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A hole injection layer and a second electrode are both formed
to be continuous above a first electrode and above an auxiliary
wiring. The hole injection layer contains a tungsten oxide. An
UPS spectrum, obtained from a UPS measurement, has a
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ORGANIC ELECTROLUMINESCENCE
DISPLAY PANEL AND ORGANIC
ELECTROLUMINESCENCE DISPLAY
DEVICE

TECHNICAL FIELD

[0001] The presentinvention relates to an organic EL (elec-
troluminescence) display panel and an organic FL display
apparatus utilizing an organic electric-field light-emitting
element (referred to hereinafter as an “organic EL element”),
which is an electric light emitter.

BACKGROUND ART

[0002] In recent years, progress is being made in research
and development of diverse functional elements which
involve the use of an organic semiconductor. One typical
example of a functional element is an organic EL element. An
organic EL element is a current-driven light emitter, and
commonly has a pair of electrodes, namely an anode and a
cathode, and functional layers layered between the pair of
electrodes. The functional layers include a light-emitting
layer composed of an organic material. Upon application of
voltage across the pair of electrodes, holes injected from the
anode to the functional layers recombine with electrons
injected from the cathode to the functional layers. The recom-
bination causes the phenomenon of electroluminescence,
which involves emission of light. Being self-luminescent, an
organic EL element is highly visible. In addition, being com-
pletely solid, an organic EL element has excellent impact
resistance. Owing to these advantages, more attention is
being given to the applications of organic EL elements as a
light emitter or a light source for various organic EL display
panels and organic EL display apparatuses.

[0003] In order to increase the light emission efficiency of
an organic EL element, efficient injection of carriers (holes
and electrons) from the electrodes to the functional layer is
essential. Generally, the provision of injection layers between
each of the electrodes and a functional layer is effective in
facilitating efficient injection of carriers. This is because an
injection layer serves to lower the energy barrier to be over-
come in the injection of carriers. An injection layer disposed
between a functional layer and the anode is a hole-injection
layer composed of an organic material, such as copper phtha-
locyanine or PEDOT (conductive polymer), or of a metal
oxide, such as molybdenum oxide or tungsten oxide. An
injection layer disposed between a functional layer and the
cathode is an electron injection layer composed of an organic
material, such as metal complex or oxadiazole, or of a metal,
such as barium.

[0004] TIthasbeen reported thatorganic EL elements having
a hole injection layer composed of a metal oxide, such as
molybdenum oxide or tungsten oxide, exhibit improved hole
injection efficiency and longevity (see Patent Literature 1 and
Non-Patent Literature 1). It is further reported that the
improvement achieved is relevant to the energy level resulting
from structures similar to oxygen vacancies of metal oxide on
the surface the hole injection layer (see Non-Patent Literature
2).

[0005] On the other hand, as organic EL display panels
grow in size, it becomes necessary to reduce the resistance of
the wiring portion that connects the power source to the
electrodes in the organic EL pixels constituting the panel. In
particular, in a top emission type active-matrix organic EL

Dec. 12,2013

display panel, it is necessary to use transparent electrode
material, such as ITO or IZO, as the common electrode. As
these materials are relatively high resistance, it is desirable to
limit their use as a wiring portion.

[0006] With respect to this point, for example, Patent Lit-
erature 2 discloses a top emission type organic EL element
with a wiring portion structured so that the second electrode
(common electrode) is connected to auxiliary wiring, thus
providing a wiring portion that reduces the use of the rela-
tively high-resistance common electrode. The auxiliary wir-
ing is low-resistance wiring that provides electrons from the
power source to the common electrode.

[0007] It is desirable to provide the auxiliary wiring in a
non-light-emitting cell, so as not to block the light-emitting
cell. Furthermore, the auxiliary wiring may be provided
either above or below the common electrode in the non-light-
emitting cell. A structure in which the auxiliary wiring is
provided below can be considered more desirable, as the
auxiliary wiring can be formed during the same processes as
when forming other components such as the thin-film tran-
sistors and pixel electrodes.

CITATION LIST

Patent Literature

[0008] [Patent Literature 1] Japanese Patent Application
Publication No. 2005-203339

[0009] [Patent Literature 2] Japanese Patent Application
Publication No. 2002-318556

Non-Patent Literature

[0010] [Non-Patent Literature 1] Jingze Li et al., Synthetic
Metals 151, 141 (2005)

[0011] [Non-Patent Literature 2] Kaname Kanai et al.,
Organic Electronics 11, 188 (2010)

[0012] [Non-Patent Literature 3] J. B. Pedley et al., Journal
of Physical and Chemical Reference Data 12, 967 (1984)

[0013] [Non-Patent Literature 4] I. N. Yakovkin et al., Sur-
face Science 601, 1481 (2007), 1481 (2007).

[0014] [Non-Patent Literature 5] Hiromi Watanabe et al.,
Yuki EL Tohronkai Dai 7 Kai Reikai Yokoushuu, 17
(2008).

[0015] [Non-Patent Literature 6] Hyunbok Lee et al.,
Applied Physics Letters 93, 043308 (2008).

[0016] [Non-Patent Literature 7] Yasuo Nakayama et al.,
Yuki EL Tohronkai Dai 7 Kai Reikai Yokoushuu, 5 (2008).
SUMMARY OF INVENTION
Technical Problem

[0017] In the manufacturing of an organic EL element,
problems are presented by adherents, mainly carbon-contain-
ing adherents, derived from molecules of carbon dioxide,
water, and organic material contained in the atmosphere or
from molecules of impurities generated during the manufac-
turing steps. To be more specific, in a step of laminating the
respective layers, such as electrodes and a hole injection
layer, of an organic EL element, if a layer with adherents on
its surface is topped with another layer, the adherents are
embedded between the layers. The presence of adherents
involves the risk of increasing the drive voltage of, and/or
reducing the longevity of the resulting organic EL element.
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[0018] On the other hand, in an organic EL element in
which the auxiliary wiring is below the common electrode,
patterning is typically performed after forming the pixel elec-
trodes (anode) and the auxiliary wiring as one film. The hole
injection layer is subsequently layer thereon.

[0019] In this context, it is desirable that a hole injection
layer made from copper phthalocyanine or PEDOT not be
formed on the auxiliary wiring. This is not only because such
hole injection layers are typically high resistance, but also
because forming such hole injection layers on the auxiliary
wiring prevents the supply of electrodes from the auxiliary
wiring to the common electrode.

[0020] Specifically, such hole injection layers are designed
so that the binding energy of the highest occupied molecular
orbital is near (approximately equalto) the Fermi level of ITO
or the like, which is typically used as the anode. Conversely,
the lowest unoccupied molecular orbital is quite far from the
Fermi level. As a result, although hole injection into the hole
injection layers from the anode is relatively easy, electron
injection is difficult. While this is advantageous in the light-
emitting unit, it causes an increase in resistance of the wiring
portion at the connecting portion between the auxiliary wir-
ing and the common electrode, as electrons cannot be pro-
vided to the common electrode through the hole injection
layers from the auxiliary wiring which is made from the same
material as the anode.

[0021] Furthermore, many materials used for the hole
injection layer are chemically unstable with respect to elec-
trons and tend to decompose or degrade upon continual recep-
tion of electrons over an extended period of time. This may
result in degradation of the panel characteristics.

[0022] It is therefore necessary that these hole injection
layers not be formed by patterning on the auxiliary wiring.
Methods for film formation by patterning include 1) a method
of selectively forming films on pixel electrodes using mask
deposition, screen printing, inkjet printing, or the like, and 2)
a method of first forming a film over the entire surface, and
then using photolithography, dry etching, or the like to selec-
tively remove only portions above the auxiliary wiring. The
increase in the number of processes with both of these meth-
ods, however, leads to an increase in manufacturing costs, as
well as an increase in particles that lowers the yield. Further-
more, resist residue and the like from the patterning may
remain on the auxiliary wiring, acting as a resistance compo-
nent and further increasing the resistance of the wiring por-
tion.

[0023] In view of such problems, the present disclosure
provides an organic EL display panel and an organic EL
display apparatus that can be driven at a low voltage and that
exhibit excellent light-emitting efficiency.

Solution to Problem

[0024] To achieve the aim, an organic EL display panel
pertaining to one aspect of the present invention includes: a
substrate; a first electrode on or in the substrate; auxiliary
wiring on or in the substrate at a distance from the first
electrode; a functional layer, including at least a light-emit-
ting layer, above the first electrode; a hole injection layer for
injecting holes to the functional layer, the hole injection layer
being between the first electrode and the functional layer; and
a second electrode, above the functional layer, wherein the
hole injection layer and the second electrode are both formed
to be continuous above the first electrode and above the aux-
iliary wiring, the second electrode and the auxiliary wiring
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are electrically connected by the hole injection layer, and the
hole injection layer contains a tungsten oxide, an UPS spec-
trum, obtained from a UPS measurement, having a protrusion
appearing near a Fermi surface and within a region corre-
sponding to a binding energy range lower than a top of a
valence band, the tungsten oxide contained in the hole injec-
tion layer satisfying a condition, determined from an XPS
measurement, that a ratio in a number density of atoms other
than tungsten atoms and oxygen atoms to the tungsten atoms
does not exceed 0.83.

Advantageous Effects of Invention

[0025] In an organic EL display panel and an organic EL
display apparatus pertaining to one aspect of the present
invention, the hole injection layer contains a tungsten oxide,
and an UPS spectrum, obtained from a UPS measurement,
has a protrusion appearing near a Fermi surface and within a
region corresponding to a binding energy range lower than a
top of a valence band, and the tungsten oxide contained in the
hole injection layer satisfies a condition, determined from an
XPS measurement, that a ratio in a number density of atoms
other than tungsten atoms and oxygen atoms to the tungsten
atoms does not exceed 0.83. Therefore, the organic EL dis-
play panel and the organic EL display apparatus can be driven
at a low voltage with excellent light-emitting efficiency.
[0026] Providing the protrusion appearing near the Fermi
surface allows for reduction in the hole injection barrier
between the hole injection layer and the functional layer in the
light-emitting cell, while also allowing for the exchange of
carriers with almost no barrier between the pixel electrode in
the light-emitting cell and the hole injection layer, between
the auxiliary wiring in the wiring portion and the hole injec-
tion layer, and between the hole injection layer and the com-
mon electrode. Furthermore, since the ratio in the number
density does not exceed 0.83, adherents on the surface of the
hole injection layer have been removed. In sum, the above
aspect of the present invention achieves low driving voltage
and excellent light-emitting efficiency.

BRIEF DESCRIPTION OF DRAWINGS

[0027] FIGS. 1A and 1B are diagrams illustrating an
organic EL display panel according to an aspect of the present
invention.

[0028] FIG. 2 is a diagram illustrating the overall configu-
ration of an organic EL display apparatus according to an
aspect of the present invention.

[0029] FIGS. 3A through 3E are cross-section diagrams
illustrating the method of manufacturing an organic EL dis-
play panel according to an aspect of the present invention.
[0030] FIGS. 4A through 4D are cross-section diagrams
illustrating the method of manufacturing an organic EL dis-
play panel according to an aspect of the present invention.
[0031] FIG. 5 is a view illustrating important parts of a
method for manufacturing the organic EL element according
to the embodiment.

[0032] FIG. 6is a view illustrating UPS spectra of tungsten
oxide.
[0033] FIG. 7is a view illustrating UPS spectra of tungsten
oxide.
[0034] FIG. 8is a view illustrating XPS spectra of tungsten
oxide.
[0035] FIG. 9is a view illustrating UPS spectra of tungsten
oxide.
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[0036] FIG. 10 is a view illustrating XPS spectra of tung-
sten oxide.
[0037] FIG.11isaschematic cross-sectional view illustrat-

ing a structure of a hole-only device.

[0038] FIG.12 is a device characteristics diagram showing
relation curves illustrating relations between applied voltage
and electric current density of hole-only devices.

[0039] FIG.13isaschematic cross-sectional view illustrat-
ing a structure of an organic EL element as an assessment
device.

[0040] FIG. 14 is a device characteristics diagram of rela-
tion curves each illustrating a relation between applied volt-
age and electric current density of a different organic EL
element.

[0041] FIG. 15 is a view illustrating the spectral distribu-
tion of ametal halide lamp employed in an embodiment of the
present invention.

[0042] FIG. 16 is a view illustrating the surface configura-
tion of tungsten oxide.

[0043] FIGS. 17A through 17C are graphs illustrating a
dependence of driving voltage of hole-only devices on film
forming conditions of a hole injection layer.

[0044] FIG. 18 is a device characteristics diagram showing
relation curves illustrating relations between applied voltage
and electric current density of hole-only devices.

[0045] FIG.19 is a device characteristics diagram showing
relation curves illustrating relations between applied voltage
and electric current density of organic EL elements.

[0046] FIG. 20 is a device characteristics diagram showing
relation curves illustrating relations between current density
and light-emitting intensity of organic EL elements.

[0047] FIG.211saschematic cross-sectional view illustrat-
ing a structure of a sample for photoelectron spectroscopy
measurement.

[0048] FIG. 22 is a diagram illustrating UPS spectra of a
tungsten oxide layer.

[0049] FIG. 23 is a diagram illustrating UPS spectra of a
tungsten oxide layer.

[0050] FIG. 24 illustrates differential curves corresponding
to the respective UPS spectra illustrated in FIG. 23.

[0051] FIG. 25 illustrates UPS spectra of a tungsten oxide
layer that has been subjected to atmospheric exposure.
[0052] FIG. 26 is a diagram illustrating both a UPS spec-
trum and an XPS spectrum of a tungsten oxide layer accord-
ing to an aspect of the present invention.

[0053] FIG. 27 is a diagram illustrating an energetic state at
an interface between the tungsten oxide layer according to an
aspect of the present invention and an a-NPD layer.

[0054] FIGS. 28A and 28B are diagrams for explanation of
effects yielded by injection sites of a hole injection layer and
a functional layer.

[0055] FIG. 29 is a diagram illustrating an energetic state at
an interface between the tungsten oxide layer formed under
film forming conditions C and the a-NPD layer.

[0056] FIG. 30 is a diagram illustrating an energetic state at
an interface between the functional layer and an 17O anode
cleaned with pure water.

[0057] FIG. 31 is a diagram illustrating an energetic state at
an interface between the functional layer and an IZO anode
cleaned with pure water and subsequently dry etched.
[0058] FIG. 32 is a diagram illustrating an energetic state at
an interface between the functional layer and an ITO anode
cleaned with IPA.
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[0059] FIG. 33 is a diagram illustrating an energetic state at
an interface between the functional layer and an ITO anode
cleaned with IPA and subsequently subject to oxygen plasma
treatment.

[0060] FIG. 34 is a diagram illustrating an energetic state at
an interface between the hole injection layer of the present
invention and an IZO anode cleaned with pure water.

[0061] FIG. 35 is a diagram illustrating an energetic state at
an interface between the hole injection layer of the present
invention and an 170 anode cleaned with pure water and
subsequently dry etched.

[0062] FIG. 36 is a diagram illustrating an energetic state at
an interface between the hole injection layer of the present
invention and an ITO anode cleaned with [PA.

[0063] FIG. 37 is a diagram illustrating an energetic state at
an interface between the hole injection layer of the present
invention and an ITO anode cleaned with [PA and subse-
quently subject to oxygen plasma treatment.

[0064] FIG. 38 is a diagram illustrating an energetic state at
an interface between the hole injection layer according to an
aspect of the present invention and an aluminum anode.
[0065] FIG. 39A is a cross-section diagram schematically
showing the structure of an organic EL panel according to
Embodiment 2, and FIG. 39B is a partially expanded view
near the hole injection layer.

[0066] FIGS. 40A through 40C are process drawings illus-
trating a method of manufacturing an organic EL panel
according to Embodiment 2.

[0067] FIGS. 41A and 41B are process drawings illustrat-
ing a method of manufacturing an organic EL panel according
to Embodiment 2.

[0068] FIGS. 42A through 42C are process drawings illus-
trating a method of manufacturing an organic EL. panel
according to Embodiment 2.

[0069] FIGS. 43A through 43D are process drawings illus-
trating a method of manufacturing an organic EL panel
according to a modification of Embodiment 2.

[0070] FIGS. 44A through 43C are process drawings illus-
trating a method of manufacturing an organic EL panel
according to a modification of Embodiment 2.

DESCRIPTION OF EMBODIMENTS

[Overview of Aspects of the Present Invention]

[0071] An organic EL display panel pertaining to one
aspect of the present invention includes: a substrate; a first
electrode on or in the substrate; auxiliary wiring on or in the
substrate at a distance from the first electrode; a functional
layer, including at least a light-emitting layer, above the first
electrode; a hole injection layer for injecting holes to the
functional layer, the hole injection layer being between the
first electrode and the functional layer; and a second elec-
trode, above the functional layer, wherein the hole injection
layer and the second electrode are both formed to be continu-
ous above the first electrode and above the auxiliary wiring,
the second electrode and the auxiliary wiring are electrically
connected by the hole injection layer, and the hole injection
layer contains a tungsten oxide, an UPS spectrum, obtained
from a UPS measurement, having a protrusion appearing near
a Fermi surface and within a region corresponding to a bind-
ing energy range lower than a top of a valence band, the
tungsten oxide contained in the hole injection layer satisfying
a condition, determined from an XPS measurement, that a
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ratio in a number density of atoms other than tungsten atoms
and oxygen atoms to the tungsten atoms does not exceed 0.83.
[0072] With the stated structure, the hole injection layer
contains a tungsten oxide. Furthermore, with respect to the
holes injection layer, the n UPS spectrum, obtained from a
UPS measurement, has a protrusion appearing near a Fermi
surface and within a region corresponding to a binding energy
range lower than a top of a valence band, and the tungsten
oxide contained in the hole injection layer satisfying a con-
dition, determined from an XPS measurement, that a ratio in
a number density of atoms other than tungsten atoms and
oxygen atoms to the tungsten atoms does not exceed 0.83.
[0073] Providing the protrusion appearing near the Fermi
surface allows for reduction in the hole injection barrier
between the hole injection layer and the functional layer in the
light-emitting cell, while also allowing for the exchange of
carriers with almost no barrier between the pixel electrode in
the light-emitting cell and the hole injection layer, between
the auxiliary wiring in the wiring portion and the hole injec-
tion layer, and between the hole injection layer and the com-
mon electrode. Also, the adherents on the surface of the hole
injection layer have been removed, with the protrusion
appearing near the Fermi surface being maintained. Conse-
quently, the stated structure achieves low driving voltage and
excellent light-emitting efficiency.

[0074] Furthermore, carriers can be exchanged with almost
no barrier between the pixel electrode in the light-emitting
cell and the hole injection layer, between the auxiliary wiring
in the wiring portion and the hole injection layer, and between
the hole injection layer and the common electrode. It there-
fore poses no problem to form the hole injection layer on the
auxiliary wiring, making a step to pattern the hole injection
layer unnecessary. This not only reduces the number of pro-
cesses but also allows for stable mass production.

[0075] Furthermore, with the above structure, the hole
injection layer is constituted by chemically stable tungsten
oxide. Therefore, the hole injection layer can be prevented
from being degraded or changed in properties by the alkaline
solution, water, organic solvent, or the like used during for-
mation of the bank. Accordingly, after completion of the
organic EL element, the hole injection layer is able to main-
tain its form, its excellent efficiency for injecting holes to the
functional layer in the light emitting cell, and its excellent
exchange of carriers with the common electrode in the wiring
portion. This allows for manufacturing of an organic EL
element that can withstand processing performed during the
mass production of organic EL display panels.

[0076] Thelight-emitting layer ofthe organic EL element is
layered after formation of the hole injection layer. Typically,
the light-emitting layer is applied separately for each color of
emitted light (for example, R, G, and B). To prevent colors
from mixing between pixels and to ensure a high level of
accuracy, barriers (hereinafter referred to as a bank) may be
provided between pixels. The bank is typically formed with
photolithography, for example by applying bank material
composed of photosensitive resist material onto the surface of
the hole injection layer, pre-baking the bank material, expos-
ing the bank material to light with a pattern mask, removing
unhardened, excess bank material with a developer composed
ofan alkaline solution or the like, and finally rinsing with pure
water. To form the bank, an alkaline solution, water, an
organic solvent, and the like are used. If the hole injection
layer is composed of an organic material, such material will
degrade or change in properties due to the above solutions,
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thereby damaging the hole injection layer and preventing the
achievement of the desired hole injection efficiency. By con-
trast, the hole injection layer according to an aspect of the
present invention is formed from tungsten oxide, which does
not easily degrade or change in properties due to the above
solvents. The above problem therefore does not occur.
[0077] In the organic EL display panel according to the
above aspect of the present invention, the second electrode
may be a transparent electrode.

[0078] In the organic EL display panel according to the
above aspect of the present invention, the transparent elec-
trode may be made up from one of ITO and [ZO.

[0079] As described above, in a top emission type organic
EL element, a transparent electrode material such as ITO or
170 needs to be used for the common electrode (second
electrode), but these materials have a higher resistivity than
metallic materials. As a result, extensive use of the common
electrode in the wiring portion leads to differences in the
length of the common electrode between light-emitting pix-
els, the differences becoming greater as the display panel
increases in area. A large voltage drop thus occurs between
the center of the display panel and the edge of the power
supply unit, causing a corresponding difference in luminance
that makes the center appear dark. In other words, this may
lead to the problem of fluctuations in voltage, depending on
the position of the organic EL element within the display
panel, and the problem of degradation in display quality.
Therefore, as described above, the wiring part also adopts
low-voltage auxiliary wiring in order to minimize usage of
the commeon electrode.

[0080] The tungsten oxide provided with predetermined
properties as per an aspect of the present invention also forms
Schottky ohmic contact with these transparent electrode
materials. Therefore, providing the tungsten oxide between
the auxiliary wiring and the transparent electrode material
does not lead to an increase in the resistance of the wiring
portion. Specifically, carriers can be exchanged with almost
no barrier between the auxiliary wiring and the hole injection
layer, as well as between the hole injection layer and the
common electrode composed of ITO, 170, or the like. As a
result, the organic EL display panel according to an aspect of
the present invention can be expected to allow for driving at a
low voltage while exhibiting excellent light-emitting effi-
ciency.

[0081] In the organic EL display panel according to the
above aspect of the present invention, the second electrode
may have one of Al and Ag as a primary component.

[0082] Theorganic EL display panel according to the above
aspect of the present invention may further comprise a metal
layer formed to be continuous above the first electrode and
above the auxiliary wiring, wherein, above the first electrode,
the metal layer is between the second electrode and the light-
emitting layer, and above the auxiliary wiring, the metal layer
is between the second electrode and the hole injection layer.
[0083] In the organic EL display panel according to the
above aspect of the present invention, the metal layer may be
an electron injection layer that, above the first electrode,
injects electrons from the second electrode to the light-emit-
ting layer.

[0084] In the organic EL display panel according to the
above aspect of the present invention, the metal layer may
include barium (Ba).

[0085] Between the light-emitting layer in the organic EL
element and the common electrode, a metal layer of barium or
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the like is sometimes provided as an electron injection layer.
In a bottom emission type organic EL element, a highly
reflective metallic material, such as Ag or Al, is used as the
common electrode.

[0086] The tungsten oxide provided with predetermined
properties as per an aspect of the present invention also forms
Schottky ohmic contact with these metals and therefore does
not lead to an increase in the resistance of the wiring portion
even when formed on the auxiliary wiring. Specifically, car-
riers can be exchanged with almost no barrier between the
auxiliary wiring and the hole injection layer, as well as
between the hole injection layer and the common electrode or
metal layer composed of Ba, Al, Ag, or the like. As a result,
the organic EL display panel according to an aspect of the
present invention can be expected to allow for driving ata low
voltage while exhibiting excellent light-emitting efficiency.
[0087] In the organic EL display panel according to the
above aspect of the present invention, the auxiliary wiring
may be made up from one of ITO and IZ70.

[0088] As described above, carriers can be exchanged with
almost no barrier between the hole injection layer and the
auxiliary wiring composed of ITO or IZO. Accordingly, the
organic EL display panel according to an aspect of the present
invention can be expected to allow for driving at a low voltage
while exhibiting excellent light-emitting efficiency.

[0089] In the organic EL display panel according to the
above aspect of the present invention, the hole injection layer
above the auxiliary wiring may have properties identical to
the hole injection layer above the first electrode.

[0090] In the organic EL display panel according to the
above aspect of the present invention, at least above the aux-
iliary wiring, the hole injection layer may be at least 4 nanom-
eters thick.

[0091] The above structure is even more desirable, since
Schottky ohmic contact stably forms between the auxiliary
wiring in the wiring portion and the hole injection layer, as
well as between the hole injection layer and the metal layer.
Stable carrier exchange can therefore be expected. In other
words, it is desirable to guarantee at least 2 nm for stable
Schottky ohmic contact between the auxiliary wiring in the
hole injection layer, and to guarantee at least 2 nm for stable
Schottky ohmic contact between the hole injection layer and
the metal layer. A thickness of at least 4 nm is therefore
considered even more desirable.

[0092] Theorganic EL display panel according to the above
aspect of the present invention may further comprise a bank
on the hole injection layer defining at least one aperture
exposing the first electrode and including a region exposing
the auxiliary wiring, wherein the light-emitting layer is
formed above the first electrode in the aperture defined by the
bank.

[0093] In the organic EL display panel according to the
above aspect of the present invention, the at least one first
electrode may comprise a plurality of first electrodes, one per
pixel, and the at least one aperture in the bank may comprise
aplurality of apertures formed in one-to-one correspondence
with the first electrodes.

[0094] In the organic EL display panel according to the
above aspect of the present invention, the at least one first
electrode may comprise a plurality of first electrodes, one per
pixel, arranged in lines, and the at least one aperture in the
bank may comprise a plurality of apertures, one for each of
the lines of the first electrodes.

Dec. 12,2013

[0095] 1In the organic EL display panel according to the
above aspect of the present invention, in the UPS spectrum,
the protrusion may appear within the region corresponding to
the binding energy range from 1.8 eV to 3.6 eV lower than the
top of the valance band.

[0096] Note that a numerical range stated as “from . . . to .
.. " 1s intended to mean that the upper and lower limits are
both inclusive. For example, the numerical range “from 1.8
eV to 3.6 eV” includes both 1.8 eV and 3.6 eV.

[0097] In the organic EL display panel according to the
above aspect of the present invention, the ratio in the number
density of the other atoms to the tungsten atoms may not
exceed 0.62. If this is the case, the adherent removal effect is
assumed to have reached a level of saturation, so that a suffi-
cient adherent removal effect is expected to be achieved.
[0098] In the organic EL display panel according to the
above aspect of the present invention, the atoms other than
tungsten atoms and oxygen atoms comprise carbon atoms.
[0099] In the organic EL display panel according to the
above aspect of the present invention, the UPS spectrum
obtained from the UPS measurement may have the protrusion
appearing near the Feiuii surface and within the region cor-
responding to the binding energy range lower than the top of
a valence band, and the tungsten oxide contained in the hole
injection layer may satisfy the condition, as determined by the
XPS measurement, that the ratio in the number density of
atoms other than tungsten atoms and oxygen atoms to the
tungsten atoms does not exceed 0.83.

[0100] An organic EL display panel pertaining to another
aspect of the present invention includes: a substrate; a first
electrode on or in the substrate; wiring on or in the substrate
at a distance from the first electrode; an organic layer, includ-
ing organic material, above the first electrode; a tungsten
oxide layer, including a tungsten oxide, between the organic
layer and the first electrode; and a second electrode above the
organic layer, wherein the tungsten oxide layer and the sec-
ond electrode are both formed to be continuous above the first
electrode and above the wiring, the second electrode and the
wiring are electrically connected by the tungsten oxide layer,
an UPS spectrum of the tungsten oxide layer, obtained from a
UPS measurement, has a protrusion appearing near a Fermi
surface and within a region corresponding to a binding energy
range lower than a top of a valence band, and the tungsten
oxide satisfies a condition, determined from an XPS measure-
ment, that a ratio in a number density of atoms other than
tungsten atoms and oxygen atoms to the tungsten atoms does
not exceed 0.83.

[0101] An organic EL display panel pertaining to another
aspect of the present invention includes: a substrate; a first
electrode on or in the substrate; auxiliary wiring on or in the
substrate at a distance from the first electrode; a functional
layer, including at least a light-emitting layer, above the first
electrode; a hole injection layer for injecting holes to the
functional layer, the hole injection layer being between the
first electrode and the functional layer; and a second elec-
trode, above the functional layer, wherein the hole injection
layer and the second electrode are both formed to be continu-
ous above the first electrode and above the auxiliary wiring,
the second electrode and the auxiliary wiring are electrically
connected by the hole injection layer, and the hole injection
layer contains a tungsten oxide, an UPS spectrum, obtained
from a UPS measurement, having: a protrusion appearing
near a Fermi surface and within a region corresponding to a
binding energy range lower than a top of a valence band; and
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a peak appearing within a region corresponding to a binding
energy range from 4.5 eV to 5.4 eV.

[0102] In the organic EL display panel according to the
above aspect of the present invention, in the UPS spectrum,
the protrusion may appear within the region corresponding to
the binding energy range from 1.8 eV to 3.6 eV lower than the
top of the valance band.

[0103] In the organic EL display panel according to the
above aspect of the present invention, the hole injection layer
may be irradiated with ultraviolet light so that the UPS spec-
trum obtained from the UPS measurement has: the protrusion
appearing near the Fermi surface and within the region cor-
responding to the binding energy range lower than the top of
a valence band; and the peak appearing within the region
corresponding to the binding energy range from 4.5 eV to 5.4
eVv.

[0104] An organic EL display panel pertaining to another
aspect of the present invention includes: a substrate; a first
electrode on or in the substrate; wiring on or in the substrate
at a distance from the first electrode; an organic layet, includ-
ing organic material, above the first electrode; a tungsten
oxide layer, including a tungsten oxide, between the organic
layer and the first electrode; and a second electrode above the
organic layer, wherein the tungsten oxide layer and the sec-
ond electrode are both formed to be continuous above the first
electrode and above the wiring, the second electrode and the
wiring are electrically connected by the tungsten oxide layer,
and an UPS spectrum of the tungsten oxide layer, obtained
from a UPS measurement, has: a protrusion appearing near a
Fermi surface and within a region corresponding to a binding
energy range lower than a top of a valence band; and a peak
appearing within a region corresponding to a binding energy
range from 4.5 eV to 5.4 V.

[0105] An organic EL display apparatus pertaining to
another aspect of the present invention has any one of the
above-described organic EL display panels.

[Developments Leading to the Present Invention]

[0106] First, with the aim of preventing increase in drive
voltage of the organic EL element and reduction in longevity
of the organic EL element, the present inventors have come to
a technical idea of adding, to the manufacturing process, a
cleaning step of removing adherents from the layer surfaces
subsequently to the formation of the respective layers.
[0107] As the cleaning methods for removing adherents,
the present inventors have turned their attention to ultraviolet
(UV) ozone cleaning and oxygen plasma cleaning, which are
widely used for cleaning glass substrates and electrodes, for
the high degree of cleanliness achieved thereby.

Intensive studies by the present inventors on the cleaning
methods have revealed that neither UV ozone cleaning nor
oxygen plasma cleaning is suitable for cleaning the hole
injection layer of an organic EL element, provided that the
hole injection layer is composed of a metal oxide, such as
molybdenum oxide or tungsten oxide.

[0108] The reason is as follows. Both the UV ozone clean-
ing and oxygen plasma cleaning utilize strong oxidation asso-
ciated with oxygen radicals formed by decomposition of oxy-
gen molecules. Through the oxidation, oxygen atoms end up
filling structures similar to oxygen vacancies of metal oxide
on the surface of the hole injection layer. Consequently, the
energy level resulting from structures similar to oxygen
vacancies disappears from the hole injection layer composed
of metal oxide. As a result, there is a risk of decreasing the
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hole injection efficiency. To be more precise, the present
inventors have confirmed, by experiments described below,
that the energy level resulting from structures similar to oxy-
gen vacancies almost completely disappear through UV
ozone cleaning.

[0109] Based on the above findings, the present inventors
have recognized the importance of the following two points in
order to prevent increase in the drive voltage of, and decrease
in the longevity of an organic EL element having a hole
injection layer composed of a metal oxide. One of the points
is that the energy level resulting from structures similar to
oxygen vacancies of metal oxide on the surface of the hole
injection layer remains without being eliminated. The other
of the points is that adherents are removed from the surface
the hole injection layer.

[0110] Afteraseries of researches and studies regarding the
above features of the present invention, the present inventors
came to be aware of Non-Patent Literature 1 disclosing UV
ozone cleaning performed subsequently to the formation of a
hole injection layer composed of tungsten oxide. However,
Non-Patent Literature 1 discloses nothing about the impact
on the characteristics of the organic EL element imposed by
UV ozone cleaning and nothing about optimizing the condi-
tions of UV ozone cleaning. It is further noted that Non-
Patent Literature 1 does not describe anything about the fact,
which are found by the present inventors through specific
studies, that UV ozone cleaning is not suitable for cleaning a
hole injection layer composed of tungsten oxide unless
adequately modified. Naturally, Non-Patent Literature 1 does
not describe anything about the technical reasons for the
unsuitability.

[0111] As another method for removing adherents, the fol-
lowing discusses sputter etching of performing argon ion
sputtering in a vacuum chamber subsequently to a hole injec-
tion layer is formed. The sputter etching has been reported to
remove adherents and also to increase the energy level result-
ing from structures similar to oxygen vacancies. Thus, the
sputter etching appears to be an excellent cleaning method at
first.

[0112] Unfortunately, the clean surface and the increased
energy level obtained by the sputter etching can be main-
tained only in the vacuum chamber for the following reason.
That is, the surface of a hole injection layer treated by sputter
etching in vacuum is highly instable because the molecular
bonds have been forcedly broken by an ion beam. Therefore,
once taken out of the vacuum chamber, the hole injection
layer easily adsorbs atmospheric molecules to be stabilized.
In the manner described above, structures similar to oxygen
vacancies of metal oxide which are created in vacuum are
instantly filled, and the layer surface once cleaned rapidly
adsorbs contaminants.

[0113] The layer surface may be kept clean by performing
some or all of the subsequent manufacturing steps continu-
ously inside the vacuum chamber. However, performing
manufacturing steps inside a vacuum chamber is applicable,
on condition that the organic EL display panel to be manu-
factured is relatively small. For a large-sized organic EL
display panel having display size of e.g., around 50 inches, it
is extremely difficult to perform the manufacturing steps
inside a vacuum chamber as the vacuum chamber needs to be
large enough for such a large-sized organic EL display panel.
Besides, the throughput of steps performed inside a vacuum
chamber is small, and such steps are not desirable for mass
production.
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[0114] Alternatively to removing adherents, a method of
preventing adhesion of contaminants per se is one possibility.
For example, by performing some or all of manufacturing
steps subsequent to the layer formation continuously inside a
vacuum chamber, the respective layers are exposed neither to
the atmosphere nor to impurity molecules. Thus, the layer
surface is kept free or substantially free of contaminants.
However, this scheme is extremely difficult to apply to the
manufacturing of large-sized organic EL display panels
because the vacuum chamber of a corresponding size is
required as already described above.

[0115] Alternatively, performing manufacturing steps
inside a chamber filled with inert gas is another possibility.
This scheme is applicable to the manufacturing of large-sized
organic display EL panels. Unfortunately, such a chamber
still contains impurity molecules and the like, although the
amount is smaller than that in the atmosphere. In addition,
complete removal of such molecules from the chamber is
difficult.

[0116] Ashasbeen described above, it is extremely difficult
to obtain an organic EL element having a hole injection layer
satisfying that the energy level resulting from structures simi-
lar to oxygen vacancies of metal oxide on the layer surface
remains without being eliminated, and that the surface of the
hole injection layer is free or substantially free of adherents.
[0117] Incontrast, anorganic EL element according to one
aspect of the present invention includes a hole injection layer
having an energy level resulting from structures similar to
oxygen vacancies of metal oxide on the surface of the hole
injection layer remains without being eliminated. Therefore,
holes are injected from the anode (pixel electrode) to the
functional layer with efficiency. Consequently, the organic
EL element emits light at low power consumption and high
intensity. In addition, since adherents have been removed
from the surface ofthe hole injection layer, no or substantially
no contaminants are embedded between the hole injection
layer and the functional layers. As a consequence, the drive
voltage of the organic EL element is not increased and no
carrier traps, such as impurities derived from adherents, are
formed, which ensures a long life and favorable characteris-
tics of the organic EL element.

[0118] Second, the inventors observed the following
through an experiment described below: if an occupied
energy level near the Fermi surface, formed by a structure
similar to an oxygen vacancy, exists along the surface of a
hole injection layer formed from a metal oxide, then at the
interface between the hole injection layer and the functional
layer, the difference between the lowest binding energy of the
occupied energy level near the Fermi surface and the binding
energy of the highest occupied molecular orbital in the func-
tional layer becomes small, which is effective for reducing the
driving voltage of the element.

[0119] Focusing on this observation, the inventors discov-
ered that if the occupied energy level near the Fermi surface
exists in the hole injection layer, then the difference between
the lowest binding energy of the occupied energy level near
the Fermi surface and the Fermi level of the electrode is also
small at the interface with the electrodes such as the anode,
the cathode, and the auxiliary wiring. This suggested the
possibility of favorable carrier exchange.

[0120] The inventors then discovered that a hole injection
layer made from metal oxide that has an occupied energy
level near the Fermi surface can achieve Schottky ohmic
contact with electrodes that are relatively low-resistance and
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are made from a metal material such as Al, or electrodes made
from a transparent electrode material with a relatively high
resistance, suchas ITO orIZO. For this reason, even if formed
on the auxiliary wiring, the hole injection layer does not
increase the resistance of the wiring portion.

[0121] Third, the inventors also examined the material for
forming a hole injection layer that does not easily degrade or
suffer from a change in properties during the hank forming
process.

[0122] As described above, a metal oxide, which is an
inorganic material, is a good material for forming a hole
injection layer with improved driving voltage and longevity
of the organic EL element. However, actual manufacturing of
an organic EL element using molybdenum oxide for the hole
injection layer suggested that the hole injection layer might
degrade or suffer from a change in properties due to the
alkaline solution, water, organic solvent, or the like use during
the bank forming process. Degradation or a change in prop-
erties of the hole injection layer would impair the expected
ability of the hole injection layer to inject holes above the
pixel electrode in the light-emitting cell and would increase
the resistance of the wiring portion above the auxiliary wir-
ing, thus preventing normal driving of the organic EL ele-
ment. Moreover, such a hole injection layer would not be able
to withstand the mass production process of organic EL ele-
ments and organic EL panels incorporating such organic EL
elements. Therefore, it cannot always be considered desirable
to form the hole injection layer from molybdenum oxide,
which may cause degradation or a change in properties.
[0123] Therefore, focusing on tungsten oxide which has a
lower probability of causing degradation or a change in prop-
erties, the inventors discovered that tungsten oxide provided
with certain physical properties has low solubility and does
not easily degrade in the above solution and the like. Further-
more, such tungsten oxide has a strong capability to inject
holes.

Embodiment 1

[0124] The following is a description of an organic EL
display panel and an organic EL display apparatus according
to an aspect of the present invention, followed by the results of
experiments to confirm performance and an analysis thereof.
It is to be noted that, in each of the accompanying figures, the
relation between sizes of each of the members are not illus-
trated directly reflecting the actual relation.

[0125] <Structure of Organic Display Panel>

[0126] FIGS. 1A and 1B illustrate an organic EL display
panel according to an aspect of the present invention. FIG. 1A
is a partial plan view illustrating the main portions of the
organic EL display panel. FIG. 1B is a cross-sectional dia-
gram, along the line from A to A’ in FIG. 14, illustrating the
main portions of the organic EL display panel.

[0127] As shown in FIG. 1A, an organic EL display panel
110 according to the present embodiment is provided with a
matrix of a plurality of light-emitting pixels 95A each having
a light-emitting cell 95. A plurality of anodes (pixel elec-
trodes, first electrodes) 20 are provided, one for each pixel,
and an auxiliary wiring (also corresponding to the wiring) 30
is provided along the light-emitting cells 95 for each row of
light-emitting pixels.

[0128] As illustrated in FIG. 1B, the organic EL display
panel 110 includes the following: a substrate 10, anodes 20
and auxiliary wirings 30 formed on the substrate 10, a hole
injection layer 40 (also corresponding to the tungsten oxide
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layer) formed above the anodes 20 and the auxiliary wiring
30, pixel apertures 45 formed on the hole injection layer 40
above the anodes 20, banks 50 having connection apertures
35 above the auxiliary wiring 30, buffer layers 60 formed
within the pixel apertures 45 of the banks 50, light-emitting
layers 70 (also corresponding to the organic layers) formed on
the buffer layers 60 within the pixel apertures 45 of the banks
50, an electron injection layer (also corresponding to the
metal layer) 80 formed on the upper surface of the above
components, a cathode 90 (common electrode, a second elec-
trode) formed on the electron injection layer 80, and the like.
[0129] A hole injection layer with properties identical to
the hole injection layer 40 formed above the anode 20 is also
formed above the auxiliary wiring 30. In other words, the hole
injection layer 40 is formed across the entire surface shown in
the partial plan view of FIG. 1A. The electron injection layer
80 and the cathode 90 are also formed across the entire sur-
face shown in the partial plan view of FIG. 1A.

[0130] Theauxiliary wiring 30 and the cathode 90 are elec-
trically connected via the hole injection layer 40 and the
electron injection layer 80 within the connection apertures 35
provided along the auxiliary wiring 30, thus constituting the
wiring portion that connects the cathode 90 to the power
source. The layer structure between the cathode 90 and the
auxiliary wiring 30 in the connection apertures 35 is not
limited to the above structure. For example, a layer other than
the hole injection layer 40 and the electron injection layer 80
may be included, or alternatively the electron injection layer
80 may be excluded. Any layer structure that does not prevent
electrons from flowing from the auxiliary wiring 30 to the
cathode 90 is acceptable. Organic EL display panels includ-
ing such a multilayered structure are included in the scope of
the present invention and achieve the same advantageous
effects as the organic EL display panel 110 according to the
present embodiment.

[0131] Each light-emitting cell 95 is composed of the hole
injection layer 40, the buffer layer 60, the light-emitting layer
70, and the electron injection layer 80 provided within the
pixel apertures 45. Through the cathode 90, the light-emitting
cell 95 emits light produced by recombination of holes and
electrons injected into the light-emitting layer 70. Note that
the anodes 20 are provided separately for each pixel in cor-
respondence with the light-emitting cells 95. In other words,
when the light-emitting cell is composed of subpixels, such as
R, G, B subpixels, the light-emitting cell 95 and the anode 20
are provided separately in correspondence with each sub-
pixel.

[0132] (Substrate)

[0133] The substrate 10 is the base material for the organic
EL element and may be formed with an insulating material
such as alkali-free glass, soda glass, nonfluorescent glass,
phosphate glass, borate glass, quartz, acrylic resin, styrenic
resin, polycarbonate resin, epoxy resin, polyethylene, poly-
ester, silicone resin, and alumina.

[0134] While not shown in the figures, TFTs (thin film
transistors) are provided on the surface of the substrate 10 for
driving the organic EL, elements.

[0135] (Anode)

[0136] The anode 20 is formed by, for example, layering a
20 nm-thick transparent conductive film of ITO on a 400
nm-thick metal film of Al. Note that the structure of the anode
20 is not limited in this way and may instead be formed from
a single layer, such as a transparent conducting film of ITO,
170, or the like; a metal film of Al, Ag, or the like; or an alloy
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film of APC (alloy of silver, palladium, and copper), ARA
(alloy of silver, rubidium, and gold), MoCr (alloy of molyb-
denum and chromium), NiCr (alloy of nickel and chromium),
or the like. Furthermore, a structure may be adopted having a
plurality of layers selected from the above transparent con-
ducting films, metal films, and metal alloy films.

[0137] (Auxiliary Wiring)

[0138] The auxiliary wiring 30 is formed by, for example,
layering a 20 nm-thick transparent conductive film of ITO on
a 400 nm-thick metal film of Al. Note that the structure of the
auxiliary wiring 30 is not limited in this way and may instead
be formed from a single layer, such as a transparent conduct-
ing film of ITO, IZO, or the like; a metal film of Al, Ag, or the
like; or an alloy film of APC (alloy of silver, palladium, and
copper), ARA (alloy of silver, rubidium, and gold), MoCr
(alloy of molybdenum and chromium), NiCr (alloy of nickel
and chromium), or the like. Furthermore, a structure may be
adopted having a plurality of layers selected from the above
transparent conducting films, metal films, and metal alloy
films.

[0139] (Hole Injection Layer)

[0140] The hole injection layer 40 is, for example, formed
as a layer of tungsten oxide that is at least 2 nm thick (in the
present example, 30 nm). In the composition formula (WOx)
denoting the composition of tungsten oxide, X is a real num-
ber existing within a range of approximately 2<x<3. A thick-
ness under 2 nm 1s not desirable, as such a thickness makes it
difficult to form the hole injection layer 40 uniformly and to
form Schottky ohmic contact between the anode 20 and the
hole injection layer 40 of the light-emitting cell. The above
Schottky ohmic contact can be stably formed when the thick-
ness of the tungsten oxide layer is at least 2 nm. Therefore, by
forming the hole injection layer 40 to at least this thickness, a
stable efficiency of hole injection from the anode 20 to the
hole injection layer 40 of the light-emitting cell can be
expected.

[0141] Furthermore, it is even more desirable for the thick-
ness of the tungsten oxide layer to be at least 4 nm, since the
Schottky ohmic contact stably forms between the auxiliary
wiring 30 and the hole injection layer 40 as well as between
the hole injection layer 40 and the electron injection layer 80
in the wiring portion. At this thickness, stable carrier
exchange can therefore be expected.

[0142] Whileitis desirable for the hole injection layer 40 to
be formed only from tungsten oxide, the inclusion of a trace
level of impurities is acceptable, provided that the amount
does not exceed the amount of impurities that might noiinally
be incorporated.

[0143] By being formed under predetermined conditions,
the hole injection layer 40 has an electron level with a struc-
ture similar to an oxygen vacancy of a metal oxide. The
existence of this electron level allows for good hole injection
from the anode 20 to the hole injection layer 40 and from the
hole injection layer 40 to the buffer layer 60 in the light-
emitting cell, as well as good carrier exchange between the
auxiliary wiring 30 and the hole injection layer 40, and
between the hole injection layer 40 and the electron injection
layer 80, in the wiring portion. In addition, subsequently to
the layer formation, the hole injection layer 40 is irradiated
with ultraviolet light of a predetermined wavelength in the
atmosphere. As a result of the ultraviolet (UV) irradiation, the
surface of the hole injection layer 40 is cleaned to reduce
adherents thereon, without affecting the energy level result-
ing from the structures similar to oxygen vacancies of metal
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oxide. In addition, the duration and intensity of UV irradia-
tion is set so that, with respect to a photoelectron spectrum
exhibited by the hole injection layer 40 after the UV irradia-
tion, changes in shape of a spectral region corresponding to a
predetermined range of binding energy converge. With the
setting, the maximum effect of removing adherents is
achieved by UV irradiation performed at the minimum con-
ditions.

[0144] In greater detail, the above reference to having an
“electron level with a structure similar to an oxygen vacancy
of ametal oxide” means that the hole injection layer 40 has, in
an electronic state thereof, an occupied energy level between
1.8 eV and 3.6 eV lower than the upper end of the valance
band of the hole injection layer, i.e. the lowest energy level of
the valence band, in terms of binding energy. Furthermore,
the occupied energy level corresponds to the energy level of
the highest occupied molecular orbital (HOMO) of the hole
injection layer 40. That is, in the electronic state of the hole
injection layer 40, the occupied energy level is closest to the
Fermi level (Fermi surface) of the hole injection layer 4, in
terms of binding energy. As such, the occupied energy level of
the hole injection layer is referred to as “the occupied energy
level near the Fermi surface” in the following description.
[0145] Due to the existence of this occupied energy level
near the Fermi surface, a so-called interface energy level
alignment is formed at the layer interface between the hole
injection layer 40 and the functional layer (the buffer layer
60), so that the binding energy of the highest occupied
molecular orbital of the buffer layer 60 and the binding energy
ofthe occupied energy level near the Fermi surface of the hole
injection layer 40 become approximately equal.

[0146] Note that the expressions “approximately equal to”
and “interface energy level alignment being formed” as
referred to herein indicate that at the interface between the
hole injection layer 40 and the buffer 60, the difference
between the lowest binding energy at the occupied energy
level near the Fermi surface and the lowest binding energy at
the highest occupied molecular orbital is 0.3 eV.

[0147] Furthermore, the expression “interface” as referred
to here denotes an area that includes a surface of the hole
injection layer 40 and a portion of the buffer layer 60 within
a distance of 0.3 nm from the surface of the hole injection
layer 3.

[0148] Furthermore, a characteristic of the hole injection
layer 40 is the formation of a so-called Schottky ohmic con-
tactat the interface with the anode 20, the auxiliary wiring 30,
and the electron injection layer 80.

[0149] The expression “Schottky ohmic contact” as
referred to here denotes that the Fermi level of the anode 20,
the auxiliary wiring 30, and the electron injection layer 80
differs from the above-described lowest binding energy of the
occupied energy level near the Fermi surface of the hole
injection layer 40 by a small amount, specifically 0.3 eV, at
aposition that is 2 nm away from the surface of the anode 20,
auxiliary wiring 30, or the electron injection layer 80 towards
the hole injection layer 40. Furthermore, the expression
“interface” as referred to here denotes a region that includes a
surface of the anode 20, the auxiliary wiring 30, or the elec-
tron injection layer 80 and the Schottky barrier formed on the
side of the surface facing the hole injection layer 40.

[0150] While it is desirable that the occupied energy level
near the Fermi surface exists throughout the hole injection
layer 40, it suffices for this occupied energy level to exist at
the interface with the buffer layer 60, the anode 20, the aux-
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iliary wiring 30 and the electron injection layer 80. Note that
not all tungsten oxide has such an occupied energy level near
the Fujii surface; rather, within the hole injection layer and at
the interface with the buffer layer 60, this particular energy
level only forms under the predetermined film forming con-
ditions described below.

[0151] (Bank)

[0152] The banks 50 are, for example, composed of an
organic material with insulating properties (such as acrylic
resin, polyimide resin, novolac-type phenolic resin, and the
like). The banks 50 are formed in a pixel bank structure, with
pixel apertures 45 in one-to-one correspondence with a plu-
rality of anodes 20, or in a line bank structure, with one pixel
aperture 45 corresponding to a plurality of anodes 20
arranged in a line. Note that the banks 50 are not essential to
the present invention and are unnecessary in cases such as
when an organic EL display panel is constituted by one
organic EL element.

[0153] (Buffer Layer)

[0154] Inoneexample, the buffer layer 60 is a 20 nm-thick
layer of TFB (poly(9,9-di-n-octylfluorene-alt-(1,4-phe-
nylene-((4-sec-butylphenyl)imino)-1,4-phenylene)), which
is an amine-containing organic polymer.

[0155] (Light-Emitting Layer)

[0156] In one example, the light-emitting layer 70 is a 70
nm-thick layer of F8BT (poly(9,9-di-n-octylfluorene-alt-
benzothiadiazole)), which is an organic polymer. However,
the material of the light-emitting layer 70 is not limited to this,
and the light-emitting layer 70 may contain a commonly-
known organic material. Examples of such commonly-
known organic material for the light-emitting layers 5 include
fluorescent material, such as an oxinoid compound, perylene
compound, coumarin compound, azacoumarin compound,
oxazole compound, oxadiazole compound, perinone com-
pound, pyrrolo-pyrrole compound, naphthalene compound,
anthracene compound, fluorene compound, fluoranthene
compound, tetracene compound, pyrene compound, coro-
nene compound, quinolone compound and azaquinolone
compound, pyrazoline derivative and pyrazolone derivative,
rhodamine compound, chrysene compound, phenanthrene
compound, cyclopentadiene compound, stilbene compound,
diphenylquinone compound, styryl compound, butadiene
compound, dicyanomethylene pyran compound, dicyanom-
ethylene thiopyran compound, fluorescein compound, pyry-
lium compound, thiapyrylium compound, selenapyrylium
compound, telluropyrylium compound, aromatic aldadiene
compound, oligophenylene compound, thioxanthene com-
pound, anthracene compound, cyanine compound, acridine
compound, metal complex of an 8-hydroxyquinoline com-
pound, metal complex of a 2-bipyridine compound, complex
of a Schiff base and a group three metal, metal complex of
oxine, rare earth metal complex, etc., as recited in Japanese
Patent Application Publication No. H5-163488.

[0157] (Functional Layer)

[0158] A functional layer according to the present inven-
tion refers to one of: ahole transport layer that transfers holes;
a light-emitting layer that emits light as a result of recombi-
nation of injected holes and electrons; and a buffer layer used
for adjusting optical characteristics of the organic EL element
1 or for blocking electrons. Alternatively, functional layers
according to the present invention may refer to a combination
of two or more of, or all of the above-mentioned layers.
Although the target of the present invention is the hole injec-
tion layer, an organic EL element commonly includes layers
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having each of the functions of the above-described hole
transfer layer, light-emitting layer and the like, in addition to
the hole injection layer. As such, the expression “functional
layers” refers to all such layers which need to be included in
the organic EL element, aside from the hole injection layer to
which the present invention is directed.

[0159]

[0160] The electron injection layer 80 is, for example, a 5
nm-thick barium layer and has the function of injecting elec-
trons from the cathode 90 to the light-emitting layer 70. The
electron injection layer 80 is formed to be continuous above
the anodes 20 and above the auxiliary wiring 30. Above the
anodes 20, the electron injection layer 80 is located between
the cathode 90 and the light-emitting layer 70, whereas above
the auxiliary wiring 30, the electron injection layer 80 is
located between the cathode 90 and the hole injection layer
40. When light is emitted through the top (i.e. top emission),
as in the present embodiment, the electron injection layer 80
must be light-transmissive. Forming the electron injection
layer as a 5 nm-thick barium layer makes the electron injec-
tion layer light-transmissive. Note that when light is emitted
through the bottom (i.e. bottom emission), depending on the
element structure, the electron injection layer need not always
be light-transmissive.

[0161] (Cathode)

[0162] The cathode 90 is formed by, for example, layering
a 35 nm-thick transparent conductive film of ITO. Note that
the structure of the cathode 90 is not limited in this way and
may instead be formed from a thin layer of a transparent
conducting film of IZO, or the like; a metal such as Al, Ag, or
the like; or an alloy of APC (alloy of silver, palladium, and
copper), ARA (alloy of silver, rubidium, and gold), MoCr
(alloy of molybdenum and chromium), NiCr (alloy of nickel
and chromium), or the like. Furthermore, a structure may be
adopted having a plurality of layers selected from the above
transparent conducting films, metal films, and metal alloy
films.

[0163] A direct current power supply is connected to the
anodes 20 and to the auxiliary wirings 30 to supply power
from an external source to the organic EL display panel 110.

[0164]

[0165] Based on FIG. 2, an organic EL display apparatus
according to an aspect of the present invention is now
described. FIG. 2 is a diagram illustrating the overall configu-
ration of an organic EL display apparatus according to an
aspect of the present invention.

[0166] Asillustrated in FIG. 2, an organic EL display appa-
ratus 100 is provided with the organic EL display panel 110
according to an aspect of the present invention as well as a
drive control unit 120 connected thereto. The organic EL
display apparatus 100 is used in monitors, televisions, cellular
telephones, and the like. The drive control unit 120 includes
four drive circuits 121-124 and a control circuit 125. Note that
in an actual organic EL display apparatus 100, the layout and
the connection of the drive control unit 120 with respect to the
organic EL display panel 110 are not limited to the depiction
in FIG. 2.

(Electron Injection Layer)

<Structure of Organic EL Display Apparatus>

[0167] <Method of Manufacturing Organic EL Display
Panel>
[0168] With reference to the drawings, the following pro-

vides details on a method of manufacturing an organic EL
display panel according to the present embodiment.
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[0169] FIGS.3A-3E and 4A-4D are cross-section diagrams
illustrating the method of manufacturing an organic EL dis-
play panel according to an aspect of the present invention.
[0170] First, as illustrated in FIG. 3A, a substrate 10 is
prepared. The substrate 10 is provided with a drive circuit (not
shown in the drawings) composed of, for example, TFTs
(Thin Film Transistors), capacitors, and the like. Using, for
example, vacuum deposition or sputtering, a metal film of Al
and a transparent conducting film such as ITO are formed in
this order across the entire substrate 10. Subsequently, using
photolithography, the metal film and the transparent conduct-
ing layer are etched to form anodes 20 at predetermined
positions as well as auxiliary wiring 30 at predetermined
positions electrically insulated from the anodes 20.

[0171] At this point, the anodes 20 are formed individually
in correspondence with the light-emitting units, whereas the
auxiliary wiring 30 is provided in a one-dimensional arrange-
ment along the rows or columns, for example, of light-emit-
ting pixels provided in the two-dimensional matrix. Note that
a planarizing layer, for example, may be provided on the
substrate 10 as necessary to eliminate unevenness due to the
drive circuit or other factors, with the anodes 20 and auxiliary
wiring 30 being formed on top of the planarizing layer.
[0172] Next, as illustrated in FIG. 3B, the hole injection
layer 40 is formed on the anodes 20 in the auxiliary wiring 30
by the reactive sputtering method. Specifically, the target of
reactive sputtering method is metal tungsten. An argon gas
and an oxygen gas are introduced into the chamber as the
sputtering gas and the reactive gas, respectively. Under this
state, high voltage is applied to ionize the argon, so that the
ionized argon is caused to bombard the sputtering target. The
metal tungsten ejected as a result of the sputtering phenom-
enon reacts with the oxygen gas to produce tungsten oxide.
The hole injection layer 40 thus forms as a continuous film
along the anodes 20 and the auxiliary wiring 30 on the sub-
strate 10, yielding an intermediate product 110A.

[0173] The film formation described above is performed
under the following conditions: (i) the substrate temperature
is not controlled; (i1) gas pressure (total gas pressure) is equal
to 4.8 Pa; (iii) the ratio of oxygen partial pressure to the total
gas pressure is equal to 50%; and (iv) input power per umt
surface area of the sputtering target (input power density) is
equal to 1.4 W/cm?. The hole injection layer 40 composed of
tungsten oxide formed under the above conditions has the
energy level resulting from structures similar to oxygen
vacancies on its surface.

[0174] Next, the intermediate product 110A is removed
from the chamber to the atmosphere. At this point, the hole
injection layer 40 is exposed to the atmosphere and thus
adsorbs gas molecules on its exposed surface. It is also
assumed that once the hole injection layer 40 is formed,
impurity molecules present in the chamber adhere to the layer
surface even before the intermediate product 110A is taken
out of the chamber.

[0175] Next, UV irradiation s performed in the atmosphere
to expose the surface of the hole injection layer 40 to ultra-
violet light. In this step, an ultraviolet (UV) irradiation appa-
ratus 200 according to one aspect of the present invention is
used. The UV irradiation apparatus 200 has a metal halide
lamp manufactured by Ushio Inc. (Model No.. UVL-
3000M2-N) as a light source 201. The UV irradiation appa-
ratus 200 will be described later in detail. The irradiation
conditions are separately determined by experiments con-
ducted using photoemission spectroscopy measurements,
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which will be described later. Specifically, the irradiation
conditions are determined so that changes in shape of the
resulting photoelectron spectrum in a spectral region corre-
sponding to a predetermined binding energy range converge.
In this embodiment, the irradiation intensity is determined to
be 155 mW/cm? and the irradiation duration is determined to
be 10 minutes.

[0176] In the description above, the UV irradiation is per-
formed in the ambient atmosphere. Alternatively, however,
the UV irradiation may be performed in various other gas
atmospheres, such as reduced-pressure atmosphere, inert gas
atmosphere, or vacuum. The above variations are possible
because the cleaning by UV irradiation uses ultraviolet light
at such wavelengths not generating oxygen radicals. Still,
however, the UV irradiation performed in the atmosphere is
advantages in the manufacture of large-sized panels, for the
reasons stated above.

[0177]  Asillustrated in FIG. 3C, a negative photoresist 50A
is then applied to the entire surface.

[0178] Subsequently, as illustrated in FIG. 3D, a photo-
mask 51 having light-blocking portions at positions corre-
sponding to the light-emitting cells and connecting portions is
layered on the negative photoresist S0A. The photoresist S0A
is exposed through the photomask 51 using photolithography.
[0179] Next, as illustrated in FIG. 3E, the intermediate
product 110A is developed to form the pixel apertures 45 and
connection apertures 35 between the banks 50.

[0180] The UV irradiation is applicable to the hole injec-
tion layer composed of metal oxide having undergone the
bank forming step as above. In this case, by performing the
UV irradiation of the surface of the hole injection layer after
the banks are formed, organic molecules, which are residues
of banks and developer, are removed from the surface of the
hole injection layer. In general, irradiating banks with ultra-
violet light results in changes in the contact angle of each
bank with respect to an organic solvent applied as an upper
layer. Yet, according to the present invention, it is easy to
uniformly determine the irradiation conditions of ultraviolet
light. Therefore, the contact angle and the bank configuration
can be appropriately adjusted in view of the uniformly deter-
mined irradiation conditions.

[0181] Next, as illustrated in FIG. 4A, the buffer layer 60 is
formed by ejecting drops of ink composition containing
organic amine-containing molecular material into the pixel
apertures 45 by a wet process, such as spin coating or aninkjet
method, and removing the solvent by volatilization. The
buffer layer 60 is thus formed.

[0182] Subsequently, as illustrated in FIG. 4B, the light-
emitting layer 70 is formed by ejecting drops of ink compo-
sition containing organic light-emitting material onto the sur-
face of the buffer layer 60 by the same method and removing
the solvent by volatilization.

[0183] Here, it should be noted that the method for forming
the buffer layer 60 and the light-emitting layer 70 is not
limited to the above method. Other than spin coating and the
inkjet method, ink may be ejected/applied by another com-
monly-known method such as the gravure printing method,
the dispenser method, the nozzle coating method, the intaglio
printing method, or the relief printing method.

[0184] Subsequently, as illustrated in FIG. 4C, the electron
injection layer 80 is formed to be continuous on the light-
emitting layer 70 and on the hole injection layer 40 in the
connection aperture 35 with, for example, the vacuum depo-
sition method.
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[0185] Furthermore, as illustrated in FIG. 4D, by the same
method, the cathode 90 is formed on the electron injection
layer 80.

[0186] Note that while not illustrated in FIGS. 1A and 1B,
asealing layer may be additionally provided on the surface of
the cathode 90, or a sealing cap may be provided to isolate the
entire organic EL element from external space, in order as to
prevent the organic EL element from being exposed to the
atmosphere after completion. The sealing layer may be
formed, for example, by using materials such as SiN (silicon
nitride) and SiON (silicon oxynitride), and may be disposed
such that the organic EL element is sealed therein. When
using a sealing cap to prevent atmospheric exposure of the
organic EL element 1, the sealing cap may be formed by
using, for instance, the same material as the substrate 10, and
a getter which absorbs moisture and the like may be provided
within the sealed space formed by the substrate 10 and the
sealing cap.

[0187] Performance of the above steps completes the
organic EL display panel 110.

[0188] The above-described manufacturing method of the
organic EL display panel 110 involves the UV irradiation step
of radiating ultraviolet light having the predetermined wave-
length, performed afier the hole injection layer 40 of tungsten
oxide is formed. With the step, adherents on the surface of the
hole injection layer 40 of the light-emitting cell and the wiring
portion are removed, while the energy level resulting from
structures similar to oxygen vacancies of metal oxide is main-
tained on the surface of the hole injection layer 40.

[0189] Furthermore, the energy level mentioned above is
continuously maintained in the atmosphere throughout the
time from the cleaning of the hole injection layer 40 to the
formation of the buffer layer 60 in the light-emitting cell and
the time from the cleaning of the hole injection layer 40 to the
formation of the electron injection layer 80 in the wiring
portion. Consequently, in the light-emitting cell, the ability of
hole injection of the buffer layer 60 is maintained with sta-
bility, and in the wiring portion, the ability of chmic contact
with the electron injection layer 80 is maintained with stabil-
ity. This ensures the stable manufacturing of the organic EL
display panel 110 that is driven with low drive voltage and has
longevity.

[0190] Furthermore, the duration of UV irradiation and the
intensity of ultraviolet light in the UV irradiation step are
determined in view of the conditions with which, with respect
to a photoelectron spectrum exhibited by the hole injection
layer 40, changes in shape of a spectral region corresponding
to a predetermined binding energy range converge. That is,
the irradiation conditions are determined to achieve the maxi-
mum removable of adherents with the minimum conditions.
Thus, the highly stable hole injection efficiency in the light-
emitting cell and the schottky chmic contact in the wiring
portion are realized with a minimum cleaning process.
[0191] <UV Irradiation Apparatus>

[0192] Next, the following describes the UV irradiation
apparatus. FIG. 5 illustrates an UV irradiation apparatus 200
according to one aspect of the present invention. The UV
irradiation apparatus 200 is for irradiating ultraviolet light to
anintermediate product 110A of the organic EL display panel
110 and includes: a light source 201 that emits ultraviolet
light mainly within the wavelength region longer than 184.9
nm and equal to 380 nm or shorter; a reflector 202 that reflects
ultraviolet light emitted by the light source 201 toward the
intermediate product 110A; a housing 203 that houses the
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light source 201 and reflector 202 to hold them in place; and
a control unit 204 that controls ON/OFF of the light source
201.

[0193] The intermediate product 110A has, for example,
the anode 20 the auxiliary wiring 30 and the hole injection
layer 40 on the substrate 10 but the banks 50 and the buffer
layer 60 have not been formed yet.

[0194] Thelightsource 201 is, for example, a straight metal
halide lamp disposed to longitudinally coincide with the
widthwise direction of the intermediate product 110A being
transferred. The light source 201 is operated to emit light
under the conditions suitable for effective manufacturing of
organic EL display panel 110 capable of emitting light at high
intensity and low electrical consumption. The conditions of
UV irradiation, such as irradiation duration and irradiation
intensity, are determined based on various factors, including
the formation conditions of the hole injection layer 40, such
as the type of metal oxide used, and the convergence of
changes in shape of photoelectron spectroscopy spectra
exhibited by the samples of the hole injection layer 40 as
described in the present embodiment. The irradiation condi-
tions are set by the operator. Alternatively, the irradiation
conditions may be automatically set by the control unit 204.
For example, the control unit 204 stores a database in which
layer forming conditions, irradiation durations, and irradia-
tion intensities are correlated. On receiving input of the layer
forming conditions by the operator, the control unit 204 sets
the irradiation duration and intensity with reference to the
database.

[0195] The intermediate product 110A is transported to the
position for UV irradiation by a conveyer 205. In the figure,
the intermediate product 110A placed onto the conveyer 205
from the upstream (right-hand side of the figure) in the trans-
port direction is transported by the conveyer 205 to pass the
position for receiving UV irradiation. While the intermediate
product 110A is passing the position, a predetermined
amount of ultraviolet light is applied to the upper surface of
the intermediate product 110A, i.e., the upper surface of the
hole injection layer 40. Having been irradiated with ultravio-
let light, the intermediate product 110A is transported out to
the downstream (left-hand side of the figure).

[0196] In the UV irradiation apparatus 200 described
above, the light source 201 is not limited to a metal halide
lamp. The light source 201 may be any light source capable of
emitting ultraviolet light mainly within the wavelength region
longer than 184.9 nm and equal to 380 nm or shorter (prefer-
ably, longer than 253.7 nm and equal to 380 nm or shorter).

[0197] <Experiments and Observations>

[0198] (Effect of Adherents Removal by UV Irradiation)

[0199] According to this embodiment, subsequently to its
formation, the hole injection layer composed of tungsten
oxide is exposed to ultraviolet light under the predetermined
conditions, whereby adherents are removed from the surface
of the hole injection layer. The adherent removal effect
achieved by the UV irradiation is confirmed by the following
experiments.

[0200] Samples were prepared each by laminating the
anode composed of ITO on the substrate, and the hole injec-
tion layer composed of tungsten oxide on the anode, in the
chamber of the sputtering film-forming apparatus. After the
lamination, each intermediate sample was taken out of the
chamber to the atmosphere to prepare samples without any
UV irradiation, samples with UV irradiation for one minute,
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and samples with UV irradiation for ten minutes. The irradia-
tion intensity was 155 mW/cm?.

[0201] In the following description in the present embodi-
ment, a sample without UV irradiation may be referred to as
a “no-irradiation sample” and a sample with UV irradiation
for n minutes may be referred to as an “n-minute irradiation
sample”.

[0202] Each sample was then attached to a photoelectron
spectroscopy apparatus (PHI 5000 VersaProbe) manufac-
tured by ULVAC-PHI, Incorporated to measure the X-ray
photoelectron spectroscopy (XPS). Generally, an XPS spec-
trum indicates the elemental composition, binding condition,
and valence of the target surface up to several nanometers in
depth. That s, ifelements not originally contained in tungsten
oxide are observed, it is highly likely that the elements are
adherents. In addition, it is generally known that molecules
adhere as a result of atmospheric exposure or during a manu-
facturing process are mainly carbon-containing molecules, if
water molecules and oxygen molecules are excluded. There-
fore, the adherents removal effect achieved is confirmed by
measuring changes in the carbon concentration in the surface
region of the hole injection layer.

[0203] The conditions under which the XPS measurement
was conducted are as follows. Note that no charge-up
occurred during measurement.

[0204] Light source: AlKo

[0205] Bias: None

[0206] Electronemission angle: Direction of normal line to
the substrate

[0207] First, each sample was subjected to wide-scan mea-

surement. As a result of the measurement, the only elements
found in each sample were tungsten (W), oxygen (O), and
carbon (C). Then, narrow-scan spectra of each sample were
measured for the W4f orbital (W4{) and also for the Cls
orbital (C1s) to obtain the relative value of the number density
of carbon atoms to the number of density of tungsten atoms
present in the surface region up to several nanometers in depth
of the hole injection layer composed of tungsten oxide. That
is, the composition ratio between W and C was obtained. The
composition ratio was obtained from the spectra, by using the
composition ratio calculation function of “MultiPak™ XPS,
which is analyzing software included with the photoelectron
spectroscopy apparatus used in the measurements.

[0208] Table 1 below shows the composition ratio between
W and C of each sample.

TABLE 1

Composition Ratio

Sample Name between W and C (W:C)

No-Irradiation Samples 1:1.27
1-Minute Irradiation Samples 1:0.83
10-Minute Irradiation Samples 1:0.62
[0209] With reference to Table 1, the number of carbon

atoms relative to the number of tungsten atoms decrease more
and more as the irradiation duration is longer, which is appar-
ent when comparing the samples without irradiation against
the samples with 1-minute irradiation and the samples with
10-minute irradiation. That is, it is made clear that the UV
irradiation according to the present embodiment serves to
decrease adherents on the surface of the hole injection layer
composed of tungsten oxide.
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[0210] (Influences of UV Irradiation on Hole Injection
Ability)
[0211] According to the present embodiment, the UV irra-

diation is performed to remove adherents from the surface of
the hole injection layer composed of tungsten oxide, in a
manner that the energy level resulting from structures similar
to oxygen vacancies is maintained without any substantial
influence. Note that the structures similar to oxygen vacan-
cies favorably affect the hole injection ability from the hole
injection layer to the buffer layer and the Schottky ohmic
contact ability between the hole injection layer and each
electrode. This property of maintaining structures similar to
oxygen vacarcies is confirmed by the following experiments.
[0212] In the experiments, the above-described samples
without irradiation, with 1-minute irradiation, and with
10-minute irradiation were subjected to UPS (ultraviolet pho-
toelectron spectroscopy) measurements. Generally, a UPS
spectrum indicates the electronic state, from the valence band
to the Fermi surface (Fermi level), of the measurement target
surface of up to several nanometers in depth. Especially in the
case where the measurement target is tungsten oxide or
molybdenum oxide, the presence of structures similar to oxy-
gen vacancies on the layer surface is indicated by a protrusion
appearing, in a UPS spectrum, near the Fermi surface in the
low binding energy direction from the top of the valence band
(hereinafter, such a protrusion is referred to as a “spectral
protrusion near the Fermi surface”) (Non-Patent Literature
2). That is, by observing changes in the spectral protrusion
near the Fermi surface before and after UV irradiation, the
influence imposed by the UV irradiation on the structures
similar to oxygen vacancies on the layer surface is examined.
In tungsten oxide, as described in detail below, the spectral
protrusion near the Fermi surface occupies a binding energy
range that is from 1.8 €V to 3.6 eV lower than the top of the
valence band (the lowest binding energy within the valence
band).

[0213] The conditions under which the UPS measurement
was conducted are as follows. Note that no charge-up
occurred during measurement.

[0214] Light source: He I line

[0215] Bias: None

[0216] Electron emission angle: Direction of normal line to
the substrate

[0217] FIG. 6 shows the UPS spectra of the respective

samples, focusing on portions near the Fermi surface. In the
following description, every photoelectron spectroscopy
spectrum (UPS and XPS) is shown with the horizontal axis
representing the binding energy having the origin point at the
Fermi level measured by the apparatus for measurement
(matching with the Fermi level of the anode) and with the left
direction relative to the origin point being positive. In all the
spectra measured on the samples without irradiation, with
1-minute irradiation, and with 10-minute irradiation, a spec-
tral protrusion near the Fermi surface is clearly observed. In
the figure, spectral protrusions near the Fermi surface are
collectively denoted by (I). These results indicate that the
structures similar to oxygen vacancies favorably affecting the
hole-injection ability are maintained even after the UV irra-
diation.

[0218] For the purpose of comparison, UV ozone cleaning
was also performed. More specifically, samples were pre-
pared each by laminating the anode composed of ITO on the
substrate, and the hole injection layer composed of tungsten
oxide on the anode, in the chamber of a sputtering film-
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forming apparatus. The intermediate samples were than taken
out of the chamber to the atmosphere, followed by UV ozone
cleaning of the surface of the hole injection layer by a UV
ozone apparatus. The samples after the UV ozone cleaning
were subjected to UPS measurement to check the presence of
a spectral protrusion near the Fermi surface.

[0219] FIG. 7illustrates the UPS spectrum measured on the
hole injection layer composed of tungsten oxide having been
subjected to the UV ozone cleaning for three minutes, focus-
ing on a portion near the Fermi surface. For the purpose of
comparison, FIG. 7 also illustrates the UPS spectrum of the
samples without irradiation, which is illustrated in FIG. 6.
Unlike from theresults shown in FIG. 6 regarding the samples
subjected to the UV irradiation according to the present
embodiment, no spectral protrusion near the Fermi surface is
observed at all. The results indicate that through the UV
ozone cleaning, almostall structures similar to oxygen vacan-
cies are lost from the surface of the hole injection layer.
[0220] As described above, it is clarified that cleaning by
the UV irradiation according to the present embodiment is
different from the UV ozone cleaning in that structures simi-
lar to oxygen vacancies are maintained without being lost.
That is, structures similar to oxygen vacancies, which favor-
ably affect the hole injection ability and the Schottky ohmic
contact ability, are not eliminated by the UV irradiation.

[0221] (Regarding Method for Determining UV Irradiation
Conditions)
[0222] According to the present embodiment, the surface

of the hole injection layer composed of tungsten oxide is
cleaned by UV irradiation. It is confirmed by the following
experimental results that the adherent removal effect
becomes saturated with the irradiation for a specific duration
or longer.

[0223] In the same manner as described above, samples
without irradiation, with 1-minute irradiation, and with
10-minute irradiation were prepared. In addition, samples
with 60-minute irradiation and 120 minute irradiation were
prepared. Then, narrow-scan spectra for W4f and Cls of the
respective samples were measured by XPS measurement.
From the respective spectra, background components are
subtracted. Then, the photoelectron intensity is normalized
using the intensities by the area intensity. The narrow-scan
spectra for C1s of the respective samples are shown in FIG. 8.
The area intensity of each C1s spectrum illustrated in FIG. 8
is proportional to the ratio of the number density of carbon
atoms to the number density of tungsten atoms, all of which
were present in the surface region of the hole injection layer
composed of tungsten oxide up to several nanometers in
depth from the layer surface.

[0224] According to FIG. 8, the Cls spectra measured on
the samples with 1-minute irradiation or longer are all sub-
stantially equal in intensity. This indicates that the adherent
removal effect has substantially reached a level of saturation
with the irradiation for the duration of one minute or longer.
[0225] Generally, a Cls spectrum tends to be low in inten-
sity and roughly irregular as shown in FIG. 8, because the
amount of adherents is intrinsically small. Therefore, Cls
spectra may not serve the best in determining saturation of the
adherent removal effect. In view of this, the following
describes other methods involving the use of spectra of rela-
tively strong intensity, for determining saturation of the
adherent removal effect.

[0226] The first of such a method is to make a saturation
determination based on changes in the shape of a UPS spec-
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tral region corresponding to a range of binding energy around
the top of the valence band (i.e., the UPS spectral region
corresponding to the binding energy range from 4.5 ¢V to 5.4
eV). A peak or shoulder appearing in the spectral region
indicates a lone pair of electrons in the 2p orbital in oxygen
atoms constituting tungsten oxide.

[0227] FIG. 9 illustrates the UPS spectra. The UPS mea-
surements were made on the respective samples without irra-
diation, with 1-minute irradiation, and with 10-minute irra-
diation. The photoelectron intensity is normalized using a
gentle peak appearing around the binding energy of 6.5 eV. As
shown in FIG. 9, the spectra measured on samples with
1-minute irradiation and with 10-minute irradiation both have
a clear peak (denoted by (ii) in the figure) appearing in the
binding energy range from 4.5 eV to 5.4 eV. Such a peak does
not appear in the spectrum measured on samples without
irradiation. In addition, the respective spectra measured on
samples with 1-minute irradiation and with 10-minute irra-
diation are substantially identical in the shape of the peak.
This means that changes in the UPS spectral shape within the
binding energy range from 4.5 eV to 5.4 eV substantially
converge with the irradiation for the duration of one minute or
longer. This behavior is similar to that observed in C1s spec-
tra. In addition, this behavior is assumed to indicate, similarly
to C1s spectra, that the adherent removal effect is obtained by
UV irradiation and that the effect becomes saturated with the
irradiation performed for the duration of one minute or
longer.

[0228] The second one of such a method uses XPS mea-
surements to make a saturation determination based on
changes in the W4{ spectral shape. FIG. 10 shows W4fspec-
tra measured on the respective samples without irradiation,
with 1-minute irradiation, with 10-minute irradiation, with
60-minute irradiation, and with 120-minute irradiation. The
spectra are normalized using the maximum and minimum
values.

[0229] Asshownin FIG. 10, all the samples withirradiation
exhibit a peak steeper than a peak exhibited by the samples
without irradiation (i.e., the half-width of each peak is
smaller). Itis noted, in addition, that the peak shape is slightly
steeper for the samples with 10-minute irradiation than for the
samples with 1-minute irradiation. Yet, for the samples with
10-minute irradiation, with 60-minute irradiation, and with
120-minute irradiation, the spectra coincide substantially
entirely. This means that changes in the spectral shape con-
verge for any samples with irradiation performed for the
duration of ten minutes or longer.

[0230] Such changes in shape of W4fspectra resulting from
different irradiation durations are explained in the following
way, for example. Although it depends on the configuration of
adherents, provided that the adherents supply negative
charges to tungsten atoms present on the layer surface, the
binding energy of the inner-shell orbital W4f becomes lower
according to the negative charges. Chemically speaking,
some of hexavalent tungsten atoms present on the layer sur-
face of tungsten oxide change into lower-valent atoms, such
as pentavalent atoms. In the XPS spectrum for W4f, this
energy level shift is observed as a broader spectral shape
because of the spectrum for hexavalent tungsten atoms, which
make up the majority, overlaps with the spectrum for lower-
valent tungsten atoms, which make up a small proportion.
[0231] In view of the above, with respect to the spectra
illustrated in F1G. 10, it is assumed that the peak is sharper in
shape because the removal of adherents by the UV irradiation
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alters pentavalent tungsten atoms back into hexavalent atoms.
From the above observation, it is understood that most of the
adherents are removed by the UV irradiation performed for
one minute and that the adherent removal effect has reached
alevel of saturation with the UV irradiation performed for ten
minutes orlonger. This behavioris similar to that observed on
Cls.

[0232] Inaddition, although notillustrated in the figure, it is
confirmed that the changes in the shape of the spectra for Ols
orbital of oxygen atoms converge with the UV irradiation
performed for ten minutes or longer.

[0233] From the above, the adherent removal effect
achieved by the UV irradiation according to the present
embodiment becomes saturated with the UV irradiation pet-
formed for a certain duration or longer. In the case where the
metal oxide is tungsten oxide, the irradiation conditions are
determined as follows. For example, the irradiation duration
is determined by measuring, with respect to any specific
irradiation intensity, the time taken for changes in the shape of
the narrow-scan spectrum for W4f or Ols in XPS measure-
ment converge or changes in the shape of UPS spectral region
corresponding to the binding energy range from4.5eVto 5.4
eV converge. The time thus measured is determined to be the
irradiation duration. More specifically, a spectrum measured
after the UV irradiation for n-minute is compared with a
spectrum measured after the UV irradiation for (n+1)-minute
to obtain the difference between the two spectra at each of a
plurality of measurement points. If the root-mean-square of
the differences in the normalized intensity becomes equal to
a specific value or smaller, it is then determined that the
changes in the spectral shape converge with the irradiation
duration of n-minutes and thus the maximum level of adher-
ent removal has been completed. In this embodiment, it is
determined from FIGS. 9 and 10 that the adherent removal
effect becomes saturated with the UV irradiation performed
for ten minutes.

[0234] (Regarding Maintaining Electronic State After UV
Irradiation)
[0235] According to the present embodiment, the energy

level resulting from structures similar to oxygen vacancies,
which favorably affect the hole-injection ability and the
Schottky ohmic contact ability, is maintained throughout the
time from the surface cleaning and at least until another layer
is formed on the cleaned surface. The grounds are as follows.
[0236] The UPS spectra shown in FIG. 6 described above
were measured two days after the UV irradiation. That is,
between the samples without irradiation and the samples with
the respective irradiation durations that were left to stand in
the atmosphere for two days after the UV irradiation, there is
no notable difference in the spectral protrusion near the Fermi
surface of the UPS spectra. In each UPS spectrum, the spec-
tral protrusion is clearly observed. In addition, although not
illustrated in the figures, measurements were made on
samples two hours after the UV irradiation and one day after
the UV irradiation. In these measurements, the spectral pro-
trusion near the surface was clearly observed in each spec-
trum in a manner similar to FIG. 6. That is to say, it is
confirmed that the energy level resulting from structures simi-
lar to oxygen vacancies are sustained in the atmosphere at
least for two days after the UV irradiation.

[0237] This time period of two days is sufficiently long as
compared with the time lapsed until the step of laminating the
buffer layer and the electron injection layer on the hole injec-
tion layer is completed (normally within a couple of hours)
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after the step of cleaning the hole injection layer by UV
irradiation. That is, unless the step of forming the buffer layer
is intentionally delayed, it is unlikely that the buffer layer and
the electron injection layer are not formed until after this
two-day period.

[0238] (Regarding Improvements on EL. Element Charac-
teristics by UV Irradiation)

[0239] The organic EL elements constituting the organic
EL display panel according to the present embodiment manu-
factured using the step of cleaning the hole injection layer by
UV irradiation exhibits better characteristics as compared
with organic EL elements constituting the organic EL display
panel manufactured without UV irradiation. Such character-
istics are confirmed by the following experiments.

[0240] First, the inventors prepared hole-only devices as
assessment devices to be used in accurately determining the
effect on the hole injection efficiency achieved by removing
adherents from the surface of the hole injection layer by UV
irradiation.

[0241] Generally, in an organic EL element, electric current
is formed of carriers, which consists of holes and electrons.
As such, the electrical characteristics of an organic EL ele-
ment reflects electron current as well as hole current. In a
hole-only device, however, the injection of electrons from the
cathode is blocked, and there is almost no flow of electron
current. Therefore, the electrical current consists almost
entirely of hole current, and the carriers can be considered
almost entirely to be holes. A hole-only device is therefore
desirable when assessing hole injection efficiency.

[0242] Specifically, the hole-only device 1B is manufac-
tured as follows. First, a 50 nm-thick ITO thin film is formed
as the anode 2 on the substrate 9 by a sputtering method, as
illustrated in FIG. 11. Then, a 30 nm-thick tungsten oxide
layer is formed as the hole injection layer 4 on the anode 2, by
a predetermined sputtering method in a manner that the layer
surface has the energy level resulting from structures similar
to oxygen vacancies. Then, a 20 nm-thick layer of TFB,
which is an amine-containing organic polymer, is formed as
the buffer layer 6A on the hole injection layer 4, and a 70
nm-thick layer of F8BT, which is an organic polymer, is
formed as the light-emitting layer 6B. Finally, a 100 nm-thick
layer of gold is formed as the cathode 8C on the light-emitting
layer 6B.

[0243] Note that two hole-only devices 1B were prepared.
One of the hole-only devices 1B had the hole injection layer
exposed to the UV light according to the present embodiment
(for the irradiation duration of 10 minutes) after the hole
injection layer is formed and taken out of the chamber of the
sputtering film-forming apparatus. The other of the hole-only
devices 1B had the hole injection layer not exposed to UV
light. Hereinafter, the former hole-only device 1B is referred
to as “HOD with irradiation”, whereas the latter hole-only
device 1B is referred to as “HOD without irradiation”.
[0244] The completed hole-only devices 1B were then con-
nected to a direct current power supply DC, and voltage was
applied thereto. Furthermore, by changing the applied volt-
age, an electric current value per unit surface area (electric
current density) was calculated for different voltages. Note
that hereinafter, the “driving voltage” refers to a voltage
applied to obtain the current density value is 0.4 mA/cm?>.
[0245] The hole injection efficiency of the hole injection
layer is said to be higher as the driving voltage is smaller, for
the following reason. That is, the members composing the
hole-only devices 1B, other than the hole injection layer, were
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prepared according to the same manufacturing method. Thus,
it could be assumed that the hole injection barrier between
two adjacent layers, other than that between the hole injection
layer and the buffer layer is uniform in each of the hole-only
devices 1B. Considering the above, it could be expected that
the differences in driving voltage of the hole-only devices 1B
resulting from whether or not the surface of the hole injection
layer was exposed to UV light closely reflects the hole injec-
tion efficiency from the hole injection layer to the buffer layer.
[0246] Table 2 illustrates each of the hole-only devices 1B
and a driving voltage thereof.

TABLE 2

Sample Name Drive Voltage

HOD with Irradiation
HOD without Irradiation

189V
197V

[0247] In addition, FIG. 12 illustrates an electric current
density-applied voltage curve of each of the hole-only
devices 1B. In the figure, the vertical axis indicates electric
current density (mA/cm?), whereas the horizontal axis indi-
cates applied voltage (V).

[0248] As shown in Table 2 and FIG. 12, when comparing
the HOD with irradiation to the HOD without irradiation, the
drive voltage is lower and the rising of the electric current
density-applied voltage curve is quicker. Further, it could be
seen that HOD with irradiation requires for the lowest level of
applied voltage to reach a high electric current density com-
pared with HOD without irradiation. That is, HOD with irra-
diation has a higher degree of hole injection efficiency com-
pared with HOD without irradiation.

[0249] Inthe above, observation has been made of the hole
injection efficiency from the hole injection layer to the buffer
layer in each of the hole-only devices 1B. However, the
organic EL elements constituting the organic EL display
panel are essentially the same as hole-only devices 1B in
terms of the effect imposed by the adherent removal by the
UV irradiation on the efficiency of hole injection form the
hole injection layer to the buffer layer.

[0250] To confirm this point, the inventors manufactured
organic EL elements 1 as assessment devices. The inventors
prepared the organic EL elements 1 as illustrated in FIG. 13
by forming the 50 nm-thick anode 2 composed of an [TO thin
film on the substrate 10, and further disposing, on the anode 2
so formed, the following layers in the order in which they are
introduced: a 30 nm-thick hole injection layer 4 composed of
tungsten oxide; a 20 nm-thick buffer layer 6A composed of
TFB, which is an organic amine-containing polymer; a 70
nm-thick light-emitting layer 6B composed of F8BT, which is
an organic polymer; the electron injection layer 8 A composed
of a5 nm-thick barium layer; and the cathode 8B composed of
a 100 nm-thick aluminum layer.

[0251] In order to confirm the above, two samples of
organic EL element 1 were prepared. One of the samples were
prepared using the hole injection layer exposed to UV light,
and the other of the samples were prepared using the hole
injection layer not exposed to UV light. Hereinafter, the
former sample of the organic EL element 1 is referred to as
“BPD with irradiation”, whereas the latter is referred to as
“BPD without irradiation”. Except that the hole injection
layer of the BPD without irradiation was not exposed to UV
light, the BPDs were manufactured by the same manufactur-
ing method.
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[0252] Each sample organic EL apparatus 1 thus prepared
was connected to the DC power source, so that voltage was
applied thereto. Furthermore, by changing the applied volt-
age, an electric current value per unit surface area (electric
current density) was calculated for different voltages. Note
that hereinafter, the “driving voltage” refers to a voltage
applied to obtain the current density value is 10 mA/em?.

[0253] Table 3 illustrates each of the sample organic EL
elements 1 and a driving voltage thereof.
TABLE 3
Sample Name Drive Voltage
BPD with Irradiation 83V
BPD without Irradiation 92V

[0254] In addition, FIG. 14 illustrates an electric current
density-applied voltage curve of each of the sample organic
EL elements 1. In the figure, the vertical axis indicates electric
current density (mA/cm®), whereas the horizontal axis indi-
cates applied voltage (V).

[0255]  As shown in Table 3 and FIG. 14, when comparing
the BPD with irradiation to the BPD without irradiation, the
drive voltage is lower and the rising of the electric current
density-applied voltage curve is quicker. Further, it could be
seen that BPD with irradiation requires for the lowest level of
applied voltage to reach a high electric current density com-
pared with BPD without irradiation. This tendency is the
same as that observed with the HOD with irradiation and
HOD without irradiation.

[0256] By the above experiments, it is confirmed regarding
the organic EL element 1 that the effect imposed on the hole
injection efficiency from the hole injection layer to the buffer
layer as a result of removal of adherents by UV irradiation to
the surface of the hole injection layer is similar to that con-
firmed with the hole-only devices 1B.

[0257] By the above experiments, the following is con-
firmed. That is, by UV irradiation performed in a predeter-
mined manner according to the present embodiment after the
hole injection layer is formed, adherents are removed to the
maximum extent from the surface of the hole injection layer
without affecting the energy level resulting from structures
similar to oxygen vacancies. This means that Adherents,
which are likely to cause increase of the drive voltage and
decrease of the life of the organic EL element 1, are removed
without impairing the hole injection ability. Consequently,
the efficiency in injecting holes from the hole injection layer
to the buffer layer is improved, so that excellent characteris-
tics of the organic EL element is realized.

[0258] (Regarding Wavelength of Ultraviolet Light)
[0259] According to the present embodiment, after the hole
injection layer is formed, adherents on the hole injection layer
is removed by radiating ultraviolet light of a predetermined
wavelength in the atmosphere. An organic EL display panel
110 having the hole injection layer having been subjected to
the adherents removal operates on a lower drive voltage than
an organic EL display panel manufactured without removal
of adherents. The wavelength of ultraviolet light was deter-
mined through the following observations.

[0260] First, the wavelength of ultraviolet light that gener-
ates ozone (O;) in a gas atmosphere containing oxygen mol-
ecules (O,), such as in the atmosphere is 184.9 nm. By the
following reaction, the oxygen molecules are decomposed by
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ultraviolet light at 184.9 nm to yield oxygen radicals, which
are then combined with remaining oxygen molecule to gen-
erate ozone.

0,-0+0

040,20,

[0261] Inaddition, the wavelength of ultraviolet light caus-
ing further decomposition of ozone to yield oxygen radicals
again is 253.7 nm.

[0262] In UV ozone cleaning, ultraviolet light at 184.9 nm
and 253.7 nm is employed to generate oxygen radicals and
their strong oxidation is used to remove adherents. Therefore,
like the hole infection layer subjected to the UV ozone clean-
ing in the experiments described above, there is a risk that the
energy level resulting from structures similar to oxygen
vacancies disappears almost completely from the layer sur-
face by UV ozone cleaning.

[0263] In view of the above risk, the present embodiment
uses ultraviolet light in a wavelength region of 184.9 nm or
longer as such ultraviolet light is not likely to cause decom-
position of oxygen molecules to yield oxygen radicals. It is
also preferable to use ultraviolet light within a wavelength
region of 253.7 nm or longer in order to avoid decomposition
of atmospheric oxygen into ozone to yield oxygen radicals
although the amount of such oxygen is small.

[0264] The metal halide lamp actually used in the present
embodiment has a spectral distribution illustrated in FIG. 15.
As illustrated in the figure, the present embodiment uses a
lamp that emits light of wavelengths of 253.7 nm or shorter as
little as possible. In light emitted by the metal halide lamp, the
intensity at 253.7 nm or shorter is at most a few percent of the
maximum intensity (at about 380 nm).

[0265] Next, the binding energies between different com-
binations of atoms that may present in typical adherents are
shown in Table 4. In the table, the mark “=" indicates double
bond, whereas the mark “— indicates single bond. To
remove adherents, first, it is required to irradiate the layer
surface with light having energy stronger than the bonding
energies to break the bonds.

TABLE 4
Binding Binding Energy
c=C 607
c—C 348
C=0 724
c—0 352
C—H 413
0=0 490
o] 139
O0—H 463

[0266] Note that the light energy E per mol of photons and
the wavelength A are in the inverse proportion shown below.

E=Nhe/MN: Avogadro’s number, /: Planck’s con-
stant, : velocity of light, and h: wavelength)

From the above expression, the energy of ultraviolet light at
the wavelength 184.9 nm is calculated to be 647 kl/mol.
Similarly, the energy of ultraviolet light at the wavelength
253.7 nm is calculated to be 472 kJ/mol. With reference to
Table 4, the energy value of the ultraviolet light in the wave-
length region determined according to the present embodi-
ment is sufficient to disconnect most of atomic bonds typi-
cally appearing in adherents. Especially, as will be later
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described in detail, in the case of chemical adsorption, adher-
ents mainly make single bonds to oxygen atoms present in
tungsten oxide. The strongest singe bond with atoms present
in adherents is O—H bond with the bonding energy of 463
kJ/mol (corresponding to wavelength of 258 nm) or so.
Therefore, the ultraviolet light within the wavelength region
of the present embodiment is strong enough to break the
chemical bond. In the case of physical adsorption, the bond-
ing is far weaker than chemical adsorption, so that such adher-
ents are readily removed by UV irradiation.

[0267] The above describes the reason why the ultraviolet
light used in the present embodiment is sufficient to remove
adherents.

[0268] Indeed, the efficiency of adherent removal by the
UV radiation according to the present embodiment is essen-
tially lower than UV ozone cleaning. This is because the UV
ozone cleaning ensures that adherents being unbonded are
immediately oxidized with oxygen radicals to form mol-
ecules such as CO, and H,O, which easily migrate. As has
been already described, however, UV ozone cleaning is not
suitable for cleaning the hole injection layer composed of
metal oxide, such as tungsten oxide.

[0269] To be noted next is that atomic bonds occurring in
metal oxide is not generally broken by the energy of ultravio-
let light within the wavelength region according to the present
embodiment. According to Non-Patent Literature 3, for
example, the binding energy between oxygen atom and tung-
sten atom in tungsten oxide is 672 kJ/mol (corresponding to
the wavelength of 178 nm). That is, it is difficult to break the
bond between oxygen atom and tungsten atom with ultravio-
let light within the wavelength region according to the present
embodiment. This is in contrast with the above-described
sputter etching performed in vacuum by using argon ion. With
the use of ultraviolet light according to the present embodi-
ment, adherents are removed without breaking atomic bonds
present in the hole injection layer composed of metal oxide,
such as tungsten oxide. That is, adherents are removed with-
out making the hole injection layer chemically active, i.e.,
while the hole injection layer is chemically stable.

[0270] For the reasons described above, the present inven-
tion uses ultraviolet light at the wavelength of 184.9 nm or
longer, preferably 253.7 nm or longer. Note that visible light
is generally incapable of breaking the bond of chemical
adsorption. The present embodiment therefore uses ultravio-
let light (380 nm or shorter), rather than visible light.

[0271] (Reason for which Energy Level Affecting Hole
Injection Ability and Schottky Ohmic Contact Ability are
Maintained after UV Irradiation)

[0272] According to the present embodiment, the energy
level resulting from structures similar to oxygen vacancies on
the surface of the hole injection layer is continuously main-
tained even after UV irradiation and thus the hole injection
ability to the buffer layer is maintained with stability, and the
schottky ohmic contact ability with the electron injection
layer is maintained with stability as well. That is, the present
embodiment ensures manufacturing of organic EL display
panel 110 which operates on low drive voltage. This property
of maintaining the energy level is considered below.

[0273] It has been frequently reported, with reference to
results of experiments and first principles calculations, that
existence of the energy level which can be seen in a thin film
of, or a crystal of tungsten oxide, derives from structures
similar to oxygen vacancies. More specifically, it is assumed
that the existence of the energy level on interest results from
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bonding orbitals formed, by the absence of oxygen atoms,
from the 5d orbitals of adjacent tungsten atoms and also
results from the 5d orbitals of singular tungsten atoms not
terminated with an oxygen atom and exist on the layer surface
or within the layer.

[0274] Here, it may be assumed that these 5d orbitals of
tungsten atoms are more stable when present in chemically
adsorbed adherents, as compared with the case where the 5d
orbitals are present as bonding orbitals or as the 5d orbitals of
singular tungsten atoms. However, such an assumption is not
necessarily correct. Actually, as observed in the UPS spectra
illustrated in FIG. 6, tungsten oxide left to stand in the atmo-
sphere for two day exhibits a spectral protrusion near the
Fermi surface, which is the indication of the energy level
being discussed.

[0275] InNon-Patent Literature 4, it has been reported that
when tungsten trioxide single crystal is cleaved in vacuum to
expose the clean (001) surface, part of oxygen atoms present
on the outermost surface are emitted. Non-Patent Literature 4
further reports the following reason, which has been con-
firmed by the first principles calculations, for which the (001)
surface is more stable in terms of energy when a tungsten
atom not terminated with an oxygen atom is periodically
present on the outermost surface as shown in FIG. 16 than
when all the tungsten atoms are terminated with an oxygen
atom. That is, when all the tungsten atoms present on the
outermost surface are terminated with an oxygen atom, the
electrical repulsive force occurring between terminal oxygen
atoms becomes large, which causes the instability. In short,
the (001) surface is more stable when structures similar to
oxygen vacancies (a) are present on the surface.

[0276] To simplify the illustration, FIG. 16 shows that the
octahedrons, which have, at the vertices, six oxygen atoms
binding to one tungsten atom, are in perfect alignment, like
rhenium trioxide. In reality, the octahedrons are in a slightly
distorted arrangement.

[0277] By analogy with the above findings, the following
mechanism may be one example of the reason for which the
energy level resulting from structures similar to oxygen
vacancies is maintained on the surface of the hole injection
layer continuously after the UV irradiation according to the
present embodiment.

[0278] According to the present invention, the hole injec-
tion layer composed of tungsten oxide is assumed to have a
(001) facet at least locally on the layer surface immediately
after the formation of the hole injection layer. That is, as
illustrated in FIG. 16, the hole injection layer is assumed to
have terminal oxygen atoms (b) and tungsten atoms not ter-
minated with an oxygen atom (a). Non-terminated tungsten
atoms (a) are surrounded by terminal oxygen atoms (b). It is
because the (001) surface has a stable structure. It is this
surface that is exposed to impurity molecules and atomic
molecules in the chamber of the sputtering film-forming
apparatus subsequently to the formation of the hole injection
layer.

[0279] Ingeneral,ifunsaturated metal atoms such as (a) are
present on the layer surface of metal oxide, the metal atoms
tend to be terminated with a water or organic molecule as a
result of chemical adsorption. In the present embodiment,
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however, none of the W4f spectra illustrated in FIG. 10 have
apeakina bindingenergy range from31eV to 33 eV at which
apeak derived from the bonding between a tungsten atom and
a carbon atom should appear. Instead, each W4{'spectra illus-
trated in FIG. 10 has a peak derived from the bonding between
a tungsten atom and an oxygen atom. It is therefore highly
likely that the atoms of adsorbed molecules to which tungsten
atoms (a) are chemically bonded is oxygen atoms.

[0280] However, for example, a tungsten atom (a) may
chemically react with a water molecule to form a hydroxyl
group or a tungsten atom (a) may chemically react with an
organic molecule to be bonded to an oxygen atom contained
in the organic molecule. In such cases, a repulsive force is
generated between an adsorbed oxygen atom, which gener-
ally is in negatively charged, and adjacent terminal oxygen
atoms (a), which are also negatively charged. In view of the
above, it is expected that adsorption of molecules to tungsten
atoms (a) is relatively unlikely, for the same reason for which
tungsten atoms (a) are unlikely to have terminal oxygen
atoms in vacuum.

[0281] On the other hand, terminal oxygen atoms (b) sur-
rounding tungsten atoms (a) undergo addition reaction with
water molecules and organic molecules to cause chemical
adsorption. Such chemical adsorption occurs relatively easily
as there is substantially no factor inhibiting adsorption, such
as repulsive force. In some cases, the chemical adsorption to
terminal oxygen atoms (b) may result in that organic mol-
ecules composed of a few or more atoms are present in the
immediate vicinity of tungsten atoms (a). Such organic mol-
ecules act as spatial barriers to against adsorbing molecules.
Therefore, adsorption of molecules to terminal oxygen atoms
(b) is also expected to prevent adsorption of molecules to
tungsten atoms (a).

[0282] From the above consideration, in the layer surface
having: terminal oxygen atoms (b); and tungsten atoms (a)
not terminated with an oxygen atom and surrounded by the
terminal oxygen atoms (b) as illustrated in FIG. 16, the occur-
rence of chemical adsorption to the tungsten atoms (a) is less
likely. Instead, impurity molecules and atomic molecules
tend to chemically adhere to the terminal oxygen atoms (b)
surrounding tungsten atoms (a). Note that the chemical
adsorption occurring in this case is a bond via a terminal
oxygen atom and thus generally is a single bond.

[0283] In response to the UV irradiation according to the
present embodiment, only molecules chemically bonded to
oxygen atoms (b) are disconnected and released. As a result,
it is expected that the oxygen atoms (b) revert to terminal
oxygen atoms as they were before the chemical adsorption or
react with water molecules to form hydroxyl groups, which
are stable and not easily disconnected by the UV irradiation
according to the present embodiment.

[0284] To summarize the above, the hole injection layer
composed of tungsten oxide according to the present embodi-
ment has, on the layer surface, the local structure as illustrated
in FIG. 16. That is, tungsten atoms (a) not terminated with an
oxygen atom are surrounded by terminal oxygen atoms (b).
First of all, this structure per se has a characteristic which
prevents adsorption of molecules. In addition, molecules
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adhered to terminal oxygen atoms (b) are released by UV
irradiation, after which hydroxyl groups mainly remain
present on the layer surface. In this manner, while adherents
are removed by UV radiation performed after the layer for-
mation, the electronic state resulting from structures similar
to oxygen vacancies (a) on the layer surface is maintained
without being affected by the UV irradiation. The electron
state thus maintained positively affects the hole injection
ability.

[0285]

[0286] In the present embodiment, the tungsten oxide film
constituting the hole injection layer is formed under prede-
termined conditions, thereby providing the hole injection
layer with the above-described occupied energy level near the
Fermi surface. This reduces the hole injection barrier between
the hole injection layer and the buffer layer and allows for
driving of the organic EL display panel 110 at a low voltage.

[0287] A method for obtaining a tungsten oxide film having
the above-described characteristics employs a DC magnetron
sputtering device, with metal tungsten as the sputtering target.
The chamber gas is composed of argon gas and oxygen gas. It
is considered desirable to form the tungsten oxide film with
the reactive sputtering method under the following condi-
tions: gas pressure (total gas pressure) is higher than 2.7 Pa
and lower than or equal to 7.0 Pa; the ratio of oxygen partial
pressure to the total pressure is at least 50% and at most 70%;
and the input power per unit surface area of the target (input
power density) is at least 1 W/cm® and at most 2.8 W/cm®.

[0288] The effectiveness of such film forming conditions
described above has been confirmed through the following
experiments.

[0289] First, hole-only devices 1B shown in FIG. 11 were
prepared as assessment devices to be used in accurately
assessing the dependence of the efficiency of hole injection,
from the hole injection layer to the buffer layer, on the film
forming conditions.

[0290] Inthe manufacturing process, the hole injection lay-
ers were formed by applying the reactive sputtering method
with a DC magnetron sputtering device. The gas introduced
into the chamber was composed of at least one of argon gas
and oxygen gas, and the sputtering target used was metal
tungsten. Further, no control was performed regarding sub-
strate temperature, while control of argon partial pressure,
oxygen partial pressure, and total gas pressure within the
chamber was performed by adjusting the flow amount of the
respective gases. Furthermore, in order as to obtain the hole-
only devices, changes were made to certain film forming
conditions, namely total gas pressure, oxygen partial pres-
sure, and input power, as illustrated in Table 5. As a result,
hole-only devices 1B (element Nos. 1 through 14), each hav-
ing a hole injection layer formed under different film forming
conditions, were obtained. Note that, hereinafter, oxygen par-
tial pressure is indicated as a ratio (%) with respect to the total
pressure of the gases in the chamber of the sputtering device.

(Conditions for Forming Tungsten Oxide Layer)
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TABLE 5

Film Forming Conditions of the Hole-only Devices 1B

Device No.

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Oxygen 70 50 100 50 70 100 70 50 100 S0 70 30 30 50
Partial
Pressure
(%)
Total 2.7 48 17 L7 2.7 17 2.7 48 17 2.7 17 17 2.7 43
Pressure
(Pa)
Input 500 500 500 S00 250 250 1000 1000 1000 500 500 500 500 250
Power
W)
T-S (mm) 113 113 113 113 113 113 113 113 113 113 113 113 113 113
Film 0164 0.4 0111 0181 0057 0.308 0311 0.246 0154 0153 0364 0177 0049
Forming
Rate
(nmy/s)
Film 30 30 30 30 30 30 30 30 30 30 30 30 30 30
Thickness
(umn)
[0291] Table 6 illustrates a relation between input power  the hole injection barrier between two adjacent layers can be

and input power density of the above-presented DC magne-
tron sputtering device.

TABLE 6
Input Power Density
Input Power (W) (W/em?)
250 14
500 2.8
1000 5.6

[0292] Thecompleted hole-only devices 1B were then con-
nected to a direct current power supply DC, and voltage was
applied thereto. Furthermore, by changing the applied volt-
age, an electric current value per unit surface area (electric
current density) was calculated for different voltages. Here-
inafter, the expression “driving voltage” refers to the voltage
applied when the current density value is 10 mA/cm?.

[0293] It can be inferred that as the driving voltage grows
smaller, the efficiency of hole injection from the hole injec-
tion layer to the buffer layer is higher. This is because the
components of each hole-only device 1B other than the hole
injection layer are prepared according to the same manufac-
turing method. Therefore, other than the hole injection layer,

assumed to be constant. Furthermore, as described below, it
was confirmed through another experiment that the anode 2
and the hole injection layer in this experiment are in Schottky
ohmic contact. Accordingly, the differences in driving volt-
age depending on the conditions for forming the hole injec-
tion layer strongly reflect the hole injection efficiency from
the hole injection layer to the buffer layer and the hole con-
duction efficiency of the hole injection layer itself.

[0294] Itcan be assumed that in addition to the hole injec-
tion efficiency from the hole injection layer to the buffer layer,
the hole conduction efficiency of the hole injection layer also
influences the characteristics of the elements in the experi-
ments described in the present embodiment. The below
assessment of energy diagrams, however, also clearly indi-
cates that the hole injection barrier between the hole injection
layer and the buffer layer is strongly reflected in the charac-
teristics of the elements.

[0295] Table 7 illustrates the driving voltages obtained
through experiments for each hole-only device 1B under vari-
ous film forming conditions of total pressure, oxygen partial
pressure, and input power. Note that the numbers enclosed in
circles in Table 7 indicate the element number of each of the
hole-only devices 1B.

TABLE 7

Film Forming Conditions and Driving Voltages of the Hole-only Devices 1B
(Applied Voltage Value under Electric Current Density of 10 mA/cm?)

Total Pressure

1.7 Pa 2.7Pa 4.8Pa
Oxygen 30% 500 W (Unmeasured) @ 500 W (19 V) Film could not be formed
Partial  50% (4)500 W (19V) (10)500 W (19V) (19250 W (13.7V)
Pressure (2)500W (13.7V)
(8)1000 W (>20 V)
70% @ 500 W (Unmeasured) @250 W (14.7V) Film could net be formed

500 W (18.2V)
1000 W (>20V)
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TABLE 7-continued
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Film Forming Conditions and Driving Voltages of the Hole-only Devices 1B
(Applied Voltage Value under Electric Current Density of 10 mA/cm?)

Total Pressure

1.7Pa 2.7Pa

4.8 Pa

100% 250 W (Unmeasured)
(3)500 W (>20V)
(9)1000 W (>20 V)

Film could not be formed Film could not be formed

*Numbers enclosed in circles indicate device No., numbers without parenthesis indicate input electricity, and numbers placed

in parenthesis indicate driving voltage.

[0296] Furthermore, FIGS. 17A through 17C are graphs
illustrating the dependence of driving voltages of the hole-
only devices 1B on the film forming conditions. Each of the
points in FIG. 17A indicates, from left to right in the figure, a
driving voltage of element Nos. 4, 10, and 2. Similarly, each
of the points in FIG. 17B indicates, from left to right in the
figure, a driving voltage of element Nos. 13, 10, and 1.
Finally, each of the points in FIG. 17C indicates, from left to
right in the figure, a driving voltage ofelement Nos. 14, 2, and
8.

[0297] Here, it should be noted that in the following cases,
film formation was not successfully performed due to limita-
tions of the sputtering device, such as gas flow amount: total
pressure of 2.7 Pa and oxygen partial pressure of 100%, total
pressure of 4.8 Pa and oxygen partial pressure of 30%, total
pressure of 4.8 Pa and oxygen partial pressure of 70%, and
total pressure of 4.8 Pa and oxygen partial pressure ratio of
100%.

[0298] First, concerning the dependence of driving voltage
on total pressure, when the oxygen partial pressure ratio was
set to 50% and the input power was set to 500 W, a clear
reduction in driving voltage was observed when the total
pressure was set higher than 2.7 Pa and lower than or equal to
4.8 Pa, as illustrated in FIG. 17A. In addition, as a result of a
different experiment, it was found that this trend of reduction
in driving voltage continues at least until the total pressure is
lower than or equal to 7.0 Pa. Taking this into account, it is
desirable that total pressure during the forming of the hole
injection layer 4 be set higher than 2.7 Pa and lower than or
equal to 7.0 Pa.

[0299] Next, concerning the dependence of driving voltage
on oxygen partial pressure ratio, when the total pressure was
set to 2.7 Pa and the input power was set to 500 W, it was
observed that driving voltage decreases as oxygen partial
pressure ratio increases, at least when the oxygen partial
pressure ratio was set higher than or equal to 50% and lower
than or equal to 70%, as illustrated in FIG. 17B. However, as
aresult of a different experiment, it was found that when the
oxygen partial pressure ratio exceeds this range, the driving
voltage begins to increase adversely. Taking this into account,
it is desirable that oxygen partial pressure ratio during the
forming of the hole injection layer be set higher than or equal
to 50%, while setting an upper limit at approximately 70%.
[0300] Finally, concerning the dependence of driving volt-
age on input power, when total pressure was set to 4.8 Pa and
oxygen partial pressure ratio was set to 50%, a rapid increase
in driving voltage was observed when the input power
exceeded 500 W, as illustrated in FIG. 17C. Taking this into
account, it is desirable that input power be restricted to be
lower than or equal to 500 W. Here, it should be noted that,
when referring to elements Nos. 1 and 3 in Table 7, it could be

seen that, even when the input power was set to S00 W, driving
voltage increased when the total pressure was set lower than
orequal to 2.7 Pa.

[0301] FIG. 18 is a diagram illustrating a current density-
applied voltage curve of the hole-only devices 1B, taking
elements Nos. 14, 1, and 7 as examples. In the figure, the
vertical axis indicates electric current density (mA/cm?),
whereas the horizontal axis indicates applied voltage (V).
Furthermore, element No. 14 fulfills all desirable film form-
ing conditions explained in the above of total pressure, oxy-
gen partial pressure, and input power, while on the otherhand,
each of element Nos. 1 and 7 do not fulfill at least one of the
desirable film forming conditions.

[0302] Concerning the film forming conditions under
which the hole injection layer (and the later-described tung-
sten oxide layer 12) is formed, in order as to facilitate the
explanations to be provided in the following, hereinafter, the
film forming conditions under which the hole injection layer
was formed in element No. 14 is referred to as film forming
conditions A, the film forming conditions under which the
hole injection layer was formed in element No. 1 isreferred to
as film forming conditions B, and the film forming conditions
under which the hole injection layer was formed in element
No. 7 is referred to as film forming conditions C. In addition,
element Nos. 14, 1, and 7 are accordingly labeled HOD-A,
HOD-B, and HOD-C in FIG. 18.

[0303] Asillustrated in FIG. 18, the current density-applied
voltage curve indicating HOD-A indicates that HOD-A has a
higher degree of responsiveness to an increase in applied
voltage compared with HOD-B and HOD-C. Further, it could
be seen that HOD-A requires for the lowest level of applied
voltage to reach a high current density compared with
HOD-B and HOD-C. As a result, as compared to HOD-B and
HOD-C, the hole injection efficiency from the hole injection
layer to the buffer layer can be inferred to be superior in
HOD-A. Here, it should be noted that HOD-A operates at the
lowest driving voltage among the hole-only devices 1B.
[0304] Thus far, tests on the hole injection efficiency from
the hole injection layer to the buffer layer in the hole-only
devices 1B have been described. In an organic EL element 1,
the dependence on film forming conditions of the hole injec-
tion efficiency from the hole injection layer to the buffer layer
1s essentially the same as the hole-only devices 1B. In order to
confirm this point, organic EL elements 1 as illustrated in
FIG. 13 were prepared using hole injection layers formed
under conditions A, B, and C.

[0305] The organic EL elements 1 prepared under film
forming conditions A, B, and C were then connected to a
direct current power supply DC, and voltage was applied
thereto. FIG. 19 is a diagram illustrating the electric current
density-applied voltage curve at this point. In Fig. the draw-
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ing, the vertical axis represents the current density (mA/cm?),
and the horizontal axis represents the applied voltage (V).
[0306] Note that, in order as to facilitate the explanations to
be made in the following, the organic El elements 1 prepared
under film forming conditions A, B, and C are respectively
illustrated as BPD-A, BPD-B, and BPD-C in FIG. 19.
[0307] Asillustrated in F1G. 19, the current density-applied
voltage curve indicating BPD-A indicates that BPD-a has a
higher degree of responsiveness to an increase in applied
voltage compared with BPD-B and BPD-C. Further, it could
be seen that BPD-A requires for the lowest level of applied
voltage to reach a high current density compared with BPD-B
and BPD-C. This trend is similar to the trend which could be
seen in the hole-only devices HOD-A, HOD-B, and HOD-C,
which were prepared under the same respective film forming
conditions as BPD-A, BPD-B, and BPD-C.

[0308] In addition, FIG. 20 illustrates light-emitting inten-
sity-electric current density curves corresponding to the
above organic EL elements 1, each curve indicating the rela-
tion between the change in electric current density and the
resultant change in light-emitting intensity. In the figure, the
vertical axis represents light-emitting intensity (cd/A), and
the horizontal axis represents current density (mA/cm?). The
figure shows that the light-emitting intensity was strongest for
BPD-A, at least over the range in which the current density
was measured.

[0309] From the above results, it can be inferred that in the
organic EL elements 1, the hole injection efficiency from the
hole injection layer to the buffer layer depends on the film
forming conditions in the same way as was the case with the
hole-only devices 1B. Namely, in the organic EL elements 1
of the present experiment, the tungsten oxide film constitut-
ing the hole injection layer was formed using metal tungsten
as the sputtering target in a DC magnetron sputtering device,
applying the reactive sputtering method without controlling
the substrate temperature. The chamber gas was composed of
argon gas and oxygen gas, with a total pressure higher than
2.7 Pa and lower than or equal to 7.0 Pa, an oxygen partial
pressure ratio of at least 50% and at most 70%, and input
power density at least | W/em?® and at most 2.8 W/em?. Under
these conditions, it can be inferred that the hole injection
efficiency from the hole injection layer to the buffer layer was
good, thereby achieving a superb low driving voltage and
high light-emitting efficiency.

[0310] Note that among the above conditions, the condition
concerning input power is represented in terms of input power
density based on Table 6. When using a DC magnetron sput-
tering device that is different from the DC magnetron sput-
tering device used in the present experiment, a hole injection
layer that achieves an organic EL element 1 with a superb low
driving voltage and high light-emitting efficiency, as in the
present experiment, can be yielded by adjusting the input
power according to the size of the sputtering target so that the
input power density fulfills the above condition. Conditions
on total pressure and oxygen partial pressure, on the other
hand, are independent of the device and the size of the sput-
tering target.

[0311] Additionally, as already explained above, no inten-
tional adjustment of the substrate temperature was performed
while forming the hole injection layer by applying the reac-
tive sputtering method, and during the experiment, the sput-
tering device was placed under room temperature. Therefore,
the substrate was at room temperature at least before the
forming of the hole injection layer was performed. However,
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while forming of the layer is being performed, there is a
possibility that the substrate temperature may rise by several
tens of degrees Celsius.

[0312] The hole injection layer of the organic EL display
panel 110 according to the present embodiment is manufac-
tured under film forming conditions A, and has the occupied
energy level near the Fermi surface as described above.
Detailed analysis is to be made regarding this point in the
following.

[0313] (Electronic State of Hole Injection Layer)

[0314] The tungsten oxide constituting the hole injection
layer of the organic EL display panel 110 of the present
embodiment has the above-described occupied energy level
near the Fermi surface. The occupied energy level near the
Fermi surface is formed by adjusting the film forming condi-
tions under which the hole injection layer is faulted as
described above. Details are provided below.

[0315] The inventors conducted an experiment to deter-
mine whether the occupied energy level near the Fermi sur-
face exists in each of the tungsten oxide films formed under a
corresponding one of film forming conditions A, B, and C.
[0316] The inventors prepared sample devices for photo-
electron spectroscopy measurement under film forming con-
ditions A, B, and C. As illustrated by the sample 1A in FIG.
21, each of the samples was prepared by forming a 10 nm-
thick tungsten oxide layer 12 (corresponding to the hole
injection layer) on a conductive silicon substrate 11 by apply-
ing the above-described reactive sputtering method. Herein-
after, a sample 1A formed under film forming conditions A is
referred to as sample A, a sample 1A formed under film
forming conditions B is referred to as sample B, and a sample
1A formed under film forming conditions C is referred to as
sample C.

[0317] The forming of the tungsten oxide layer 12 of each
of the sample devices was performed inside a sputtering
device. Then, to prevent atmospheric exposure, the samples
A, B, and C were transported to a glovebox which was con-
nected to the sputtering device and which was filled with
nitrogen gas. Subsequently, the sample devices were sealed
inside transfer vessels in the glovebox, and were mounted on
a photoelectron spectroscopy device. Thus, ultraviolet pho-
toelectron spectroscopy (UPS) measurement of the sample
devices was performed while preventing the tungsten oxide
layer 12 having been formed on the sample devices from
undergoing atmospheric exposure.

[0318] In general, a UPS spectrum obtained as a result of
the UPS measurement reflects a state of occupied energy
levels, such as a valence band and the like, within several
nanometers in distance from the surface of the target of mea-
surement. As such, the present experiment was conducted in
order as to observe the state of occupied energy levels at a
surface portion of the tungsten oxide layer 12 by utilizing
UPS measurement.

[0319] The conditions under which the UPS measurement
was conducted are as follows. Here, it should be noted that,
since the samples A, B, and C commonly include the conduc-
tive silicon substrate 11, charge-up did not occur during the
UPS measurement.

[0320] Light source: He I line

[0321] Bias: None

[0322] Electronemission angle: Direction of normal line to
the substrate

[0323] Interval between measurement points: 0.05 eV
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[0324] FIG. 22 illustrates a UPS spectrum of the tungsten
oxide layer 12 of the sample A. The origin of the horizontal
axis, which indicates binding energy, corresponds to the
Fermi surface of the conductive silicon substrate 11, and the
left direction with respect to the origin is positive.

[0325] In the following, description is provided on each of
the occupied energy levels of the tungsten oxide layer 12 with
reference to FIG. 22.

[0326] Commonly, a UPS spectrum of tungsten oxide indi-
cates a distinct, rapid rise which can be uniquely distin-
guished from other areas thereof. Here, a tangential line pass-
ing through an inflection point of the above rise is referred to
as line (i), and the point at which line (i) intersects the hori-
zontal axis s referred to as point (iii). The UPS spectrum of
tungsten oxide can be divided into two areas: area x that
extends in the high binding energy direction departing from
point (iii); and area y that extends in the low binding energy
direction departing from point (iii).

[0327] Here, according to Table 8, each of the samples A, B,
and C has a tungsten oxide layer 12 whose composition ratio
between tungsten atoms and oxygen atoms is approximately
1:3. The composition ratios were obtained by performing
X-ray photoelectron spectroscopy (XPS) measurement.
More specifically, XPS measurement of the sample devices
was performed by using the photoelectron spectroscopy
device while preventing atmospheric exposure of the tung-
sten oxide layer 12 having been formed on the sample
devices, in a similar way as in the UPS measurement. By
conducting the XPS measurement, the composition ratio of
tungsten to oxygen within several nanometers in distance
from the surface of the tungsten oxide layer 12 was estimated
for each ofthe samples A, B, and C. Note that the film forming
conditions under which the tungsten oxide layers 12 were
formed are also illustrated in Table 8.

TABLE 8

Sample

Sample A Sample B
Film Forming Conditions

Sample C

Film forming  Film forming  Film forming
conditions A conditions B conditions C
Total Pressure (Pa) 4.8 2.7 2.7
Oxygen Partial 50 70 70
Pressure (%)
Input Power (W) 250 500 1000
Composition Ratio 3.0 2.9 2.8
(oxygew/tungsten)
[0328] Based on the composition ratios, it can be assumed

that in each of the samples A, B, and C, the tungsten oxide
layer 12, at least within several nanometers in distance from
the surface thereof, has an atomic arrangement basically in
accordance with tungsten trioxide. That is, in the basic struc-
ture of the tungsten oxide layer 12, six oxygen atoms bond
with one tungsten atom in octahedral coordination such that
octahedrons share oxygen atoms at corners thereof with adja-
cent octahedrons. Accordingly, the area x in FIG. 22 has
either the structure of tungsten trioxide crystal or an amor-
phous structure in which the crystalline order is disturbed (yet
in which bonds are not broken, thus preserving the above
basic structure). The area x thus corresponds to a valence
band with an occupied energy level deriving from the above
basic structure. Note that the inventors have performed X-ray
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absorption fine structure (XAFS) measurement with respect
to the tungsten oxide layer 12 of each of the samples A, B, and
C, and have confirmed that the above-mentioned basic struc-
ture is formed therein.

[0329] Accordingly, the area y in FIG. 22 corresponds to
the band gap between the valence band and the conductive
band of the tungsten oxide layer 8. Further, it is commonly
known that an occupied energy level that differs from the
occupied energy level of the valence band may exist in the
area y of the tungsten oxide, as is suggested by the UPS
spectrum in FIG. 22. This occupied energy level in area y
derives from another structure that is different from the
above-mentioned basic structure, and is referred to as a band
gap energy level (in-gap state or gap state).

[0330] The subsequent FIG. 23 illustrates a UPS spectrum
ofthe tungsten oxide layer 12 of each of the samples A, B, and
C, particularly within area y. The spectrum intensity indicated
by the vertical axis in FIG. 23 has been normalized using the
peak-top intensity value of a peak (ii) in FIG. 22, which is
located approximately 3 eV to 4 eV to the high binding energy
direction from point (iii). In addition, note that point (iii) in
FIG. 23 is illustrated at the same point on the horizontal axis
as in FIG. 22. The horizontal axis indicates a relative value
(relative binding energy) with respect to point (ii1), and the
binding energy decreases from left to right.

[0331] Asillustrated in FIG. 23, the spectrum indicating the
tungsten oxide layer 12 of the sample A exhibits a peak in an
area betweena point which is 3.6 eV lower in terms of binding
energy than point (iii) and a point which is 1.8 eV lower in
terms of binding energy than point (iii). Point (iv) in the figure
indicates the beginning of the peak. The existence of such a
peak is not observed in the spectra corresponding to the
samples B and C.

[0332] For forming the hole injection layer, the present
invention thus uses tungsten oxide whose UPS spectrum indi-
cates an upward protrusion (not necessarily in the form of a
peak) in an area which is between 1.8 eV and 3.6 eV lower in
terms of binding energy than point (iii), thereby endowing the
organic EL display panel 110 with excellent hole injection
efficiency.

[0333] Furthermore, it has been found that hole injection
efficiency tends to increase when the upward protrusion has a
higher degree of sharpness. Therefore, as illustrated in FIG.
23, it can be said that the area that is between 2.0 eV and 3.2
eV lower than point (iii) in terms of binding energy is pat-
ticularly important, since the upward protrusion is relatively
easier to confirm in this area and has a relatively sharper
inclination.

[0334] Note that, in the following description, the upward
protrusion as observed in the UPS spectrum is referred to as
“spectral protrusion near the Fermi surface”. Furthermore,
the energy level corresponding to this spectral protrusion near
the Fermi surface is the “occupied energy level near the Fermi
surface”, which has been already described in the above.
[0335] Subsequently. the inventors performed differentia-
tion on the normalized intensity of the UPS spectrum of each
of the samples A, B, and C indicated in FIG. 23. The differ-
entiation was performed for the purpose of making the spec-
tral protrusion near the Fermi surface more distinguishable.
[0336] In specific, by using the graph analysis software
IGOR Pro 6.0, binomial smoothing (where smoothing factor
was set to 1) was conducted eleven times with respect to the
UPS spectra illustrated in FIG. 23, and differentiation was
subsequently performed applying the central difference
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method. Such processing of data was conducted so as to
remove fluctuation factors such as background noise genet-
ated during the UPS measurement, to smoothen the differen-
tial curves, and to convey the arguments presented in the
following in a clear manner as possible.

[0337] FIG. 24 illustrates differential curves yielded as a
result of the above processing. Points (iii) and (iv) in FIG. 24
are provided at the same points on the horizontal axis as the
respective points (iii) and (iv) in FIG. 23.

[0338] According to the differential curves illustrated in
FIG. 24, the derivatives of normalized intensities of the tung-
sten oxide layers 12 corresponding to the samples B and C do
not depart from the vicinity of “0” within an area (v). Area (v)
indicates an area which extends from a point which indicates
a minimal binding energy that can be measured by using the
photoelectron spectroscopy device to point (iv). Furthermore,
in an area (vi) extending approximately 1.2 eV in the high
binding energy direction from point (iv), the derivatives cor-
responding to the samples B and C exhibit only a slight
increase as approaching the high binding energy direction,
although increase is seen in the increase rates thereof. In
addition, the shapes of the differential curves corresponding
to the samples B and C within areas (v) and (vi) turn out to
exhibit similarity with the respective UPS spectra illustrated
in FIG. 23, from which the differential curves have been
derived. Therefore, it can be said that the shapes of the UPS
spectrum and the differential curve derived therefrom of each
of the samples B and C within areas (v) and (vi) resemble the
shape of an exponential function curve.

[0339] On the other hand, for the tungsten oxide layer 12 of
the sample A, the differential curve exhibits a rapid rise from
the vicinity of point (iv) towards the direction of higher bind-
ing energy. Thus, the shape of the differential curve within the
areas (v) and (vi) clearly differs from the shape of an expo-
nential function curve. Similarly, in F1G. 23, the spectrum for
the sample A from which FIG. 24 is derived begins to pro-
trude in the vicinity of point (iv). At the same time, it is clear
that the spectrum exhibits a spectral protrusion near the Fermi
surface differing from the shape of an exponential function
curve.

[0340] In other words, such a sample A is characterized in
that an occupied energy level near the Fermi surface is found
in an area which is approximately 1.8 eV t0 3.6 eV lower than
the lowest binding energy of the valence band. In particular, a
spectral protrusion near the Fermi surface corresponding to
the occupied energy level near the Fermi surface can be
clearly seen in the UPS spectrum in an area that is approxi-
mately between 2.0 eV and 3.2 eV lower than the lowest
binding energy of the valence band.

[0341] Next, the inventors conducted atmospheric expo-
sure, at room temperature for a period of one hour, of the
tungsten oxide layer 12 of each of the samples A, B, and C on
which the UPS spectra measurement illustrated in FIG. 23
had been performed. These sample devices had not previ-
ously been exposed to the atmosphere after film formation.
The inventors then conducted UPS measurement again to
confirm changes in the spectra. FIG. 25 is a diagram illustrat-
ing UPS spectra within the above area y. The horizontal axis
in FIG. 25 is similar to the horizontal axis in FIG. 23, with
points (iil) and (iv) located along the horizontal axis at the
same position as in FIG. 23.

[0342] Based on the UPS spectra illustrated in FIG. 25, the
tungsten oxide layer 12 of each of the samples B and C does
not exhibit the spectral protrusion near the Fermi surface
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either before or after atmospheric exposure. On the other
hand, the tungsten oxide layer 12 ofthe sample A still exhibits
the spectral protrusion near the Fermi surface, although the
spectrum after atmospheric exposure differs in intensity and
shape. Hence, the sample A maintains the same characteris-
tics as before atmospheric exposure even after conducting
atmospheric exposure for a certain duration, thus clearly
demonstrating that the sample A has a certain level of stability
with respect to the surrounding atmosphere. The spectral
protrusion near the Fermi surface of the tungsten oxide layer
12 of the sample A is more unclear than before the atmo-
spheric exposure. This is considered to be because many
impurity molecules adhere to the tungsten oxide layer 12 in
the process of, for example, taking out the tungsten oxide
layer 12 to the atmosphere. As has been described above, by
the UV irradiation according to the present invention, adjer-
ents on the surface of the tungsten oxide layer 12 of the
sample A in such a state are removed and the spectral protru-
sion near the Fermi surface is thereafter maintained in good
condition. The inventors acrually performed UV irradiation
according to the present invention on the sample A after the
atmospheric exposure, and found that the spectral protrusion
near the Fermi surface would be clear as with before the
atmospheric exposure, and the clarity would be maintained
thereafter.

[0343] Thus far, the measured UPS spectra of the samples
A, B, and C have been discussed. It should be noted, however,
that the spectral protrusion near the Fermi surface can simi-
larly be observed in the spectra obtained by XPS measure-
ment or hard X-ray photoelectron spectroscopy measure-
ment.

[0344] FIG. 26 1s adiagram illustrating an XPS spectrum of
the tungsten oxide layer 12 of the sample A after the above
atmospheric exposure. For the sake of comparison, the UPS
spectrum of the tungsten oxide layer 12 of the sample A (as
illustrated in FIG. 22) is also shown overlaid on the XPS
spectrum.

[0345] The conditions under which the XPS measurement
was conducted are similar to the conditions for the above UPS
measurement, differing only in that an Al—Kat line was used
as the light source. The interval between measurement points,
however, was 0.1 eV. In FIG. 26, point (iii) is provided at the
same point on the horizontal axis as point (iii) in FIG. 22, and
like FIG. 23, the horizontal axis indicates a relative binding
energy with respect to point (iii). In addition, a linein the XPS
spectrum corresponding to the line (i) in F1G. 22 is illustrated
as line (i)' in FIG. 26.

[0346] As illustrated in FIG. 26, the spectral protrusion
near the Fermi surface of the tungsten oxide layer 12 of the
sample a is found in the XPS spectrum, as well as in the UPS
spectrum, as a protrusion of a considerable degree within an
area approximately between 1.8 eV and 3.6 eV lower than the
lowest binding energy of the valence band. The spectral pro-
trusion near the Fermi surface was similarly found in a sepa-
rate experiment in the spectrum observed with hard X-ray
photoelectron spectroscopy.

[0347] The sample 1A (FIG. 21) was used instead of the
organic EL. element 1 shown in FIG. 13 as the sample device
for conducting the above photoelectron spectroscopy mea-
surements. Unlike the structure of the organic EL element 1,
the sample 1A is composed of the tungsten oxide layer 12
formed on the conductive silicon substrate 11. This step was
taken merely to prevent the occurrence of charge-up during
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measurement; the structure of the organic EL display panel
110 according to an aspect of the present invention is not to be
limited to such a structure.

[0348] According to another experiment conducted by the
inventors, when UPS measurement and XPS measurements
were conducted against a sample device having the structure
of the organic EL element 1 illustrated in FIG. 13 (i.e. an
anode composed of ITO and a hole injection layer composed
of tungsten oxide formed in this order on one surface of the
substrate 10), charge-up occurred during measurement of the
tungsten oxide layer under film forming conditions B and C.
[0349] However, by using a neutralizing electron gun that
cancels such charge-up, a similar spectrum as for the sample
1A was obtained at least in the range extending from the band
gap to the lowest binding energy in the valence band, even
though in some cases the absolute value of the binding energy
indicated by each of the occupied energy levels of the hole
injection layer (for example, the binding energy value when
the Fermi level of the photoelectron spectroscopy device
itself is set as a reference point) differed from the correspond-
ing value of the tungsten oxide layer 12 of the sample 1A.
[0350] (Analysis of Hole Injection Efficiency from Hole
Injection Layer to Functional Layer)

[0351] In the case of an occupied energy level near the
Fermi surface in a hole injection layer composed of tungsten
oxide, the principle behind the effect that the occupied energy
level has on the efficiency of hole injection from the hole
injection layer to the functional layer can be explained as
follows. Note that in this case, the existence of the occupied
energy level can be confirmed as a protrusion near the Fermi
surface in, for instance, a UPS spectrum.

[0352] It has been frequently reported, with reference to
results of experiments and first principles calculations, that
existence of the occupied energy level near the Fermi surface,
which can be seenin a thin film or a crystal of tungsten oxide,
derives from a structure similar to an oxygen vacancy.
[0353] Specifically, it can be assumed that the existence of
the occupied energy level near the Fermi surface derives from
a binding orbital formed by 5d orbitals of adjacent tungsten
atoms due to a deficiency of oxygen atoms, or from a 5d
orbital of a singular tungsten atom which is not terminated
with an oxygen atom and which exists at the surface of a film
or within a film. Further, it is assumed that such 5d orbitals,
when either in semi-occupied state or unoccupied state, are
capable of pulling an electron off of the HOMO of an organic
molecule when contact is formed therebetween. The pulling
of an electron from the organic molecule performed by the 5d
orbital is believed to have the effect of stabilizing the energy
state of both the tungsten atom and the organic molecule.
[0354] As a matter of fact, a report has been made that,
when a layer composed of a.-NPD, which is a small organic
molecule, is layered on a thin film of molybdenum oxide,
electrons transfer from the a.-NPD molecule to the molybde-
num oxide thin film (Non-Patent Literature 5). Note that
molybdenum oxide has many common physical properties
similar to those of tungsten oxide, such as a catalyst effect,
electrochromism, and photochromism.

[0355] In further detail, the inventors arrived at the concep-
tion that, in the case of tungsten oxide, a semi-occupied 5d
orbital or a structure similar thereto of a single tungsten atom
corresponds to the occupied energy level near the Fermi sur-
face. The semi-occupied 5d orbital is lower in terms of bind-
ing energy than a binding orbital of 5d orbitals of adjacent
tungsten atoms.

Dec. 12,2013

[0356] FIG. 27 is a diagram illustrating an energetic state at
an interface between the tungsten oxide layer having the
occupied energy level near the Fermi surface and an a-NPD
layer.

[0357] Within the tungsten oxide layer (corresponding to
thehole injection layer), FIG. 27 illustrates the lowest binding
energy of the valence band (the “upper end of the valence
band” in the figure) and the lowest binding energy of the
occupied energy level near the Fermi surface, corresponding
to the point at which the occupied energy level near the Fermi
surface rises (the “upper end of the in-gap state” in the figure).
In the UPS spectrum, the upper end of the valence band
corresponds to point (iii) in FIG. 22, and the upper end of the
in-gap state corresponds to point (iv) in FIG. 23.

[0358] In addition, the figure illustrates the relationship
between (i) the thickness of the a-NPD layer, in a case where
the a-NPD layer (corresponding to the functional layer) is
formed on the tungsten oxide layer, and (ii) the binding
energy of the highest occupied molecular orbital of the
a-NPD as well as the vacuum level. Here, the binding energy
of the highest occupied molecular orbital of the a-NPD layer
corresponds to the binding energy at a point at which a peak
in the highest occupied molecular orbital begins in the UPS
spectrum, i.e. the lowest binding energy of the highest occu-
pied molecular orbital in the .-NPD.

[0359] More specifically, the energy diagram illustrated in
FIG. 27 is obtained through repeated alternate execution of
the UPS measurement and the ultra-high vacuum vapor depo-
sition, where the tungsten oxide layer formed on the ITO
substrate is transferred back and forth between a photoelec-
tron spectroscopy device and an ultra-high vacuum vapor
deposition device connected to the photoelectron spectros-
copy device. Since the occurrence of charge-up was not
encountered during the UPS measurement, the binding
energy on the vertical axis in FIG. 27 is indicated as an
absolute value taken with respect to a reference point, which
is the Fermi level of the ITO substrate.

[0360] FIG. 27 demonstrates that, at least within a range of
between 0 and 0.3 nm from the surface of the a-NPD layer,
i.e. in a vicinity of the interface between the tungsten oxide
layer and the a-NPD layer, the upper end of the in-gap state of
the tungsten oxide layer and the highest occupied molecular
orbital of the a.-NPD layer are approximately equal in terms
of binding energy. In other words, the energy levels are in a
state of alignment (the state described above as the “interface
energy level alignment”). Here, it should be noted that the
state of “approximately equal” as referred to above actually
includes a state where a slight difference exists between the
binding energies of the two layers, and specifically denotes a
range of +0.3 eV inclusive.

[0361] Further, it can be seen from FIG. 27 that the interface
energy level alignment is formed as a result of interaction
between the tungsten oxide and the a-NPD, and not by mere
coincidence. Refer to the following for reasons as to why such
an indication can be made.

[0362] For instance, the change in vacuum level (vacuum
level shift) observed at the interface between the tungsten
oxide layer and the c.-NPD layer indicates that an electrical
double layer (EDL) is formed at the interface. Further, con-
sidering the direction in which the vacuum level shift is ori-
ented, it can be seen that the EDL is formed to be negative in
the direction of the tungsten oxide layer, and positive in the
direction of the c.-NPD layer. In addition, since the magnitude
of the vacuum level shift is considerably largenear 2 eV, itcan
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be reasonably assumed that the EDL has been formed not due
to physical adsorption or the like, but rather as a result of an
effect similar to a chemical bond. Thus, it can be reasonably
assumed that the interface energy level alignment has been
formed as a result of interaction between the tungsten oxide
and the a-NPD.

[0363] Furthermore, the inventors assume that the interac-
tion is specifically caused by a mechanism as described
below.

[0364] First of all, as described above, the occupied energy
level near the Fermi surface derives from the 5d orbital of a
tungsten atom that has a structure similar to an oxygen
vacancy. In the following, the 5d orbital of the tungsten atom
is referred to as a “W5d orbital corresponding to the spectral
protrusion”.

[0365] When the highest occupied molecular orbital of an
a-NPD molecule approaches the W5d orbital corresponding
to the spectral protrusion at the surface of the tungsten oxide
layer, an electron transfers from the highest occupied molecu-
lar orbital of the a-NPD molecule to the W5d orbital corre-
sponding to the spectral protrusion. Such transfer of an elec-
tron takes place since both the tungsten oxide layer and the
a-NPD molecule seek for stabilization of energetic state.
Hence, an EDL is formed at the interface, thus causing the
vacuum level shift and the interface energy level alignment
observed in FIG. 27.

[0366] More specifically, many reports have been made, as
a result of first principles calculations, that the highest occu-
pied molecular orbital of an organic amine-containing mol-
ecule, such as a.-NPD, is characterized in that the electron
density thereof typically exhibits a distribution biased
towards a nitrogen atom of the amine structure, and that the
structure thereof includes, as the main component, a lone pair
of electrons of the nitrogen atom. It can therefore be assumed
that, particularly at the interface between the tungsten oxide
layer and the layer of an organic amine-containing molecule,
an electron transfers from the lone pair of electrons of the
nitrogen atom in the amine structure of the amine-containing
molecule, to the W5d orbital corresponding to the spectral
protrusion.

[0367] This assumption is supported by reports made of
interface energy level alignments, similar to the interface
energy level alignment between the tungsten oxide layer and
the a-NPD layer illustrated in FIG. 27, at interfaces formed
between both a-NPD and F8BT and a vapor deposition film
of molybdenum oxide, which has a physical property similar
to tungsten oxide, as described above (see Non-Patent Litera-
ture 2, 6, and 7).

[0368] In the organic EL display panel pertaining to an
aspect of the present invention, the excellent efficiency of the
hole injection layer for hole injection into the functional layer
canbe explained according to the interface energy level align-
ment as described above. That is, an interface energy level
alignment occurs between the hole injection layer composed
of tungsten oxide that has the occupied energy level near the
Fermi surface and the adjacent functional layer. As a result,
the binding energy at the point at which the occupied energy
level near the Fermi surface begins to rise and the binding
energy of the HOMO of the functional layer become substan-
tially equal. The injection of holes takes place between such
energy levels having the interface energy level alignment
formed therebetween. Therefore, the hole injection barrier
between the hole injection layer and the functional layer of
the present invention is nearly nonexistent.
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[0369] The cause behind formation of the occupied energy
level near the Fermi surface is a structure similar to an oxygen
vacancy, and it is highly unlikely for tungsten oxide that is
completely free of such a structure to actually exist. For
example, it can be reasonably assumed that, even in such
tungsten oxide as used to prepare the above-described
samples B and C, which does not exhibit the spectral protru-
sion near the Fermi surface in the photoelectron spectroscopy
spectrum, structures similar to an oxygen vacancy exist, how-
ever minimal they may be in number.

[0370] With respect to this point, explanation is now pro-
vided, with reference to FIGS. 28A and 28B, of the reason for
which the hole-only device HOD-A and the organic EL ele-
ment BPD-A, both having the hole injection layer which
corresponds to the tungsten oxide layer 12 of the sample A,
exhibit the superb low driving voltage observed in the above
experiments.

[0371] To bring about the interaction between the HOMO
of the organic molecule composing the functional layer and
the occupied energy level near the Fermi surface of the tung-
sten oxide layer when disposing the tungsten oxide layer on
the functional layer, the following condition needs to be ful-
filled. Namely, at the interface between the layers, a portion of
the organic molecule where the electron density of the
HOMO of the organic molecule is high and a structure similar
to an oxygen vacancy on the surface of the tungsten oxide
layer (illustrated as “injection site X~ in the figures) must
approach (i.e. contact) each other to within a distance at
which the interaction is triggered. The portion of the organic
molecule (illustrated as “injection site y” in the figures) is, for
instance, a nitrogen atom in the amine structure of an organic
amine-containing molecule.

[0372] However, in a tungsten oxide layer as incorporated
in the samples B and C, the number density of the injection
site x, if any, is extremely small, as illustrated in FIG. 28B.
Accordingly, the spectral protrusion near the Fermi surface
does not appear in the UPS spectra thereof. Thus, the possi-
bility of the injection site y and the injection site x coming into
contact is extremely low. Since the injection of holes takes
place where the injection site x and the injection site y come
into contact, it is clear that hole injection efficiency in samples
B and C is extremely low.

[0373] In contrast to this, as illustrated in FIG. 28A, an
abundance of injection sites v exists in the tungsten oxide
layer which exhibits the spectral protrusion near the Fermi
surface, as for example in the above-described sample A.
Thus, there is a high possibility of the injection sites y and the
injection sites X coming into contact, thereby providing a high
hole injection efficiency from the hole injection layer to the
functional layer.

[0374] To further substantiate the analysis made thus far,
the energy diagram at the interface with the a-NPD layer was
also measured, as in FIG. 27, for the tungsten oxide layer
formed under film forming conditions C, i.e. the tungsten
oxide layer in which no protrusion near the Fermi surface
could be confirmed.

[0375] FIG. 29 shows the results. As described above, the
upper end of the in-gap state of the tungsten oxide layer,
which corresponds to the spectral protrusion near the Fermi
surface, could not be confirmed at all. As a candidate for
another energy level used in hole injection, FIG. 29 shows the
point at which a structure different from the spectral protru-
sion ((z) in FIG. 22) rises (the “second upper end of the in-gap
state™), this point being observed at a higher binding energy
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than the location of the spectral protrusion near the Fermi
surface in the UPS spectrum. FIG. 29 also shows the upper
end of the valence band.

[0376] However, the highest occupied molecular orbital of
the a-NPD in FIG. 29 completely differs from FIG. 27 and
approaches neither the second upper end of the in-gap state
nor the upper end of the valence band. In other words, inter-
face energy level alignment does not occur at all. This means
that the second in-gap state and the valence band both hardly
interact with the highest occupied molecular orbital of the
a-NPD. Even if holes are injected from the second upper end
of the in-gap state to the highest occupied molecular orbital of
the a-NPD, the injection barrier is 0.75 eV, an extremely large
value compared to FIG. 27, in which the injection barrier is
nearly zero.

[0377] It is considered that this difference in the injection
barrier greatly affects the driving voltage and the light-emit-
ting efficiency of the hole-only devices 1B and the organic EL
elements 1 formed under the above film forming conditions.
Specifically, the differences in characteristics between the
hole-only devices 1B and the organic EL elements 1 formed
under film forming conditions A, B, and C strongly suggest
that the organic EL display panel 110 according to an aspect
ofthe present invention has excellent hole injection efficiency
from the hole injection layer to the functional layer.

[0378] To summarize the above analysis, the excellent hole
injection efficiency of the organic EL, display panel 110
according to an aspect of the present invention can be
explained as follows.

[0379] First, a hole injection layer composed of tungsten
oxide exhibits, in the photoelectron spectroscopy spectrum
thereof, a spectral protrusion near the Fermi surface. This
means that a considerable number of structures similar to an
oxygen vacancy, as well as occupied energy levels near the
Fermi surface deriving from the structures, exist along the
surface of the hole injection layer.

[0380] The occupied energy level near the Fermi surface,
the existence of which is indicated by the spectral protrusion
near the Fermi surface, pulls an electron off from the organic
molecule composing the functional layer adjacent to the hole
injection layer. As a result, the occupied energy level near the
Fermi surface establishes an interface energy level alignment
with the HOMO of the organic molecule.

[0381] Assuch, if aconsiderable number of structures simi-
lar to an oxygen vacancy is found along the surface of the hole
injection layer, the probability increases of contact between
the occupied energy level near the Fermi surface and a portion
of the HOMO with a high electron density in the organic
molecule. Thus, the interface energy level alignment occurs
efficiently, whereby the tungsten oxide layer exhibits excel-
lent hole injection efficiency from the hole injection layer to
the functional layer.

[0382] (Analysis of Hole injection Efficiency from Anode
to Hole injection Layer)

[0383] The following describes the Schottky ohmic contact
formed between the anode and the hole injection layer com-
posed of tungsten oxide according to an aspect of the present
invention. The stability of this contact (as dependent on the
material and surface conditions of the anode) is also
described.

[0384] 1. Hole Injection Barrier Between Anode and Hole
Injection Layer

[0385] FIGS. 30 through 33 are energy diagrams near the
interface between the anode and the functional layer in a
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conventional organic EL element, in which the anode in the
functional layer are directly laminated together. Here, a-NPD
was used as the functional layer. The binding energy along the
vertical axis in the figures indicates absolute values, with the
Fermi level of the anode at the origin.

[0386] When the anode is formed from IZO, as in FIGS. 30
and 31, the hole injection barrier between the Fermi level of
the anode and the HOMO of the functional layer was quite
large, exceeding 1 eV both when the surface of the anode was
cleaned only with pure water, as in FIG. 30, and when dry
etching was performed on the surface of the anode after
cleaning with pure water, as in FIG. 31. The magnitude of the
hole injection barrier has also been shown to vary greatly
depending on differences in how the 1ZO surface is pro-
cessed.

[0387] Also when the anode is formed from ITO, as in
FIGS. 32 and 33, it is clear that a very high hole injection
barrier exists both when the surface of the anode is only
cleaned with IPA (isopropanol), as in FIG. 32, and when the
surface of the anode is further treated with oxygen plasma
after cleaning with IPA, as in FIG. 33.

[0388] As illustrated in FIGS. 30 through 33, in a conven-
tional organic EL element, the hole injection barrier between
the anode and the functional layer varies greatly depending on
the type of anode material and on the surface conditions of the
anode. Moreover, the barrier itself'is large, thus clearly point-
ing to the potential for improvement with regards to driving
voltage.

[0389] On the other hand, FIGS. 34 through 38 are energy
diagrams near the interface between an anode and a hole
injection layer when the anode is laminated with the hole
injection layer composed of tungsten oxide of the present
invention.

[0390] FIGS. 34 and 35 show the case of forming the anode
from IZO. Like FIGS. 30 and 31, the surface of the anode was
only cleaned with pure water in FIG. 34, whereas dry etching
was performed on the surface of the anode after cleaning with
pure water in FIG. 35. The hole injection layer of the present
invention was then laminated on the anodes manufactured in
this way.

[0391] FIGS. 36 and 37 show the case of forming the anode
from ITO. Like FIGS. 32 and 33, the surface of the anode was
only cleaned with IPA in FIG. 36, whereas the anode was
treated with oxygen plasma after cleaning with IPA in FIG.
37. The hole injection layer of the present invention was then
laminated on the anodes manufactured in this way.

[0392] Furthermore, FIG. 38 shows the case of forming the
anode from Al. After forming the anode, the hole injection
layer of the present invention was layered thereon without the
anode being exposed to the atmosphere, so as to prevent the
surface from undergoing natural oxidation.

[0393] The following conclusions can be drawn from the
results shown in FIGS. 34 through 38.

[0394] First, in every one of FIGS. 34 through 38, when the
thickness of the hole injection layer is less than 2 nm, the
binding energy at the upper end of the in-gap state, which is
the position at which the occupied energy level near the Fermi
surface begins to rise, has a relatively sharp inclination. At a
thickness of 2 nm or greater, however, the binding energy is
nearly constant. The value of the binding energy upon becom-
ing nearly constant is extremely close to the Fermi level of the
anode, the difference being within a range of 0.3 eV. In other
words, in all of FIGS. 34 through 38, the width of the Schottky
barrier between the anode and the hole injection layer of the
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present invention is approximately 2 nm, meaning that excel-
lent Schottky ohmic contact is achieved.

[0395] Furthermore, for the IZO anodes in FIGS. 34 and 35,
as well as the ITO anodes in FIGS. 36 and 37, the difference
in binding energy between the Fermi level of the anode and
the upper end of the in-gap state when the thickness of the
hole injection layer is 2 nm or greater does not depend on the
surface conditions of the anode, but rather is nearly the same
value (at most a difference of 0.02 eV).

[0396] The following conclusions can therefore be drawn.
First of all, for all of the anode materials IZO, ITO, and Al, if
the thickness of the hole injection layer according to an aspect
of the present invention is 2 nm or greater, the anode and the
hole injection layer are in Schottky ohmic contact. Further-
more, if the surface conditions of the anode have at least
undergone one of the above treatments, then this contactis not
only preserved well, but the degree of contact (the above
difference in binding energy) does not depend on differences
in surface conditions of the anode, thereby maintaining an
extremely stable, constant state.

[0397] Based on these results, using the hole injection layer
composed of tungsten oxide of the present invention promises
excellent hole injection efficiency from the anodes to the hole
injection layer without the need for a variety of procedures to
maintain the work function and the surface conditions of the
anode stable. In other words, no special care need be taken to
carefully select the anode material, or to maintain the surface
conditions of the anode strictly constant immediately before
formation of the hole injection layer.

[0398] To summarize the above considerations, the hole
injection layer composed of tungsten oxide according to an
aspect of the present invention includes an occupied energy
level near the Fermi surface, and the energy level acts to
achieve Schottky ohmic contact with the anode with almost
no influence from the work function or surface conditions of
the anode. Specifically, at a location that is 2 nm from the
surface of the anode towards the hole injection layer, the
difference in binding energy between the Fermi level of the
anode and the occupied energy level falls within a range of
+0.3 eV. As a result, the hole injection barrier between the
anode and the hole injection layer is greatly reduced.

[0399] Due to the action of the occupied energy level, as
described above, the hole injection bartier between the hole
injection layer of the present invention and the functional
layer is extremely small. Accordingly, holes can be injected
from the anode to the hole injection layer as well as from the
hole injection layer to the functional layer with nearly no
barrier. Reducing the hole injection barrier in this way
between not only the hole injection layer in the functional
layer, but also between the anode and the hole injection layer,
allows for an even better low driving voltage for the EL
element. Furthermore, improving the hole injection effi-
ciency reduces the burden on the EL element during driving
thereof, thereby promising an increase in the operating life-
time of the EL element.

[0400] 2. Confirmation of Stability of the Schottky Ohmic
Contact
[0401] As described above, when the thickness of the hole

injection layer composed of tungsten oxide of the present
invention is 2 nm or greater, a stable Schottky ohmic contact
forms between the hole injection layer and the anode. This has
also been confirmed based on characteristics of the EL ele-
ment.
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[0402] First, using the above-described hole-only devices
1B, the degree of the dependency on the film thickness, of the
hole injection efficiency from the anode to the hole injection
layer, was assessed for the hole injection layer according to an
aspect of the present invention.

[0403] The hole injection layer in the hole-only device 1B
was formed under the above film forming conditions A, with
athickness in a range between 5 nm and 30 nm. For compari-
son, an element in which the hole injection layer was omitted,
1.e. an element in which the anode and the buffer layer were
directly laminated together, was also manufactured (herein-
after referred to as a “film thickness of 0 nm”). The structures
of other layers are the same as described in “(Regarding
Improvements on EL Element Characteristics by UV Irradia-
tion)”.

[0404] Except for the element with a film thickness of 0 nm,
the hole injection layer was formed under film forming con-
ditions A in all of the hole-only devices 1B. Therefore, the
hole injection efficiency from the hole injection layer to the
buffer layer is assumed to be equivalent in all of the elements.
Furthermore, the structures were identical except for the
thickness of the hole injection layer. Accordingly, the main
factors influencing the characteristics of the hole-only
devices 1B are expected to be the thickness of the hole injec-
tion layer and the extent of formation of the Schottky ohmic
contact between the anode and the hole injection layer.
[0405] First, the influence of the electric resistance of the
hole injection layer might be considered. The resistance of the
hole injection layer increases in proportion to the thickness of
the hole injection layer. The resistivity of the hole injection
layer under film forming conditions A, however, is /100 or less
of that of the buffer layer and the light-emitting layer 6B, as
was confirmed by another experiment. Therefore, differences
in resistance due to differences in the thickness of the hole
injection layer make nearly no contribution to the character-
istics of the hole-only devices 1B.

[0406] Accordingly, except for the element with the film
thickness of 0 nm, the hole-only devices 1B should all have
substantially the same characteristics as long as a stable
Schottky ohmic contact is formed between the anode and the
hole injection layer.

[0407] Hole-only devices 1B manufactured to have a hole
injection layer with respective thicknesses of 0 nm, 5 nm, and
30 nm were connected to a direct current power supply, and
voltage was applied thereto. Furthermore, by changing the
applied voltage, an electric current value per unit surface area
(electric current density) was calculated for different volt-
ages. Hereinafter, the expression “driving voltage” refers to
the voltage applied when the current density value is 10
mA/cm?,

[0408] Table 9 shows the driving voltage for each of the
hole-only devices 1B.

TABLE 9

Thickness of Hole Injection Layer [nm] Driving Voltage [V]

0 30.0
5 20.1
30 20.2

[0409] The driving voltage for the element with a film
thickness of 0 nm is quite high. This is considered to be
because a large hole injection barrier forms between the
anode and the buffer layer, due to the absence of the hole
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injection layer according to an aspect of the present invention.
On the other hand, in the elements 1B with respective film
thicknesses of 5 nm and 30 nm, the driving voltage is kept low.
Furthermore, the driving voltage is nearly equal for both
elements, thus clearly not depending on film thickness. Based
on this table, it can be concluded that when the thickness of
the hole injection layer is at least 5 nm, a nearly constant
Schottky ohmic contact is formed between the anode and the
hole injection layer of the present invention, which achieves
excellent hole injection efficiency from the anode to the hole
injection layer.

[0410] Next, the degree of the dependency on the film
thickness, of the hole injection efficiency from the anode to
the hole injection layer, was assessed for the hole injection
layer of the present invention in the organic EL elements 1 as
well. The thickness of the hole injection layer was in a range
between 2 nm and 30 nm.

[0411] Since the structure of the organic EL elements 1 was
the same except for the thickness of the hole injection layer,
the elements should all have approximately the same charac-
teristics as long as a stable Schottky ohmic contact is formed
between the anode and the hole injection layer.

[0412] Organic EL elements 1 manufactured to have a hole
injection layer with respective thicknesses of 2 nm, 5 nm, 15
nm, 20 nm, and 30 nm were connected to a direct current
power supply, and voltage was applied thereto. Furthermore,
by changing the applied voltage, an electric current value per
unit surface area (electric current density) of the elements 1
was calculated for different voltages. Hereinafter, the expres-
sion “driving voltage” refers to the voltage applied when the
current density value is 10 mA/cm?.

[0413] Table 10 shows the driving voltage for each of the
organic EL elements 1.

TABLE 10

Thickness of Hole Injection Layer [nm] Driving Voltage [V]

2 8.6
5 8.4
15 8.7
20 8.7
30 8.4

[0414] Each of the driving voltages is a good, low value.
Taking into consideration variations in the thickness of each
layer that naturally occur during manufacturing of the ele-
ments, these driving voltages can be concluded not to depend
on the thickness of the layers and to be sufficiently equivalent.
Therefore, as with the hole-only devices 1B, it can be
assumed that a nearly constant Schottky ohmic contact forms
between the anode and the hole injection layer of the present
invention in the organic EL elements 1 as well when the
thickness of the hole injection layer is 2 mu or greater.

[0415] Next, the relationship between the thickness of the
hole injection layer of the present invention and the operating
lifetime of the EL element was assessed using organic EL
elements 1.

[0416] The organic EL elements 1 were manufactured with
the same structure as in Table 10, with the thickness of the
hole injection layer being in a range between 2 nm and 30 nm.
For comparison, an element 1 with a film thickness of 0 nm,
i.e. an element without a hole injection layer, was also manu-
factured.
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[0417] Since the structure of the EL elements 1 was the
same except for the thickness of the hole injection layer, the
elements are expected to have substantially the same lifetime
as long as a stable Schottky ohmic contact is formed between
the anode and the hole injection layer.

[0418] EL elements 1 respectively manufactured to have
hole injection layers with a thickness of 0 nm, 2 nm, 5 nm, and
30 nm were connected to a direct current power supply and
were driven at a constant current with a current density of 10
mA/cm?. Changes in the luminance of the emitted light in
accordance with driving time were measured.

[0419] For each element 1, Table 11 shows the time from
the start of driving for the luminance to decrease to 60%.
TABLE 11
Thickness of Hole
Injection Layer [nm]
0 2 5 30
Time for Decrease in Luminance [hours] 100 150 150 170

[0420] From this table, it is clear that the luminance of the
element 1 with a film thickness of 0 nm decreases quickly, i.e.
that the lifetime is short. This is considered to be because a
large hole injection barrier forms between the anode and the
buffer layer, due to the absence of the hole injection layer
according to an aspect of the present invention. It thus
becomes necessary to apply a high driving voltage in order to
maintain constant current, increasing the burden on the ele-
ment 1 and thereby greatly affecting the lifetime.

[0421] On the other hand, in the elements with respective
film thicknesses of 2 nm, 5 nm, and 30 nm, the decrease in
luminance is lower than the element 1 with a film thickness of
0 nm, ie. the lifetime is longer. This is considered to be
because the hole injection layer of the present invention effec-
tively reduces the hole injection barrier, thereby reducing the
necessary driving voltage and lessening the burden on the
elements 1.

[0422] The results were good for the elements 1 with
respective film thicknesses of 2 nm, 5 nm, 30 nm, which all
had an approximately equivalent decrease in luminance.
Accordingly, it can be inferred that if the thickness of the hole
injection layer is 2 nm or greater, a nearly constant Schottky
ohmic contact forms between the anode and the hole injection
layer of the present invention, and therefore that any element
1with ahole injection layer that is at least 2 nm thick will have
an equivalent driving voltage and an equivalent lifetime.
[0423] The above experiments confirm, based on charac-
teristics of the EL element, that when the thickness of the hole
injection layer composed of tungsten oxide according of the
present invention is 2 nm or greater, a stable Schottky ohmic
contact forms between the hole injection layer and the anode.
[0424] Also, regarding the elements 1 used in Table 5 and
FIGS. 17 through 20, the inventors confirmed formation of
Schottky ohmic contact of the present invention between the
anode and the hole injection layer, regardless of the film
forming conditions for the hole injection layer. The formation
of the Schottky ohmic contact results from surface treatment
performed on the ITO anode. Details are provided below.
[0425] Like the methodused in FIG. 27, repeating the cycle
of forming the hole injection layer, under the above film
forming conditions, on an ITO anode treated as above and
performing UPS measurement confirmed the existence of a
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spectral protrusion near the Fermi surface for hole injection
layers having a thickness within approximately 2 nm, regard-
less of the film forming condition, and confirmed the forma-
tion of Schottky ohmic contact with the anode. As the film
thickness increased, however, the presence of a spectral pro-
trusion near the Fermi surface depended on the film forming
conditions, as in FIG. 23.

[0426] Thisisconsidered to be due to that, before formation
of the hole injection layer, argon ion sputtering was pet-
formed on the surface of the ITO anode to clean the ITO
anode and oxygen vacancies formed on the surface of the ITO
anode,

[0427] In other words, oxygen vacancies form on the sur-
face of the ITO anode, making it easier for oxygen atoms in
the tungsten oxide to be pulled towards the ITO immediately
after the start of formation of the hole injection layer. This
results in the formation of numerous structures similar to an
oxygen vacancy in the hole injection layer only near the
interface. The Schottky ohmic contact of the present inven-
tion thus forms between the anode and the hole injection
layer.

[0428] Once the thickness of the hole injection layer
reaches several nanometers immediately after the start of
formation of the hole injection layer, the layer proceeds to
form uniformly with the properties determined by the film
forming conditions. Therefore, the characteristics of the ele-
mentsinTable 5 and in FIGS. 17 through 20, in which the hole
injection layer has a thickness of 30 nm, depend on the film
forming conditions.

[0429] (Analysis of the Auxiliary Wiring, Schottky Ohmic
Contact Between the Electron Injection Layer and the Hole
Injection Layer)

[0430] Thus far, from the perspective of analyzing the
anode of the hole injection layer and the organic EL element,
carriers have been represented as holes, and current has been
considered as flowing only from the anode to the hole injec-
tion layer. The Schottky ohmic contact between the electrode,
such as the anode, and the hole injection layer according to an
aspect the present invention is not limited to when current
flows only from the electrode to the hole injection layer.
[0431] As described above, the occupied energy level near
the Fermi surface is produced within a structure similar to an
oxygen vacancy by an electron in the 5d orbital of a tungsten
atom not bound with an oxygen atom. Unlike electrons in the
valence band or electrons of organic molecules, these carriers
can move relatively freely. In other words, the occupied
energy level near the Fermi surface is a donor energy level or
a metallic energy level of an n-type semiconductor in which
electrons flow easily. Accordingly, electrons can be easily
exchanged with the electrode in both directions (“electrons”
being replaceable by “holes™). It is precisely this ease of
exchange that allows for Schottky ohmic contact. With a
separate experiment, the inventors confirmed that electrons
flow ohmically in both directions in a double layered structure
composed of the hole injection layer according to an aspect of
the present invention and each of ITO, IZO, Al, and Ba.
[0432] The above Schottky ohmic contact between the
electrode and the hole injection layer according to an aspect
of the present invention of course also forms between the
auxiliary wiring and the hole injection layer, as well as
between the hole injection layer and the electron injection
layer. Carriers can therefore easily be exchanged between
these layers. As a result, although located between the auxil-
iary wiring and the electron injection layer, the hole injection
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layer according to an aspect of the present invention does not
block the injection of electrons from the hole injection layer
to the electron injection layer nor from the auxiliary wiring to
the hole injection layer. With respect to this point, the hole
injection layer according to an aspect of the present invention
differs greatly from a hole injection layer formed, for
example, from copper phthalocyanine, PEDOT, or the like, in
which injection of electrons from the auxiliary wiring is dif-
ficult.

[0433] As compared to when the auxiliary wiring and the
electron injection layer are directly connected, the resistance
of the connecting portion does increase due to the hole injec-
tion layer according to an aspect of the present invention
being located between the auxiliary wiring and the electron
injection layer. The resistivity of the hole injection layer
according to an aspect of the present invention, however, is
sufficiently low as compared to a typical functional layer
composed of an organic substance. Furthermore, the thick-
ness of the layer is at most several dozen nanometers in a
typical organic EL element. Therefore, the contribution to
resistance made by the hole injection layer according to an
aspect of the present invention is extremely small as com-
pared to the resistance of the entire organic EL display panel,
which includes the light-emitting cells and the wiring por-
tions. Accordingly, the interposition of the hole injection
layer according to an aspect of the present invention in the
connecting portion does not cause a substantial increase in the
resistance of the wiring portion. An organic EL display panel
adopting the hole injection layer according to an aspect of the
present invention therefore does not require a step to prevent
formation of the hole injection layer on the auxiliary wiring.
[0434] Inaddition, since adherents have been satisfactorily
removed from the surface of the hole injection layer by the
UV irradiation according to the present invention, adherents,
which can be a cause of high resistivity, are prevented from
being embedded between the hole injection layer and the
electron injection layer in the connecting portion. This
ensures a low resistance with stability.

[0435] In the present embodiment, the electron injection
layer is layered onto the hole injection layer according to an
aspect of the present invention in the connecting portion, yet
the electron injection layer in the connecting portion is not
absolutely necessary, and may be omitted. In this case, the
hole injection layer and the common electrode are in direct
Schottky ohmic contact, which again does not lead to an
increase in the resistance of the wiring portion.

[0436] After forming the light-emitting layers, an electron
transport layer composed mainly of organic material or inor-
ganic material may be formed to be continuous on the light-
emitting cells and the connecting portions. In this case, the
hole injection layer according to an aspect of the present
invention and the electron transport layer are adjacent in the
connecting portions. As described above, the hole injection
layer according to an aspect of the present invention has the
characteristics of an n-type semiconductor or a metal due to
an occupied energy level near the Fermi surface. Therefore, a
so-called p-n junction does not occur at the interface with the
electron transport layer, thus yielding an interface with a
small energy barrier at which it is relatively easy to inject
electrons to the electron transport layer from the hole injec-
tion layer according to an aspect of the present invention.
With respect to this point as well, the hole injection layer
according to an aspect of the present invention differs greatly
from a hole injection layer formed, for example, from copper
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phthalocyanine, PEDOT, or the like, in which the exchange of
electrons with the electron transport layer is difficult.

[0437] Note that in the organic EL display panel 110 of
Embodiment 1, the anode 20 (first electrode) provided on the
substrate 10 and the auxiliary wiring 30 are provided in par-
allel with the hole injection layer 40 therebetween. Since the
anode 20 and the auxiliary wiring 30 are separated by several
dozen micrometers, the problem does not arise of an anode 20
and auxiliary wiring 30 with opposite polarities causing a
short circuit across the hole injection layer 40.

Embodiment 2
[0438] <Overall Structure of Organic EL Display Panel>
[0439] FIG. 39A is a schematic cross-sectional view illus-

trating the structure of an organic EL display panel 110C
according to the present embodiment. FIG. 39B is a partially
expanded view near a hole injection layer 40C.

[0440] Theorganic EL display panel 110C is an application
type display panel in which the functional layer is, for
example, applied by a wet process. The hole injection layer
40C and a variety of functional layers that have a variety of
functions and include organic material are layered together
and placed between a pair of electrodes consisting of an anode
20C and a cathode 90C.

[0441] Specifically, the organic EL display panel 110C
includes a substrate 10C having the following layered on the
main side thereof in the following order: anodes 20C, ITO
layers 25C, the hole injection layer 40C, buffer layers 60C,
light-emitting layers 70C, electron injection layers 85C, the
cathode 90C, and a sealing layer 95C. Furthermore, auxiliary
wirings 30C are formed respectively at a distance from the
anodes 20C on the main side of the substrate 10C. The ITO
layer 25C, the hole injection layer 40C, the cathode 90C, and
the sealing layer 95C are also layered on each auxiliary wiring
30C. The following description focuses on the differences
from the organic EL display panel 110.

(Anode/Auxiliary Wiring)

[0442] The anodes 20C are provided in plurality in a
matrix, with one anode 20C for each pixel, whereas the aux-
iliary wirings 30C are provided along the anodes 20C for each
row of pixels.

(ITO Layer)

[0443] The ITO (indium tin oxide) layer 25C is provided
between each anode 20C and the hole injection layer 40C and
has the function of ensuring a good bond between the layers.
In the organic EL display panel 110C, the ITO layers 25C and
the anodes 20C are separate, but the ITO layers 25C may be
considered part of the anodes 20C.

[0444] The ITO layer 25C is also provided between the
auxiliary wiring 30C and the hole injection layer 40C. In the
organic EL display panel 110C, the ITO layers 25C and the
auxiliary wirings 30C are separate, but the ITO layers 25C
may be considered part of the auxiliary wirings 30C.

(Hole Injection Layer)

[0445] Like the hole injection layer 40 in Embodiment 1,
the hole injection layer 40C is a tungsten oxide layer formed
under predetermined film forming conditions and having a
thickness of at least 2 nm (in the present example, 30 nm). As
aresult, in the light-emitting cell (to the left of the wavy line
in FIG. 39A indicating omission), the hole injection layer
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40C and the buffer layer 60C establish an interface energy
level alignment, with the ITO layers 25C and the hole injec-
tion layers 40C in Schottky ohmic contact. Furthermore, in
the wiring portion (to the right of the wavy line in FIG. 39A
indicating omission), the ITO layers 25C and the hole injec-
tion layer 40C, as well as the hole injection layer 40C and the
cathode 90C, are in Schottky ohmic contact. In greater detail,
these Schottky ohmic contacts mean that the Fermi level of
the [TO layer 25C and the cathode 90C differs from the lowest
binding energy of the occupied energy level near the Fermi
surface of the hole injection layer 40C by within +0.3 eV ata
position that is 2 nm away from the surface of the ITO layer
25C or the cathode 90C towards the hole injection layer 40C.
As a result, in the organic EL display panel 110C, the hole
injection barrier between the ITO layer 25C and the hole
injection layer 40C, as well as between the hole injection
layer 40C and the buffer layer 60C, is moderated in the
light-emitting cell as compared to a conventional structure.
Furthermore, carriers are easily exchanged between the ITO
layer 25C and the hole injection layer 40C, as well as between
the hole injection layer 40C and the cathode 90C, in the
wiring portion, thereby allowing for a good, low driving
voltage.

[0446] Inthe composition formula WOx denoting the com-
position of the tungsten oxide constituting the hole injection
layer 40 C, x is a real number existing within a range of
approximately 2<x<3. While it is desirable for thehole injec-
tion layer 40C to be formed only from highly pure tungsten
oxide, the inclusion of a slight degree of impurities is accept-
able, provided that the amount does not exceed the amount of
impurities that might normally be incorporated.

[0447] Details on these predetermined film forming condi-
tions for the hole injection layer 40C are described below.
[0448] In Embodiment 2, since the tungsten oxide layer
constituting the hole injection layer 40C is formed under the
predetermined conditions, the hole injection layer 4A
includes abundant tungsten oxide crystals 13C as illustrated
in FIG. 39B. The particle diameter of each crystal 13C is on
the order of nanometers. As an example, if the thickness of the
hole injection layer 40C is approximately 30 nm, the particle
diameter of the crystals 13C is approximately between 3 and
10 nm. Hereinafter, the crystals 13C whose particle diameter
is on the order of nanometers are referred to as “nanoctystals
13C”, and a layered structure composed of nanocrystals 13C
is referred to as a “nanocrystal structure”. Note that apart
from the nanocrystal structure, the hole injection layer 40C
may include an amorphous structure.

[0449] In ahole injection layer 40C with the above nanoc-
rystal structure, the tungsten atoms constituting the tungsten
oxide are distributed to include both atoms at the maximum
valence and atoms at a valence less than the maximum
valence. Typically, the tungsten oxide layer includes a struc-
ture similar to an oxygen vacancy. In tungsten oxide with a
crystal structure that does not have a structure similar to an
oxygen vacancy, the maximum valence of the tungsten is a
valence of six. On the other hand, in tungsten oxide with a
crystal structure that has a structure similar to an oxygen
vacancy, the valence of the tungsten is less than the maxi-
mum. Furthermore, the structure similar to an oxygen
vacancy is typically abundant along the crystal surface.
[0450] Accordingly, in the organic EL display panel 110C,
in addition to moderating the hole injection barrier and mak-
ing the carrier exchange easier in the light-emitting cell or in
the wiring portion, it is desirable to further improve the effi-
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ciency of hole and electron conduction by distributing tung-
sten atoms with a valence of five throughout the hole injection
layer 40C to create structures similar to an oxygen vacancy.
Specifically, in the light-emitting cell, by providing the holes
injection layer 40C composed of tungsten oxide with the
nanocrystal structure, the holes provided from the ITO layer
25C to the hole injection layer 40C are conducted along
oxygen vacancies existing along the crystal interface of the
nanocrystal 13C. Therefore, the nanocrystal structure allows
for an increase in the number of paths by which holes are
conducted, thus leading to an improvement in hole conduc-
tion efficiency. In the wiring portion, the electrons provided
from the ITO layer 25C to the holes injection layer 40C are
easily conducted along oxygen vacancies existing along the
crystal interface. Therefore, the holes injection layer in the
wiring portion has almost no influence on the resistance of the
entire wiring. This efficiently reduces the driving voltage of
the organic EL display panel 110C.

[0451] Additionally, the tungsten oxide forming the hole
injection layer 40C has high chemical resistance, i.c. the
tungsten oxide does not easily undergo undesired chemical
reactions. Therefore, even if the hole injection layer 40C
comes into contact with solvents or the like used during
processes performed after formation of the hole injection
layer 40C, damage to the hole injection layer 40C due to
dissolution, degradation, or a change of properties is reduced.
Forming the hole injection layer 40C from a material with
high chemical resistance thus prevents a reduction in the
efficiency of conduction of electrons and holes from the hole
injection layer 40C.

[0452] The hole injection layer 40C formed from tungsten
oxide in the present embodiment includes both the case of
formation only with a nanocrystal structure and the formation
with both a nanocrystal structure and an amorphous structure.
Furthermore, it is desirable that the nanocrystal structure be
present throughout the hole injection layer 40C. However, in
the light-emitting cell, holes can be efficiently conducted
from below the hole injection layer 40C to above the hole
injection layer 40C as long as grain boundaries are connected
in at least one location in the light-emitting cell from the
interface where the ITO layer 25C contacts with the hole
injection layer 40C to the interface where the hole injection
layer 40C contacts with the buffer layer 60C. Likewise, in the
wiring portion, electrons can be efficiently conducted from
below the hole injection layer 40C to above the hole injection
layer 40C as long as grain boundaries are connected in at least
onelocation in the wiring portion from the interface where the
ITO layer 25C contacts with the hole injection layer 40C to
the interface where the hole injection layer 40C contacts with
the cathode 90C.

[0453] Note thatexamples have been reported on in the past
of using a layer that includes tungsten oxide crystals as the
hole injection layer. For example, Non-Patent Literature 1
suggests that crystallizing a tungsten oxide layer by annealing
at450° C. improves the hole conduction efficiency. However,
Non-Patent Literature 1 does not disclose the conditions for
forming a tungsten oxide layer with a large area, nor the
effects that tungsten oxide formed on the substrate as a hole
injection layer has on other layers in the substrate. Non-Patent
Literature 1 therefore does not demonstrate the potential for
practical mass-production of a large organic EL display
panel. Furthermore, Non-Patent Literature 2 does not dis-
close purposely forming tungsten oxide nanocrystals having
a structure similar to an oxygen vacancy in the hole injection
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layer. The hole injection layer according to an aspect of the
present invention is formed from a tungsten oxide layer that is
resistant to chemical reactions, is stable, and can withstand
the mass production process of large organic EL panels. Fur-
thermore, purposely incorporating structures similar to an
oxygen vacancy in the tungsten oxide layer achieves excellent
hole and electron conduction efficiency, another decisive dif-
ference from conventional technology.

(Electron Injection Layer, Cathode, and Sealing Layer)

[0454] The electron injection layer 85C has a function to
inject electrons from the cathode 90C to the light-emitting
layer 70C. It is desirable that the electron injection layer 85C
be, for example, a 5-nm thick layer of barium, ora 1-nm thick
layer of lithium fluoride, sodium fluoride, or a combination
thereof.

[0455] The cathode 90C is, for example, composed of an
ITO layer with a thickness of approximately 100 nm.

A direct current power supply is connected to the anodes 20C
and to the auxiliary wirings 30C to supply power from an
external source to the organic EL display panel 110C.
[0456] The sealing layer 95C has a function to seal the
organic EL display panel 110C from being exposed to water
or air. The sealing layer 95C is, for example, formed from a
material such as SiN (Silicon nitride) or SION (Silicon oxyni-
tride). In the case where the organic EL element 1C is of the
top emission type, the sealing layer 9 is preferably formed
from a light-transmissive material.

[0457] <Method of Manufacturing Organic EL Display
Panel>
[0458] The following describes an example of a method for

manufacturing the entire organic EL display panel 110C, with
reference to FIGS. 40 through 42.

[0459] First, a thin film of silver is formed by sputtering, for
example, on the substrate 10C. The thin film is then patterned
by, for example, photolithography to form the anodes 20C
and the auxiliary wirings 30C in a matrix (FIG. 40A). Note
that the thin film may be formed by another method such as
vacuum deposition.

[0460] Next, an ITO thin film is formed by sputtering, for
example, and is patterned by photolithography, for example,
to form the ITO layer 25C on each anode 20C and auxiliary
wiring 30C. A thin film 40X containing tungsten oxide is then
formed under the predetermined film forming conditions
described below (FIG. 40B).

[0461] Subsequently. a bank material layer 50X is formed
on the thin film 40X with bank material composed of organic
material. A portion of the bank material layer 50X is removed
to expose a portion of the thin film 40X (FI1G. 40C). The bank
material layer 50X is formed by application or by another
method. The bank material layer 50X can be removed by
patterning with a predetermined developer (a solution of tet-
ramethylammonium hydroxide (TMAH) or the like).

[0462] While the tungsten oxide forming the thin film 40X
has good chemical resistance, it has the property of slightly
dissolving in TMAH solution. Therefore, washing off the
bank residue remaining on the surface of the thin film 40X
with the above developer causes the exposed portion of the
thin film 40X to erode, leading to formation of a concave
structure (F1G. 41A). As a result, the hole injection layer 40C
includes a concavity 40a corresponding to the anode 20C and
a concavity 405 corresponding to the auxiliary wiring 30C.
[0463] Next, repellency treatment is performed on the sur-
face of the bank material layer 50X using fluorine plasma, for
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example, to form the banks 50C. Subsequently, an ink com-
position containing organic material is dripped, for example
using the inkjet method, into a region corresponding to the
anode 20C as defined by the banks 50C. The ink is then dried,
thereby forming the buffer layer 60C and the light-emitting
layer 70C (FIG. 41B). The buffer layer 60C and the light-
emitting layer 70C are not formed in a region corresponding
to the auxiliary wiring 30C as defined by the banks 50C. Note
that ink may be dripped with a different method such as the
dispenser method, the nozzle coating method, the spin coat-
ing method, intaglio printing, or relief printing.

[0464] Next, a thin film of barium constituting the electron
injection layer 85C is formed on the light-emitting layer 70C
with vacuum deposition, for example (FIG. 42A).

[0465] An ITO thin film constituting the cathode 90C is
then formed across the entire surface by sputtering, for
example (FIG. 42B).

[0466] Next, on the cathode 90C, the sealing layer 95C is
formed (FIG. 42C).

[0467] This completes the organic EL display panel 110C.
[0468] The following describes the film forming conditions
for the hole injection layer 40C (thin film 40X). It is desirable
that the hole injection layer 40C (thin film 40X) be formed
with the reactive sputtering method. Specifically, metal tung-
sten 1s placed in the chamber as the sputtering target, with
argon gas as the sputtering gas and oxygen gas as the reactive
gas. Under these conditions, the argon is ionized by the appli-
cation of high voltage and caused to bombard the sputtering
target. The metal tungsten ejected as a result of the sputtering
phenomenon reacts with the oxygen gas to produce tungsten
oxide, thus forming the tungsten oxide layer on the ITO layer
25C.

[0469] Desirable film forming conditions are as follows. (1)
The total pressure of gas in the chamber should be at least 2.3
Pa and at most 7.0 Pa. (2) The partial pressure of the oxygen
gas with respect to the total pressure should be at least 50%
and at most 70%. (3) The input power (input power density)
per unit area of the target should be at least 1.5 W/cm? and at
most 6.0 W/em®. (4) The value yielded by dividing the total
pressure by the input power density should be larger than
0.7-Pa cm*/W. The hole injection layer 40C composed of
tungsten oxide having a nanocrystal structure is formed under
these film forming conditions.

(Another Example of Steps from Formation of Anodes and
Auxiliary Wiring to Formation of Banks)

[0470] Next, with reference to FIGS. 43A through 44C,
another example of the process from the formation of anodes
and auxiliary wiring to the formation of banks is described.
Note that in this process, an example of a structure for form-
ing a planarizing layer 17C on the surface of the substrate 10C
is described.

[0471] First, a planarizing layer 17C is formed on the sub-
strate 10C from an insulating resin material such as polyimide
or acrylic. With the vapor deposition method, the following
three layers are layered sequentially on the planarizing layer
17C: an Al alloy thin film 20X, an IZO thin film 25X, and a
thin film (tungsten oxide film) 40X (FIG. 43A). ACL (alumi-
num-cobalt-lanthanum) material, for example, is used as the
Al alloy material.

[0472] Next, a resist pattern R is formed by photolithogra-
phy in the regions in which the three layers for the anode 20C,
the IZO layer 25D, and the hole injection layer 40D are
formed, as well as the regions in which the three layers for the
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auxiliary wiring 30C, the IZO layer 25D, and the hole injec-
tion layer 40D are formed (FIG. 43B).

[0473] Next, patterning is performed by dry etching (D/E)
of the regions of the thin film 40X not covered by the resist
pattern R (FIG. 43C). During this dry etching, only the thin
film 40X is selectively etched with either a mixture of fluori-
nated gas and N, gas, or a mixture of fluorinated gas and O,
gas. The following is an example of specific setting condi-
tions for the dry etching.

[Conditions for Dry Etching]

[0474] Target of treatment: tungsten oxide film

[0475] Etching gas: fluorine-containing gas (SFy,
CF,CHF,)

[0476] Mixed gas: O,, N,

[0477] Mixed gas ratio: CF,:0,=160:40

[0478] Supplied power: Source 500 W, Bias 400 W
[0479] Pressure: between 10 mTorr and 50 mTorr

[0480] Etching temperature: room temperature

[0481] Performing the above dry etching yields the hole

injection layer 40D. Subsequently, asking is performed with
0, gas to facilitate removal of the resist pattern during the
following wet etching (W/E) process.

[0482] Viawet etching, the regions of the IZO thin film 25X
and the Al alloy thin film 20X not covered by the resist pattern
R are patterned (FIG. 43D). Using a mixed solution of con-
taining nitric acid, phosphoric acid, acetic acid, and water as
the etchant, wet etching is performed simultaneously on both
the IZ0 thin film 25X and the Al alloy thin film 20X.

[0483] The following is an example of specific setting con-
ditions for the wet etching.

[Conditions for Wet Etching]

[0484] Target of treatment: 17O thin film and Al alloy thin
film
[0485] Etchant: mixed aqueous solution of nitric acid,

phosphoric acid, and acetic acid

[0486] Blend ratio of solvent: not specified (mixing is pos-
sible under typical conditions)

[0487] Etching temperature: lower than room temperature
[0488] Note that to perform the wet etching well, it is desir-
able that the 170 thin film 25X, which is the uppermost layer,
be a thickness of 20 nm or less. This is because the amount of
side etching grows large if the thickness exceeds 20 nm.
[0489] Instead of forming an 170 layer from an 170 thin
film, an ITO layer may of course be formed from an ITO thin
film.

[0490] Theanode 20C and the 1ZO layer 25D, as well as the
auxiliary wiring 30C and the IZO layer 25D, are formed
through the above processes. Subsequently, the resist pattern
R is removed through a resist removing step, yielding a pat-
terned triple layer structure composed of the anode 20C, the
170 layer 25D, and the hole injection layer 40D and a pattern
triple layer structure composed of the auxiliary wiring 30C,
the IZO layer 25D, and the hole injection layer 40D (FIG.
44A). During this process, the hole injection layer 40D is
formed in locations corresponding to the anode 20C and the
170 layer 25D as well as locations corresponding to the
auxiliary wiring 30C and the IZO layer 25D.

[0491] Next, the bank material layer 50X is formed on the
exposed surface of the planarizing layer 17C (not shown in
the figures) and is patterned to form the banks 50C (FIG.
44B).
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[0492] Note that with the above ¢ described method, the
buffer layers 60C and the light-emitting layers 70C can be
formed by adjusting the predetermined ink, dripping the ink
successively into regions partitioned by the banks 50 C, and
drying the ink (FI1G. 44C).

[0493]

[0494] While an organic EL display panel and organic EL,
display apparatus according to an aspect of the present inven-
tion have been concretely described, the above embodiments
are merely examples for clearly illustrating the operations
and advantageous effects of an aspect of the present inven-
tion. The present invention is in no way limited to the above
embodiments. For example, the size and the material listed
for each component are merely typical examples to facilitate
comprehension; the present invention is in no way limited to
these sizes and materials.

[0495] An organic EL display panel according to an aspect
of the present invention may be either a top emission type
panel or a bottom emission type panel.

[0496] Instead of the structure shown in FIGS. 1A and 1B,
atop emission type panel may adopt the structure in which the
pixel electrodes and the auxiliary wirings are only a metal
film. In this case, the light-emitting cell is composed, for
example, of the following in order from the substrate: pixel
electrode (metal film)/hole injection layer/buffer layer/light-
emitting layer/electron injection layer/common electrode
(transparent conductive film). The connecting portion is com-
posed, for example, of the following in order from the sub-
strate: auxiliary wiring (metal film)'hole injection layer/elec-
tron injection layer/common electrode (transparent
conductive film).

[0497] On the other hand, in a bottom emission type panel,
the pixel electrodes and the auxiliary wirings are, for
example, formed by a transparent conductive film, whereas
the common electrode is formed by a metal film. The light-
emitting cell is composed, for example, of the following in
order from the substrate: pixel electrode (transparent conduc-
tive film)hole injection layer/buffer layer/light-emitting
layer/electron injection layer/common electrode (metal film).
The connecting portion is composed, for example, of the
following in order from the substrate: auxiliary wiring (trans-
parent conductive film)/hole injection layer/electron imjec-
tion layer/common electrode (metal film).

[0498] Furthermore, an aspect of the present invention may
also be adopted in a double-sided emission type panel. In this
case, the light-emitting cell is composed, for example, of the
following in order from the substrate: pixel electrode (trans-
parent conductive film)hole injection layer/buffer layer/
light-emitting layer/electron injection layer/common elec-
trode (transparent conductive film). The connecting portion is
composed, for example, of the following in order from the
substrate: auxiliary wiring (transparent conductive film)/hole
injection layer/electron injection layer/common electrode
(transparent conductive film). A structure may also be
adopted that partially provides a metal film as the auxiliary
wiring.

[0499] In the above embodiments, the electron injection
layer below the common electrode is not limited to being a
metal layer. Either orboth of an electron injection layer and an
electron transport layer composed mainly of an organic mate-
rial or an inorganic material may be adopted.

<Other Considerations>
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INDUSTRIAL APPLICABILITY

[0500] The organic EL element pertaining to the present
invention is to be used as display elements for mobile phone
displays and TVs, and as a light source for various applica-
tions. Regardless of the specific use thereof, the organic EL
element of the present invention is applicable as an organic
EL element having a wide range of luminous intensity from
low luminous intensity to high luminous intensity for the use
as a light source or the like, and which can be driven at a low
voltage. The organic EL element of the present invention, for
having such a high level of performance, may be used in a
wide range of applications, including those for household
use, those for use in public facilities, and those for profes-
sional use. More specifically, such applications include: vari-
ous display devices; TV apparatuses; displays for portable
electronic devices; illumination light sources, and etc.

REFERENCE SIGNS LIST

[0501] 10, 10C substrate

[0502] 20, 20C first electrode

[0503] 30, 30C auxiliary wiring (wiring)

[0504] 40, 40C hole injection layer (tungsten oxide
layer)

[0505] 45 aperture

[0506] 50, 50C bank

[0507] 70, 70C light-emitting layer (organic layer)

[0508] 80 metal layer (electron injection layer)

[0509] 90, 90C second electrode

[0510] 100 organic EL display apparatus

[0511] 110, 110C organic EL display panel

1-23. (canceled)
24. An organic EL display panel comprising:
a substrate;
a first electrode on or in the substrate;
auxiliary wiring on or in the substrate at a distance from the
first electrode;
a functional layer, including at least a light-emitting layer,
above the first electrode;
a hole injection layer for injecting holes to the functional
layer, the hole injection layer being between the first
electrode and the functional layer; and
a second electrode, above the functional layer, wherein
the hole injection layer and the second electrode are both
formed to be continuous above the first electrode and
above the auxiliary wiring,
the second electrode and the auxiliary wiring are electri-
cally connected by the hole injection layer, and
the hole injection layer contains a tungsten oxide,
an UPS spectrum, obtained from a UPS measurement,
having a protrusion appearing near a Fermi surface
and within a region corresponding to a binding energy
range lower than a top of a valence band,

the tungsten oxide contained in the hole injection layer
satisfying a condition, determined from an XPS mea-
surement, that a ratio in a number density of atoms
other than tungsten atoms and oxygen atoms to the
tungsten atoms does not exceed 0.83.

25. The organic EL display panel of claim 24, wherein

the second electrode is a transparent electrode.

26. The organic EL display panel of claim 25, wherein

the transparent electrode is made up from one of ITO and
170.



US 2013/0328039 A1

27. The organic EL display panel of claim 24, wherein
the second electrode has one of Al and Ag as a primary
component.
28. The organic EL display panel of claim 24, further
comprising:
ametal layer formed to be continuous above the first elec-
trode and above the auxiliary wiring, wherein
above the first electrode, the metal layer is between the
second electrode and the light-emitting layer, and above
the auxiliary wiring, the metal layer is between the sec-
ond electrode and the hole injection layer.
29. The organic EL display panel of claim 28, wherein
the metal layer is an electron injection layer that, above the
first electrode, injects electrons from the second elec-
trode to the light-emitting layer.
30. The organic EL display panel of claim 29, wherein
the metal layer includes Ba.
31. The organic EL display panel of claim 24, wherein
the auxiliary wiring is made up from one of ITO and IZO.
32. The organic EL display panel of claim 24, wherein
the hole injection layer above the auxiliary wiring has
properties identical to the hole injection layer above the
first electrode.
33. The organic EL display panel of claim 24, wherein
at least above the auxiliary wiring, the hole injection layer
is at least 4 nm thick.
34. The organic EL display panel of claim 24, further
comprising:
a bank on the hole injection layer defining an aperture
above the first electrode, wherein
the functional layer is formed in the aperture defined by the
bank.
35. The organic FT, display panel of claim 34, wherein
the first electrode comprises a plurality of first electrodes,
one per pixel, and
the aperture in the bank comprises a plurality of apertures
formed in one-to-one correspondence with the first elec-
trodes.
36. The organic EL display panel of claim 34, wherein
the first electrode comprises a plurality of first electrodes,
one per pixel, arranged in lines, and
the aperture in the bank comprises a plurality of apertures,
one for each of the lines of the first electrodes.
37. The organic EL display panel of claim 24, wherein
in the UPS spectrum, the protrusion appears within the
bonding energy range that is from 1.8 eVt0 3.6 eV lower
than the top of the valance band.
38. The organic EL display panel of claim 24, wherein
the ratio in the number density of the other atoms to the
tungsten atoms does not exceed 0.62.
39. The organic EL display panel of claim 24, wherein
the atoms other than tungsten atoms and oxygen atoms
comprise carbon atoms.
40. The organic EL display panel of claim 24, wherein
thehole injection layer is irradiated with ultraviolet light so
that
the UPS spectrum obtained from the UPS measurement
has the protrusion appearing near the Fermi surface
and within the region corresponding to the binding
energy range lower than the top of a valence band, and
the tungsten oxide contained in the hole injection layer
satisfies the condition, as determined by the XPS mea-
surement, that the ratio in the number density of atoms
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other than tungsten atoms and oxygen atoms to the

tungsten atoms does not exceed 0.83.

41. An organic EL display panel comprising:

a substrate;

a first electrode on or in the substrate;

wiring on or in the substrate at a distance from the first
electrode;

an organic layer, including organic material, above the first
electrode;

atungsten oxide layer, including a tungsten oxide, between
the organic layer and the first electrode; and

a second electrode above the organic layer, wherein

the tungsten oxide layer and the second electrode are both
formed to be continuous above the first electrode and
above the wiring,

the second electrode and the wiring are electrically con-
nected by the tungsten oxide layer,

an UPS spectrum of the tungsten oxide layer, obtained
from a UPS measurement, has a protrusion appearing
near a Fermi surface and within a region corresponding
to a binding energy range lower than a top of a valence
band, and

the tungsten oxide satisfies a condition, determined from
an XPS measurement, that a ratio in a number density of
atoms other than tungsten atoms and oxygen atoms to
the tungsten atoms does not exceed 0.83.

42. An organic EL display panel comprising:

a substrate;

a first electrode on or in the substrate;

auxiliary wiring on or in the substrate at a distance from the
first electrode;

a functional layer, including at least a light-emitting layer,
above the first electrode;

a hole injection layer for injecting holes to the functional
layer, the hole injection layer being between the first
electrode and the functional layer; and

a second electrode, above the functional layer, wherein

the hole injection layer and the second electrode are both
formed to be continuous above the first electrode and
above the auxiliary wiring,

the second electrode and the auxiliary wiring are electri-
cally connected by the hole injection layer, and

the hole injection layer contains a tungsten oxide,
an UPS spectrum, obtained from a UPS measurement,

having:

a protrusion appearing near a Fermi surface and
within a region corresponding to a binding energy
range lower than a top of a valence band; and

a peak appearing within a region corresponding to a
binding energy range from 4.5 eV to 5.4 eV.

43. The organic EL display panel of claim 42, wherein

in the UPS spectrum, the protrusion appears within the
region corresponding to the binding energy range from
1.8 eV 10 3.6 eV lower than the top of the valance band.

44. The organic EL display panel of claim 42, wherein

the hole injection layer is irradiated with ultraviolet light so
that
the UPS spectrum obtained from the UPS measurement

has:

the protrusion appearing near the Fermi surface and
within the region corresponding to the binding
energy range lower than the top of a valence band,
and
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35
the peak appearing within the region corresponding to an UPS spectrum of the tungsten oxide layer, obtained
the binding energy range from 4.5 eV to 5.4 eV. from a UPS measurement, has:
45. An organic FL display panel comprising: aprotrusion appearing near a Fermi surface and within a
a substrate; region corresponding to a binding energy range lower
a first electrode on or in the substrate; than a top of a valence band; and
wiring on or in the substrate at a distance from the first a peak appearing within a region corresponding to a
electrgde; ) ) . ) binding energy range from 4.5 eV to 5.4 eV.

an organic layer, including organic material, above the first 46. An organic EL display apparatus having the organic EL

electrode;

atungsten oxide layer, including a tungsten oxide, between
the organic layer and the first electrode; and

a second electrode above the organic layer, wherein

the tungsten oxide layer and the second electrode are both
formed to be continuous above the first electrode and
above the wiring,

the second electrode and the wiring are electrically con-
nected by the tungsten oxide layer, and ook ok ko ®

display panel of claim 24.

47. An organic EL display apparatus having the organic EL
display panel of claim 41.

48. An organic EL display apparatus having the organic EL,
display panel of claim 42.

49. An organic EL display apparatus having the organic EL,
display panel of claim 45.
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