherein x, and y, represent CIE chromaticity coordinates
at the viewing angle of 0, and x,, and y,, represent CIE chro-
maticity coordinates at a viewing angle of 0° (at the front).

Exaniple 3

The present example corresponds to the display apparatus
according to Embodiment 4. In the present example, one
light-emitting pixel unit is composed of three pixels including
ared light pixel, a green light pixel, and a blue light pixel. The
optical path of the blue-light-emitting pixel is varied between
adjacent pixel units. Therefore, in the display apparatus, the
film thickness of the transparent conductive layers in red-
light, green-light, and blue-light pixels is set to be 0 nm in one
light-emitting pixel unit (pixel unit 1), and the film thickness
of the transparent conductive layer is set to be 0 nm in red-
light and green-light pixels and 110 nm in a blue-light pixel in
a light-emitting pixel unit (pixel unit 2) adjacent to the one
light-emitting pixel unit. That is, the optical path was adjusted
by the presence and absence of the transparent conductive
layer. The transparent conductive layer was formed in a thick-
ness of 110 nm uniformly for all the light-emitting pixels by
asputtering process, a resist pattern was formed, the region of
the blue-light pixel in the pixel unit 2 was covered with a
mask, and the transparent conductive layer in the remaining
region was removed by wet etching. Then, a hole-transport-
ing layer was formed in common to all the light-emitting pixel
units so as to have a thickness of 196 nm in a red-light pixel,
185nminagreen-light pixel, and 127 nmin a blue-light pixel.
A display apparatus was produced by following the same
procedure as in Example 2 except for the above. Table 16
collectively shows the set film thicknesses of the respective
layers in the present example.

TABLE 16

Film thicknesses of respective layers

Pixel unit 1 Pixel unit 2

Red Green  Blue  Red Green  Blue
light light light  light light light
pixel pixel pixel  pixel pixel pixel

Transparent 34 nm 34 nm

electrode

Semi- 10 nm 10 nm

transmissive

layer

Electron 64 nm 64 nm

injection

layer

Electron- 10 nm 10 nm

transporting

layer

Emission 50nm  50nm  36nm  50nm  S0nm  36nm

layer

Hole- 196nm 185nm 127nm 196nm  185nm 127 nm

transporting

layer

Transparent 0 nm absent 110 nm

conductive

layer

Reflective 100 nm 100 nm

layer

Table 17 shows emission characteristics in front of the
blue-light-emitting pixels in the pixel units 1 and 2. It can be
seen from Table 17 that the emission efficiency of the blue-
light pixels in the display apparatus differs for each of the
pixel units. Therefore, when signal data at the same level is
transmitted to the pixel units 1 and 2, a difference in lightness
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is generated. Therefore, in the display apparatus ofthe present
example, a video signal to be input to each pixel unit is
corrected by previously estimating a difference in emission
efficiency, whereby the luminance difference in the case
where the display apparatus was viewed visually from the
front thereof is overcome.

Incidentally, based on the relationship of the number of
pixels constituting the pixel unit, the area of each pixel in the
display apparatus of the present example was enlarged by 43
times that in Example 2.

TABLE 17

Emission efficiency, chromaticity coordinates,
half value of emission spectrum

Emission Chromaticity Half value of
efficiency coordinates emission
(cd/A) CIEx CIEy spectrum
Pixel unit 1 2.4 0.135 0.092 50 nm
Pixel unit 2 1.4 0.157 0.078 30 nm
Combined 3.7 0.144 0.086 50 nm
emitted light

Table 18 shows the color reproduction range (NTSC ratio)
and the viewing angle color shift amount § of the display
apparatus thus obtained. Furthermore, FIG. 19 illustrates a
change in relative luminance depending upon viewing angle
in the case where a white color (chromaticity coordinates:
0.32, 0.33; luminance: 300 cd/m?) is displayed in the display
apparatus.

Comparative Example 3

Comparative Example 3 is a display apparatus in which
one light-emitting pixel unit is composed of three pixels of
red light, green light, and blue light pixels, and a conventional
organic light-emitting device is applied to each light-emitting
pixel. Based on the relationship of the number of pixels con-
stituting the pixel unit, the aperture area of each pixel was
enlarged by 44 times that in Example 2. Then, the conven-
tional blue light-emitting device mentioned in Comparative
Example 2 above was applied to the blue light-emitting pixel.
The display apparatus was produced by following the same
procedure as in Example 2, except for the above.

Table 18 shows the color reproduction range (NTSC ratio)
and the viewing angle color shift amount of the display appa-
ratus thus obtained. Furthermore, FIG. 20 illustrates a change
in relative luminance depending upon viewing angle in the
case where a white color (chromaticity coordinates: 0.32,
0.33; luminance: 300 cd/m?) is displayed in the display appa-
ratus.

TABLE 18

Color reproduction range and viewing angle color shift amount

Color reproduction Viewing angle

range color shift
{(NTSC ratio) amount &
Example 2 72% 0.044
Example 3 72% 0.05
Comparative 48% 0.076
Example 3

As can be seen from FIGS. 18, 19, and 20, the profiles of
change in relative luminance depending upon viewing angle
of the display apparatuses of Example 2, Example 3, and
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Comparative Example 3 are substantially the same as that of
a Lambertian light source. Therefore, even in the case where
the display apparatuses are viewed visually at a certain view-
ing angle, the luminance is found to be substantially the same
as that in visual recognition at the front. Thus, any one of the
display apparatuses can be said to have a wide viewing angle.

On the other hand, regarding the color reproducibility of
the display apparatuses, it is understood from Table 18 that
the color reproduction range of NTSC ratio was 72% in the
display apparatuses of Examples 2 and 3, and the color repro-
duction range of NTSC ratio was 48% in the display appara-
tus of Comparative Example 3. Therefore, it can be seen that
the display apparatus of the present invention has a wider
color reproduction range, compared with that of the conven-
tional display apparatus.

Further, regarding the color shift depending upon viewing
angle, the color shift amount § of viewing angle was 0.05 or
less inthe display apparatuses of the present invention shown
in Examples 2 and 3, which is smaller than that of the con-
ventional display apparatus (Comparative Example 3). It can
be said that the change in color depending on viewing angle of
the display apparatus of the present invention is small.

Accordingly, the display apparatus of the present invention
has less change in luminance and color depending upon view-
ing angle, and has satisfactory color reproducibility. That is,
the display apparatus of the present invention enables excel-
lent color reproduction while having a wide viewing angle.

While the present invention has been described with refer-
ence to exemplary embodiments, it is to be understood that
the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.

This application claims the benefit of Japanese Patent
Application Nos. 2008-046240, filed Feb. 27, 2008, and
2009-035625, filed Feb. 18, 2009 which are hereby incorpo-
rated by reference herein their entirety.

What is claimed is:
1. An organic light-emitting device disposed on a substrate,
which comprises:

a first electrode;

an emission layer; and

a second electrode provided in the mentioned order from
the substrate side, an optical path between a first reflec-
tive surface located on the first electrode side with
respect to the emission layer and a second reflective
surface located on the second electrode side with respect
to the emission layer being set so as to resonate light
emitted in the emission layer, and which has a first
region in which the optical path is relatively short and is
L, and a second region in which the optical path is
relatively long and is L,,

wherein L, and [, are set so as to satisfy Expression 1 with
resonant wavelengths A, A,, and A5, a sum ¢t of phase
shifts when light is reflected by the first reflective surface
and the second reflective surface, and a viewing angle c:

M=2L/(p—-¢t/2m)
hy=2L,/(q+1-t/27)
h3=2L, cos a/(q-¢t/2)

h=ho=hy Expression 1
1 2 3

wherein p and q each independently represent a positive inte-
ger and o is not 0°.
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2. The organic light-emitting device according to claim 1,
wherein p represents 2 and q represents 2 in Expression 1.
3. The organic light-emitting device according to claim 1,
wherein the viewing angle o satisfies 0°<lall<60°.
4. A display apparatus comprising a plurality of pixels
formed of organic light-emitting devices, wherein at least one
of the organic light-emitting devices constituting the plurality
of pixels is the organic light-emitting device set forth in claim
1.
5. A display apparatus comprising a plurality of pixels each
comprising an organic light-emitting device disposed on a
substrate, each of the organic light-emitting devices compris-
ing:
a first electrode;
an emission layer; and
a second electrode provided in the mentioned order from
the substrate side, an optical path between a first reflec-
tive surface located on the first electrode side with
respect to the emission layer and a second reflective
surface located on the second electrode side with respect
to the emission layer being set so as to resonate light
emitted in the emission layer, and having a first pixel in
which the optical path is relatively short and is L, and a
second pixel in which the optical path is relatively long
and is L,,

wherein L, and L, are set so as to satisfy Expression 2 with
resonant wavelengths A, A,, and A5, a sum ¢t of phase
shifts when light is reflected by the first reflective surface
and the second reflective surface, and a viewing angle a.:

M=2L,/(p-¢t/2m)
h=2L,/(q+1-¢1/2m)
h3=2L, cos o/(q—¢t/2m)

hi=ho=hy (Expression 2)

wherein p and q each independently represent a positive inte-
ger and a is not 0°.

6. The display apparatus according to claim 5, comprising
a plurality of pixel units each having a plurality of the pixels
of different emission colors, including a first pixel unit in
which a pixel of at least one color of the emission colors is the
first pixel and a second pixel unit in which a pixel of the one
color is the second pixel.

7. The display apparatus according to claim 6, wherein the
one color is a blue color.

8. The display apparatus according to claim 6, wherein the
first pixel and the second pixel are adjacent to each other in
adjacent pixel units.

9. The display apparatus according to claim 5, whereinina
case where the first pixel and the second pixel are allowed to
emit light at the same front luminance, a value of a current
supplied to the second pixel is set so as to be larger than a
value of a current supplied to the first pixel.

10. The display apparatus according to claim 5, comprising
a plurality of pixel units each having a plurality of the pixels
having different emission colors, including a pixel unit hav-
ing the first pixel and the second pixel for at least one color of
the emission colors.

11. The display apparatus according to claim 10, wherein
the one color is a blue color.

12. The display apparatus according to claim 5, wherein
when the first and the second pixels are allowed to emit light
at the same front luminance, the area of the first pixel is set to
be smaller than the area of the second pixel.
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