US 20130234126A1

a2y Patent Application Publication (o) Pub. No.: US 2013/0234126 A1

a9 United States

Nakatani

43) Pub. Date: Sep. 12, 2013

(54) ORGANIC EL DISPLAY PANEL AND
METHOD FOR MANUFACTURING SAME

(75) Inventor: Shuhei Nakatani, Osaka (JP)

(73) Assignee: PANASONIC CORPORATION, Osaka
(IP)

(21) Appl. No.: 13/881,725

(22) PCT Filed: Apr.9,2012

(86) PCT No.:

§ 371 (e)(1),
(2), (4) Date:

PCT/JP2012/002459

Apr. 26,2013
(30) Foreign Application Priority Data
Apr. 22,2011 (JP) cecveveiciiiieccciee 2011-095748

Publication Classification

(51) Int.CL
HOIL 51/52 (2006.01)
HOIL 51/56 (2006.01)

(52) U.S.CL
CPC ... HOIL 51/5203 (2013.01); HOIL 51/56
(2013.01)
16153 o 257/40; 438/34; 257/38

(57) ABSTRACT

The present invention provides an organic EL display panel
such that, even when a light emitting layer is formed in a line
bank, generation of brightness unevenness and emission
color unevenness due to application unevenness of an organic
light emitting layer is suppressed, and good display quality is
achieved. In the present invention, an insulation layer, which
would cause application unevenness of the organic light emit-
ting layer, is formed on the organic light emitting layer so as
to cover an edge of a pixel electrode. It is possible to suppress
film-shape unevenness of the organic light emitting layer,
whereby provision and manufacture of an organic EL display
panel which exhibits excellent display quality with reduced
brightness unevenness and emission color unevenness
become possible.
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ORGANIC EL DISPLAY PANEL AND
METHOD FOR MANUFACTURING SAME

TECHNICAL FIELD

[0001] The present invention relates to an organic EL dis-
play panel and a manufacturing method thereof.

BACKGROUND ART

[0002] An organic EL display panel is a display panel hav-
ing a light-emitting device using electroluminescence of an
organic compound. An organic EL display panel has an EL
device including a cathode, an anode, and an electrolumines-
cent organic compound layer disposed between both elec-
trodes. The electroluminescent organic compound can be
approximately classified into a combination of low-molecu-
lar organic compounds (a host material and a dopant material)
and a high-molecular organic compound.

[0003] Examples ofthe electroluminescent high-molecular
organic compound include poly(p-phenylene vinylene)
referred to as PPV or derivatives thereof. An organic EL
display panel using the electroluminescent high-molecular
organic compound is characterized in that it can be driven
with a relatively-low voltage and it has low power consump-
tion.

[0004] An electroluminescent organic compound can be
dissolved in an organic solvent to form an ink. For example,
a high-molecular organic compound can be dissolved in an
aromatic organic solvent such as xylene or toluene to produce
an ink. By producing an ink containing an electroluminescent
organic compound, an organic light-emitting layer can be
formed through a printing technique such as an inkjet method.
As a result, it is being considered for easily addressing an
increase in size of a screen of a display panel and research and
studies thereof have been actively carried out.

[0005] An electroluminescent high-molecular organic
compound is disposed in each pixel through a printing tech-
nique such as an inkjet method depending on colors (red,
green, and blue) of emitted light. For example, a polymer ink
including a high-molecular organic compound and a solvent
is ejected from an inkjet head and is printed on each pixel.
When a polymer ink is printed in each pixel, the polymer ink
should not permeate into neighboring pixels.

[0006] The following two methods are employed so as not
to cause permeation of the polymer ink into neighboring
pixels.

[0007] In a first method, a partition wall (bank) defining
pixels is provided and the polymer ink is accurately printed on
the respective pixels. Accordingly, it is possible to suppress
the permeation of the ink into neighboring pixels (for
example, see Patent Document 1).

[0008] In a second method, pixels are arranged in line
regions defined by line banks and the polymer ink is printed in
line regions. At this time, the thickness of an organic light-
emitting layer may become smaller at edges of pixel elec-
trodes arranged in the line regions defined by line banks, and
thus short-circuit between the pixel electrode and a counter
electrode which are disposed on the organic light-emitting
layer may occur. In this regard, it is known that the short-
circuiting between the pixel electrode and the counter elec-
trode can be prevented by disposing an insulating layer of
silicon oxide or the like to cover the edges of the pixel elec-
trodes arranged in the line regions defined by the line banks
(for example, see Patent Documents 2 and 3).
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[0009] An organic EL device (for example, see Patent
Document 4) in which edges of pixel electrodes are directly
covered with an insulating layer on the pixel electrodes, an
organic EL device (for example, see Patent Documents 5 to 8)
in which edges of pixel electrodes are covered with an insu-
lating inorganic layer such as a bank directly or with a hole
injection layer interposed therebetween, and the like have
been proposed. In addition, a color filter including a bank
partitioning a colorant layer on a transparent substrate and a
black matrix covering the bank and edges of the colorant layer
is known (for example, see Patent Document 9).

[0010] FIG.Sisan oblique view of an organic EL device 10
described in Patent Document 2. Insulating layer 220 is
formed in both a direction parallel to line bank 230 and a
direction perpendicular thereto so as to cover the edges of
pixel electrodes 210. In FIG. 5, reference numeral 100 repre-
sents a substrate, reference numeral 240 represents a second
bank, and reference numeral 300 represents a pixel area.
[0011] The polymer ink can be more easily and rapidly
printed on the pixels through the second method of printing
the polymer ink in the line regions where the pixels are
arranged, rather than the first method of printing the polymer
ink in the respective regions where one pixel is arranged. The
uniformity in thickness of the organic light-emitting layer
formed on the pixels formed through the second method is
superior to that through the first method.

[0012] Thisisbecausethe polymerink at edges of the banks
is attracted by surface tension. Accordingly, the uniformity in
thickness of the organic light-emitting layer can deteriorate
more easily. Therefore, an organic light-emitting layer having
higher uniformity in thickness can be generally formed
through the second method in which only two sides of a pixel
are surrounded with the banks, rather than the first method in
which four sides of a pixel are surrounded with the banks.
[0013] When the organic light-emitting layer is formed
through an inkjet method, a difference in ejection volume
among nozzles of an inkjet head may occur. The difference in
ejection volume among the nozzles directly causes a differ-
ence in thickness of the organic light-emitting layer. When the
ink is ejected in the pixel region or the line region, the ink
through more nozzles is ejected in the line region and the ink
through less nozzles is ejected in the pixel region. Accord-
ingly, by ejecting ink in the line region, it is possible to reduce
the influence on the difference in ejection volume among the
nozzles. From this point of view, the second method has
recently been studied in some degree.
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SUMMARY OF INVENTION

Technical Problem

[0023] In the above-mentioned configuration, the insulat-
ing layer of silicon oxide or the like disposed to cover the
edges of the pixel electrodes arranged in the line region
defined by the line banks serves as underlayer for a polymer
ink to be applied. Accordingly, the substrate, the pixel elec-
trodes and the insulating layer are present as the underlayer.
When the underlayer is constituted by plural types of mate-
rial, an unevenness in the organic light-emitting layer can
occur. This is because wettability of the polymer ink differs
depending on the materials of the underlayer. Therefore, it is
preferable that the number of types of materials constituting
the underlayer be as small as possible.

[0024] The insulating layer made of inorganic materials
such as silicon oxide can be formed through a sputtering
method using vacuum equipment to form an insulating film,
and patterning the insulating film through a photolithography
method using a photo-resist. This method elongates the
manufacturing process and requires high-cost vacuum equip-
ment to be used. Accordingly, the manufacturing cost is
raised.

[0025] TItis preferable that the insulating layer be a thin film
with a thickness of several tens of nm. Since the insulating
layer has to insulate between electrodes, the thickness greater
than or equal to a predetermined value is required. However,
when the thickness of the insulating layer is excessively large,
the organic light-emitting layer to be printed thereon is not
formed uniformly. When the insulating layer is formed of an
organic material such as resin or the like instead of the inor-
ganic material, the manufacturing cost is lowered. On the
contrary, it is difficult to form the insulating thin film made of
the organic material with a thickness of several tens of nm.
Accordingly, it is difficult to form a uniform organic light-
emitting layer on the insulating layer made of the organic
material.

[0026] As described above, in the organic EL display panel
according to the related art, an unevenness of the organic
light-emitting layer formed by printing method can occur due
to plural types of inorganic insulating materials constituting
the underlayer on which the organic light-emitting layer will
be printed. Accordingly, the thickness of the organic light-
emitting layer is not uniform and thus a difference in bright-
ness or a difference in light emission occurs, thereby deterio-
rating display quality.

[0027] The invention is made to solve the above-mentioned
problems, and provides an organic EL display panel with
excellent display quality in which an organic light-emitting
layer with excellent uniformity in thickness can be formed
and in which has a small difference in brightness or light
emission, even when the organic light-emitting layer is
formed in the line region defined by line banks in which plural
pixel electrodes are arranged. And further, the invention pro-
vides a method of manufacturing the organic EL display
panel.
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Solution to Problem

[0028] Thatis, according to an aspect of the invention, there
is provided an organic EL display panel described below.
[0029] (1) Anorganic EL display panel comprising: a plu-
rality of pixel electrodes that are arranged on a substrate; an
organic light-emitting layer that is disposed on a region
including two or more neighboring pixel electrodes; an insu-
lating layer that is disposed on the organic light-emitting layer
and that covers opposing edges of the neighboring pixel elec-
trodes; and a counter electrode that is disposed on the organic
light-emitting layer and the insulating layer.

[0030] (2) The organic EL display panel according to (1),
wherein the organic light-emitting layer covers a region on
the substrate including the two or more neighboring pixel
electrodes.

[0031] (3) Theorganic EL display panel accordingto (1) or
(2), further comprising a second insulating layer that defines
a line region on the substrate in which the plurality of pixel
electrodes are arranged in a row.

[0032] (4) The organic EL display panel according to (3),
wherein the insulating layer is not disposed on the top surface
of the second insulating layer.

[0033] (5) The organic EL display panel according to any
one of (1) to (4), wherein the insulating layer is formed of a
cured resin of a delay curing resin composition, which is
curable in a predetermined time after ultraviolet rays are
applied.

[0034] According to another aspect of the invention, there
is provided a method of manufacturing an organic EL display
panel described below.

[0035] Thatis, according to another aspect of the invention,
there is provided a manufacturing method of an organic EL
display panel described below.

[0036] (6) A method of manufacturing an organic EL dis-
play panel, comprising: a step of forming a plurality of pixel
electrodes on a substrate; a step of forming an organic light-
emitting layer so as to cover a region including two or more
neighboring pixel electrodes; a step of forming an insulating
layer on the organic light-emitting layer so as to cover oppos-
ing edges of the neighboring pixel electrodes; and a step of
forming a counter electrode on the organic light-emitting
layer and the insulating layer.

[0037] (7) The method of manufacturing an organic EL
display panel according to (6), wherein the step of forming
the organic light-light emitting layer is a step of forming an
organic light-emitting layer so as to cover a region on the
substrate including the two or more neighboring pixel elec-
trodes.

[0038] (8) The method of manufacturing an organic EL
display panel according to (6) or (7), further comprising a step
of forming a second insulating layer that defines a line region
on the substrate in which the plurality of pixel electrodes are
arranged in a row,

[0039] wherein the organic light-emitting layer is formed
on a region on the substrate including the two or more neigh-
boring pixel electrodes in the line region defined by the sec-
ond insulating layer.

[0040] (9) The method of manufacturing an organic EL
display panel according to any one of (6) to (8), wherein the
step of forming the insulating layer includes: irradiating an
insulating material containing a delay curing resin composi-
tion with ultraviolet rays; applying the insulating material
irradiated with the ultraviolet rays on the organic light-emit-
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ting layer so as to cover the opposing edges of the neighboring
pixel electrodes; and curing the applied insulating material
through heat treatment.

Advantageous Effects of Invention

[0041] As described above, with the organic EL display
panel and the method of manufacturing an organic EL display
panel according to the invention, it is possible to prevent the
short-circuit between the edges of the pixel electrodes and the
counter electrode, even when the organic light-emitting layer
is formed by application in the region formed by the line
banks. In addition, it is possible to form the organic light-
emitting layer uniformly. Accordingly, it is possible to pro-
vide an organic EL display panel with excellent display qual-
ity, which has a reduced difference in brightness or light
emission of the organic EL display panel, at a low cost.

BRIEF DESCRIPTION OF DRAWINGS

[0042] FIGS. 1(A) to (C) are diagrams illustrating an
organic EL device according to Embodiment 1, where FIG.
1(A) is a plan view, FIG. 1(B) is a cross-sectional view taken
along line A-A', and FIG. 1(C) is a cross-sectional view taken
along line B-B';

[0043] FIGS. 2(A) to (B) are diagrams illustrating an
organic EL device according to Embodiment 2, where FIG.
2(A) is a plan view and FIG. 2(B) is a cross-sectional view
taken along line C-C';

[0044] FIG. 3 is a plan view illustrating an organic EL
device according to Embodiment 3;

[0045] FIGS. 4(A) to (B) are diagrams illustrating an
organic EL device according to Embodiment 4, where FIG.
4(A) is a plan view and FIG. 4(B) is a cross-sectional view
taken along line D-D';

[0046] FIG. 5 is an oblique view illustrating an organic EL
device according to the related art;

[0047] FIG. 6 is a diagram illustrating the relationship
between a film profile and thickness uniformity in a short
direction of a pixel electrode; and

[0048] FIG. 7 is a diagram illustrating a film profile in a
long direction of a pixel electrode.

DESCRIPTION OF EMBODIMENTS

1. Organic EL Display Panel

[0049] An organic EL display panel according to the inven-
tion may include one, or two or more organic EL devices.
[0050] The organic EL device includes a substrate, a pixel
electrode, an organic light-emitting layer, an insulating layer,
and a counter electrode. The organic EL device may further
include a TFT, a planarization film, a hole injection layer, an
intermediate layer, and a second insulating layer (line bank).
[0051] The material of the substrate differs depending on
whether the organic EL device is a bottom emission type or a
top emission type. When the organic EL device is a bottom
emission type, the substrate needs to be transparent. There-
fore, the material of the substrate may be glass, transparent
resin, or the like. On the other hand, when the organic EL
device is a top emission type, the substrate does not need to be
transparent. The material of the substrate is not particularly
limited as long as it has an insulating property. The “sub-
strate” means a member having a surface on which a pixel
electrode is formed. The substrate includes, for example, a
TFT and a planarization film.
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[0052] In general, the organic EL device is connected to a
thin film transistor (a driving TFT) to drive the organic EL
device. Specifically, the pixel electrode of the organic EL
device is connected to the source or drain electrode of the
driving TFT. The organic ELL device is stacked on a TFT
device.

[0053] A planarization film is formed on the TFT. The
planarization film planarizes the unevenness of the surface of
the TFT and provides a flat surface on which the organic EL,
device is formed. The planarization film includes a contact
hole to connect the pixel electrode of the organic EL device
with the source or drain electrode of the driving TFT. The
thickness of the planarization film is generally in a range of 3
um to 10 pm and may be about 5 pm.

[0054] Plural pixel electrodes are arranged on the substrate.
When the substrate includes a planarization film, the pixel
electrodes are formed on the planarization film. When the
organic EL device is a bottom emission type, the pixel elec-
trodes need to be a transparent electrode. Examples of the
transparent electrode include ITO (Indium Tin Oxide), IZO
(Indium Zinc Oxide), and tin oxide. When the organic EL
device is a top emission type, the pixel electrodes need to have
a light reflecting property. Examples of such pixel electrodes
include alloys containing silver such as a silver-palladium-
copper alloy (also referred to as APC), a silver-rubidium-gold
alloy (also referred to as ARA), a molybdenum-chromium
alloy (also referred to as MoCr), a nickel-chromium alloy
(also referred to as NiCr), and an aluminum alloy. The thick-
ness of the pixel electrode is generally in a range of 100 nm to
500 nm and probably about 150 nm.

[0055] The organic light-emitting layer continuously cov-
ers a region including two or more neighboring pixel elec-
trodes. The organic light-emitting layer may directly cover
the substrate and the pixel electrodes, or may cover the sub-
strate and the pixel electrodes via another layer interposed
therebetween. For example, the organic light-emitting layer
may be disposed on another layer which can be a pixel regu-
lating layer formed of an inorganic material such as glass or
an intermediate layer formed of an organic material, the
another layer covering the surface of the substrate other than
the part on which the pixel electrodes are disposed. One or
both ofahole injection layer and an intermediate layer may be
disposed between the pixel electrode and the organic light-
emitting layer. From the viewpoint of simplifying the struc-
ture and the manufacturing method of an organic EL device,
it is preferable that the organic light-emitting layer be dis-
posed on a region on the substrate including the two or more
neighboring pixel electrode.

[0056] The hole injection layer is a layer formed of a hole
injection material. Examples of the hole injection material
include poly(3,4-ethylene dioxythiophene) (also referred to
as PEDOT-PSS) doped with polystyrene sulfonate or deriva-
tives (such as copolymers) thereof, metal oxides suchas WO,
(tungsten oxide), MoO - (molybdenum oxide), and VO, (va-
nadium oxide) or combinations thereof such as WO, doped
with Mo. The thickness of the hole injection layer is generally
in a range of 10 nm to 100 nm and may be about 30 nm. The
hole injection layer is generally disposed on the pixel elec-
trodes, but may cover both the substrate and the pixel elec-
trodes.

[0057] The intermediate layer serves to suppress the trans-
porting of electrons into the hole injection layer or serves to
efficiently transport holes to the organic light-emitting layer.
The intermediate layer is a layer formed of, for example,
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polyaniline-based materials. The thickness of the intermedi-
ate layer is generally in a range of 10 nm to 100 nm and is
preferably about 30 nm. The intermediate layer may cover
only the pixel electrodes or the hole injection layer, or may
continuously cover a region on the substrate including the
pixel electrodes or the hole injection layer.

[0058] The organic light-emitting material contained in the
organic light-emitting layer is, for example, a high-molecular
light-emitting material. Examples of the high-molecular
light-emitting material include polyparaphenylene vinylene
and derivatives thereof, polyacetylene and derivatives
thereof, polyphenylene and derivatives thereof, polyparaphe-
nylene ethylene and derivatives thereof, poly 3-hexyl
thiophene and derivatives thereof, and polyfluorene and
derivatives thereof. The organic light-emitting material may
be a low-molecular light-emitting material.

[0059] The hole injection layer, the intermediate layer, and
the organic light-emitting layer formed of organic materials
can be disposed in a region defined by line banks to be
described later.

[0060] The line banks are formed of, for example, polyim-
ide or acryl resin. The resin constituting the line banks may
contain fluorine. The resin containing fluorine is not particu-
larly limited as long as it has a fluorine atom in at least some
repetition units of a high-molecular repetition unit. Examples
of the resin containing fluorine compounds include fluori-
nated polyolefin resin, fluorinated polyimide resin, and flu-
orinated polyacryl resin. The height of the line banks from the
substrate is generally in a range of 0.1 um to 3 um and
preferably in a range of 0.8 pm to 1.2 pm.

[0061] The shape of each line bank is preferably a forward
tapered shape. The forward tapered shape means a shape in
which a wall surface of a bank is oblique and the area of the
bottom surface of the line bank is larger than the area of the
top surface of the line bank. When the shape of the line bank
is atapered shape, the taper angle is generally in a range of 20°
to 80° and preferably in a range of 30° to 50°.

[0062] The wettability of the top surface of the line bank is
preferably low. The top surface of the line bank means a
surface including the vertex of the line bank. The wettability
of the top surface of the line bank is preferably lower than the
wettability of the wall surface of the line bank. The contact
angle of the top surface of the line bank with water is prefer-
ably larger than or equal to 80° and more preferably larger
than orequal to 90°. The contact angle of the top surface of the
line bank with anisole, an intermediate ink, or an organic
light-emitting ink is preferably in a range 0 30° to 70°. On the
other hand, the contact angle of the wall surface of the line
bank with anisole, an intermediate ink, or an organic light-
emitting ink is preferably in a range of 3° to 30°. The larger
the contact angle becomes, the lower the wettability becomes.
[0063] Theinsulating layer is disposed on the organic light-
emitting layer and covers opposing edges of two or more
neighboring pixel electrodes. The part of the organic light-
emitting layer located in the central portion of the pixel elec-
trodes is not covered with the insulating layer. The invention
is characterized in that the insulating layer covering the edges
of the pixel electrodes is located above the organic light-
emitting layer (on the counter electrode side) and is not
located below the organic light-emitting layer (on the pixel
electrode side). The insulating layer may be disposed directly
on the organic light-emitting layer or may be disposed on the
organic light-emitting layer with another layer such as an
electron transport layer interposed therebetween.
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[0064] The insulating layer is generally disposed along
both directions of the long direction and the short direction of
the pixel electrodes. When the organic EL, device includes a
line bank, the line bank is generally formed along the long
direction of the pixel electrodes so as to cover the edges of the
pixel electrodes. The insulating layer is disposed on the
organic light-emitting layer along the direction perpendicular
to the line bank. The insulating layer may be disposed on the
line bank, but is preferably disposed on only the edges of the
pixel electrodes located between the line banks from the
viewpoint of further planarizing the counter electrode.
[0065] The insulating layer is preferably formed of a cured
resin of a delay curing resin composition, which can be cured
by ultraviolet rays and heat. When the resin layer disposed on
the organic light-emitting layer is irradiated with ultraviolet
rays, the organic light-emitting material may deteriorate.
From the viewpoint of preventing deterioration of the organic
light-emitting layer due to the irradiation of ultraviolet rays, it
is preferable that the insulating layer be formed of a cured
resin of the delay curing resin composition. Examples of the
resin formed through the delay curing of the resin composi-
tion include an epoxy resin. The thickness of the insulating
layer is preferably in a range of 1 um to 3 um.

[0066] The counter electrode is disposed on the organic
light-emitting layer and the insulating layer. The material of
the counter electrode differs depending on whether the
organic EL device is a bottom emission type or a top emission
type. When the organic EL device is a top emission type, the
counter electrode requires a light-transmitting property.
Therefore, examples of the material of the counter electrode
include ITO and IZO. On the other hand, when the organic EL,
device is a bottom emission type, the material of the counter
electrode is not particularly limited as long as it is a conduc-
tor.

[0067] The organic EL display panel according to the
invention may have a configuration in which the organic EL.
devices are arranged in a matrix on the same plane. Alterna-
tively, the organic EL device panel according to the invention
may have a configuration in which the organic EL devices are
arranged on the same plane in rows. The organic EL display
panel according to the invention can be manufactured through
a manufacturing method to be described later.

[0068] Inthis way, when the organic light-emitting layer is
formed in regions defined by the line banks using a coating
method, it is possible to prevent the short-circuiting between
the counter electrode and the edges of the pixel electrodes,
and also to uniformly form the organic light-emitting layer.
Therefore, itis possible to suppress occurrence of a difference
in brightness or a difference in light emission of the organic
display panel and to provide an organic EL display panel with
excellent display quality.

2. Method of Manufacturing Organic EL Display
Panel According to the Invention

[0069] A method of manufacturing an organic EL display
panel according to the invention includes a step of forming
plural pixel electrodes on a substrate, a step of forming an
organic light-emitting layer that continuously covers a region
including two or more neighboring pixel electrodes, a step of
forming an insulating layer on the organic light-emitting layer
s0 as to cover opposing edges of the neighboring pixel elec-
trodes, and a step of forming a counter electrode on the
organic light-emitting layer and the insulating layer. The
method of manufacturing an organic EL display panel
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according to the invention may further include other steps as
long as the advantages of the invention can be achieved.
Examples of the method of manufacturing an organic EL
display panel include a method of manufacturing the above-
mentioned organic EL device.

[0070] The method of manufacturing the organic EL device
includes, for example, 1) a first step of forming a TFT on a
substrate, 2) a second step of forming a planarization film on
the TFT, 3) a third step of forming pixel electrodes on the
planarization film, 4) a fourth step of forming a hole injection
layer on the pixel electrodes, 5) a fifth step of forming line
banks that are disposed to cover a part of the hole injection
layer and that defines a line region on the substrate in which
the two or more pixel electrodes are arranged in a row, 6) a
sixth step of forming an intermediate layer on the hole injec-
tion layer in the pixel in line region defined by the line banks,
the intermediate layer being formed by applying, drying, and
baking an intermediate ink, 7) a seventh step of forming an
organic light-emitting layer on the intermediate layer by
applying, drying, and baking an organic light-emitting ink, 8)
an eighth step of forming an insulating layer on the organic
light-emitting layer so as to cover the edges of a stacked layer
of the pixel electrodes and the hole injection layer in the
direction perpendicular to the line banks, and 9) a ninth step
of forming a counter electrode to cover the organic light-
emitting layer.

[0071] In the first step of 1), the TFT is formed on the
substrate. The TFT may be a silicon-based TFT or an organic
TFT.

[0072] In the second step of 2), the planarization film is
formed on the TFT. The planarization film is formed of, for
example, a photosensitive resin through a photolithography.
A contact hole for connecting the electrode of the TFT with
the pixel electrode is formed in the planarization film.
[0073] Inthethird step of 3),the pixel electrodes are formed
on the planarization film. The pixel electrodes can be formed,
for example, by forming a thin conductor film through a
sputtering method or the like and patterning the thin conduc-
tor film through etching. The method of forming the pixel
electrodes is not particularly limited.

[0074] In the fourth step of 4), the hole injection layer is
formed on the pixel electrodes. Examples of the material of
the hole injection layer include oxides of transition metals,
PEDOT, and other materials capable of forming a coating film
through a coating method. The hole injection layer is formed
on the pixel electrodes, for example, from tungsten oxide
through a sputtering method.

[0075] In the fifth step of 5), the line banks defining a line
region in which two or more pixel areas are arranged in a row
are formed so as to cover a part of the hole injection layer. The
material of the line banks is a resin synthesized from a pho-
tosensitive material such as polyimide or acryl resin. The
resin may contain fluorine. The banks are formed through
photolithography processes (applying, baking, exposing,
developing, and burning). The line banks are generally
formed to cover the edges of the pixel electrodes along the
long direction of the pixel electrodes with the hole injection
layer interposed therebetween.

[0076] Inthe sixth step of 6), an intermediate ink including
an intermediate material and a solvent is applied onto the hole
injection layer. The solvent is determined depending on the
type of the intermediate material. Examples of the solvent
include an aromatic solvent such as anisole. The application
method is not particularly limited. Examples of the applica-
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tion method include an inkjet method, a dispensing method, a
nozzle coating method, a spin coating method, a die coating
method, an intaglio printing method, and an anastatic printing
method. The inkjet method is preferable. The intermediate
layer is formed by drying and backing the applied film.
[0077] In the seventh step of 7), an organic light-emitting
ink including an organic light-emitting material and a solvent
is applied to line region defined by the line banks. The applied
organic light-emitting ink includes a desired light-emitting
material and a solvent. The solvent is determined depending
on the type of the light-emitting material. Examples of the
solvent include an aromatic solvent such as anisole. The
application method is not particularly limited. Examples of
the application method include an inkjet method, a dispensing
method, a nozzle coating method, a spin coating method, a die
coating method, an intaglio printing method, and an anastatic
printing method. The inkjet method is preferable. The organic
light-emitting layer continuously covering a region on the
substrate including the tow or more neighboring pixel elec-
trodes is formed by drying and backing the applied film.
[0078] Intheeighth step of 8), the insulating layer covering
the edges of the pixel electrodes is formed on the organic
light-emitting layer in the direction perpendicular to the long
direction of the pixel electrodes. The insulating layer is
formed by applying an insulating material through a screen
printing method, a dispensing method, a die coating method,
or the like. When there is no line bank, or when the line banks
are separated from the edges of the pixel electrodes such that
the edges of the pixel electrodes are not covered with the line
banks, an insulating layer covering the edges of the pixel
electrodes is further formed along the long direction of the
pixel electrodes.

[0079] When the insulating layer is formed of the cured
resin ofa delay curing resin composition, the insulating mate-
rial containing the delay curing resin composition is irradi-
ated with ultraviolet rays before applying the insulating mate-
rial onto the organic light-emitting layer. The insulating
material to which ultraviolet rays are applied is applied onto
the organic light-emitting layer so as to cover the edges of the
pixel electrodes. The insulating layer is formed by curing the
applied insulating material through heat treatment. Examples
of the delay curing resin composition include an epoxy resin
described in Japanese Patent Application Laid-Open No.
2011-38090, aliphatic compounds having an epoxy group
and a hydroxyl group, and compositions containing a cation
polymerization initiator.

[0080] In the ninth step of 9), the counter electrode is
formed so as to cover the organic light-emitting layer and the
insulating layer. The counter electrode is formed of a trans-
parent conductive material such as ITO through a sputtering
method.

[0081] The method of manufacturing an organic EL device
is not limited to the above-mentioned method. For example,
in the above-mentioned manufacturing method, the pixel
electrodes may be formed on the substrate without forming
the planarization film. In this case, the second step may be
omitted. In the above-mentioned manufacturing method, the
organic light-emitting layer may be formed on the pixel elec-
trodes and the substrate without forming the intermediate
layer. In this case, the sixth step may be omitted. Alterna-
tively, the above-mentioned manufacturing method may fur-
ther include a step of removing the intermediate layer
between the pixel electrodes on the substrate. In this case, a
step of removing the applied film of the intermediate ink from
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the substrate may be included between the sixth step and the
seventh step. In the above-mentioned manufacturing method,
a pixel regulating layer can be disposed on a region on the
substrate other than a region between the pixel electrodes. In
this case, a step of forming a pixel regulating layer may be
included between the third step and the fourth step.

[0082] Hereinafter, embodiments of the invention will be
described with reference to the accompanying drawings.

Embodiment 1

[0083] In Embodiment 1, a top emission type organic EL
device will be described.

[0084] FIG. 1(A) is a plan view illustrating organic EL
device 20 according to Embodiment 1 of the invention. FIG.
1(B) is a cross-sectional view of the organic EL device taken
along line A-A' of FIG. 1(A). FIG. 1(C) is a cross-sectional
view of the organic EL device taken along line B-B' of FIG.
1(A). In FIG. 1(A), FIG. 2(A), FIG. 3(A), and FIG. 4(A),
transparent negative electrode 900 is not shown.

[0085] As shown in FIGS. 1(B) and (C), the organic EL
device 20 includes substrate 500, pixel electrodes 600, hole
injection layer 610, organic light-emitting layer 700, insulat-
ing layer 800, line banks 400, and transparent negative elec-
trode 900. Substrate 500 is, for example, a glass substrate.
[0086] Pixel electrodes 600 are a conductive layer disposed
on substrate 500. Pixel electrodes 600 are formed of, for
example, an APC alloy. The thickness of pixel electrodes 600
is preferably in a range of 100 nm to 200 nm.

[0087] Hole injection layer 610 is disposed on pixel elec-
trodes 600. Hole injection layer 610 is formed of tungsten
oxide (WOy). The thickness of hole injection layer 610 is
preferably in a range of 5 to 30 nm.

[0088] Line banks 400 define areas of organic light-emit-
ting layer 700. Specifically, the line banks are formed so as to
define a line region in which two or more pixel electrodes 600
are arranged in a row. The line banks are disposed to cover at
least a part of hole injection layer 610. For example, line
banks 400 are disposed to cover the edges of pixel electrodes
600 along the long direction with hole injection layer 610
interposed therebetween. Line banks 400 are formed of, for
example, fluorinated acryl resin. The height of line banks 400
from hole injection layer 610 on the substrate is preferably in
a range of 0.1 pm to 3 um. Line banks 400 are formed to
expose hole injection layer 610.

[0089] Organic light-emitting layer 700 is disposed on hole
injection layer 610. Organic light-emitting layer 700 is a layer
covering hole injection layer 610 and a part of substrate 500,
the part being located between pixel electrodes 600. The
edges of pixel electrodes 600 are covered with organic light-
emitting layer 700 with hole injection layer 610 interposed
therebetween (for example, see reference numeral 710 in
FIG. 1(B)). The thickness of organic light-emitting layer 700
is preferably in a range of 50 nm to 150 nm. Organic light-
emitting layer 700 is a layer formed of a derivative of poly-
fluorene.

[0090] Insulating layer 800 is formed on organic light-
emitting layer 700 in a direction perpendicular to line direc-
tion of line banks 400. Insulating layer 800 is formed to cover
the edges of pixel electrodes 600 with organic light-emitting
layer 700 and hole injection layer 610 interposed therebe-
tween. The thickness of organic light-emitting layer 700
formed on pixel electrodes 600 and hole injection layer 610
may decrease at the edges of the layers. As a result, pixel
electrodes 600 and transparent negative electrode 900 may
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short-circuit. Since insulating layer 800 is arranged on
organic light-emitting layer 700, such short-circuit is sup-
pressed. The thickness of insulating layer 800 is preferably in
arange of 0.5 pm to 3 um. Insulating layer 800 is arranged on
the substrate between the two neighboring pixel electrodes
600 so as to cover opposing edges of the neighboring pixel
electrodes 600. The two neighboring pixel electrodes 600 are
arranged in a row along the line direction of line banks 400.
[0091] Transparent negative electrode 900 is a light-trans-
mitting conductive layer disposed on organic light-emitting
layer 700 and insulating layer 800. The material of transpar-
ent negative electrode 900 is, for example, ITO.

[0092] When a voltage is applied between pixel electrodes
600 and transparent negative electrode 900, holes from pixel
electrodes 600 and electrons from transparent negative elec-
trode 900 are injected into organic light-emitting layer 700.
The injected holes and electrons are combined inside organic
light-emitting layer 700 to generate excitons. Organic light-
emitting layer 700 generates light due to the excitons and
emits light through transparent negative electrode 900.
[0093] A method of manufacturing organic EL. device 20
will be described below. The method of manufacturing
organic EL device 20 includes 1) a first step of forming pixel
electrodes 600 and hole injection layer 610 on substrate 500,
2) a second step of forming line banks 400 covering at least a
part of hole injection layer 610 and defining a line region in
which the two or more pixel electrodes 600 are arranged in
row, 3) a third step of forming organic light-emitting layer
700 on hole injection layer 610, 4) a fourth step of forming
insulating layer 800 on organic light-emitting layer 700 in the
direction perpendicular to line banks 400, and 5) a fifth step of
forming transparent negative electrode 900.

[0094] The firststep of 1) includes a forming a film made of
material of pixel electrodes 600 on substrate 500 through a
deposition method, a sputtering method or the like, and an
etching a film so as to form a pattern of pixel electrodes 600.
Hole injection layer 610 is formed on pixel electrodes 600.
The manufacturing method thereof is the same as forming
pixel electrodes 600. The hole injection layer is formed
through a forming a film by sputtering method or the like, and
etching the film so as to form a pattern.

[0095] In the second step of 2), line banks 400 are formed
on hole injection layer 610 so as to expose a part thereof. Line
banks 400 are formed, for example, through a photolithogra-
phy method. Specifically, the photolithography method
includes a material applying process, a pre-baking process, an
exposing process, a developing process, and post-baking pro-
cess. Although not particularly limited, for example, the pre-
baking process is performed at 100° C. for 2 minutes. The
exposing process is performed using i-rays having a main
peak at 365 nm with a dose of 200 mJ/cm>. The developing
process is performed by removing by 0.2% TMAH for 60
seconds and washing with pure water for 60 seconds. The
post-backing process is performed in a clean oven at 220° for
60 minutes.

[0096] In the third step of 3), organic light-emitting layer
700 is formed on hole injection layer 610, for example,
through an inkjet method. An organic light-emitting ink is
applied to the entire range of the pixel areas disposed in the
line region defined by line banks 400 through an inkjet
method, and then the resultant film of the ink is dried and
baked. The drying is performed, for example in a vacuum
chamber inside of which is depressurized. The depressuriza-
tion can be performed with a vacuum pump until an ultimate
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pressure of 5 Pa. The temperature is at 25° C. The baking
process is performed, for example, using a hot plate at 130° C.
for 10 minutes. In the fourth step of 4), insulating layer 800 is
formed, for example, using a screen printing method. Insu-
lating layer 800 is formed in a thickness of 1 pum so as to cover
the edges of pixel electrodes 600 and hole injection layer 610
and to be arranged perpendicular to line direction of line
banks 400. Insulating layer 800 is extended on line banks 400.
The material thereof employs a delay curing type photosen-
sitive resin composition. When the material is irradiated with
ultraviolet rays after being applied, organic light-emitting
layer 700 may deteriorate. Accordingly, the material irradi-
ated with ultraviolet rays in advance is applied using a screen
printing method to form insulating layer 800. The ultraviolet
rays for the irradiation has a wavelength of 365 nm with a
dose of 1 J/cm?, for example. The film is heated at 80° C. for
1 hour so as to be cured.

[0097] Inthe fifth step of 5), transparent negative electrode
900 is formed, for example, on organic light-emitting layer
700 and insulating layer 800 through a deposition method.

[0098] In this embodiment, when organic light-emitting
layer 700 is formed in the line region defined by line banks
400 through application, is possible to suppress the short-
circuiting between pixel electrodes 600 and transparent nega-
tive electrode 900 at the edges of pixel electrodes 600. It is
also possible to uniformly form organic light-emitting layer
700.

[0099] By line banks 400, organic light-emitting layers of
three colors of red (red organic light-emitting layer 710),
green (green organic light-emitting layer 720), and blue (blue
organic light-emitting layer 730) can be printed separately.
Therefore, it is possible to provide a full-color organic EL
display panel. By arranging color filters of three colors of red,
green, and blue on white organic EL devices instead of print-
ing three color light-emitting layers, it may be possible to
provide a full-color organic EL display panel. In this case, the
lifetime of the organic EL device may be shortened, because
it may be necessary to raise the driving voltage for compen-
sating a reduction of brightness due to the color filters.

Embodiment 2

[0100] FIG. 2(A) is a plan view illustrating organic EL
device 30 according to Embodiment 2. FIG. 2(B) is a cross-
sectional view of the organic EL device taken along line C-C'
of FIG. 2(A). Insulating layer 800 is formed to independently
cover the edges in the short direction of the pixel electrodes,
instead of covering neighboring pixel electrodes 600 along
line direction of line banks 400. The other configurations are
the same as in Embodiment 1.

[0101] In this embodiment, when organic light-emitting
layer 700 is formed in the line region defined by line banks
400 by application, it is possible to suppress the short-circuit-
ing between pixel electrodes 600 and transparent negative
electrode 900 at the edges of pixel electrodes 600. It is also
possible to uniformly form organic light-emitting layer 700.

[0102] In this embodiment, the volume of insulating layer
800 formed on organic light-emitting layer 700 can be
reduced. Accordingly, it is possible to further reduce the
amount of out gas from insulating layer 800, and thus to
further suppress the deterioration of organic light-emitting
layer 700.
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Embodiment 3

[0103] FIG. 3 is a plan view of organic EL device 40
according to Embodiment 3. Insulating layer 800 is not
formed on line banks 400. By applying an insulating material
onto only a part of the pixel area arranged in the line region
defined by line banks 400, insulating layer 800 is formed to
cover the edges of the pixel electrodes and the hole injection
layer. The other configurations are the same as in Embodi-
ment 2.

[0104] In this embodiment, when organic light-emitting
layer 700 is formed in the line region defined by line banks
400 by application, it is possible to suppress the short-circuit
between the pixel electrodes and the transparent negative
electrode at the edges of the pixel electrodes. It is also pos-
sible to uniformly form organic light-emitting layer 700.
Since insulating layer 800 is not formed on the top surface of
line banks 400, the unevenness of the top surface of the
organic EL device is reduced. The light emission character-
istics of the organic EL device deteriorate due to oxygen or
water in the environments. Accordingly, it is general that a
sealing layer made of resin or thin film is formed. The sealing
layer requires coatability. When the unevenness of a coating
target is large, it is apparent that the coatability thereof
becomes worse. Therefore, in the organic EL device accord-
ing to Embodiment 3 in which the unevenness of the device
can be reduced, the coatability of the sealing layer is
improved. Accordingly, it is possible to provide an organic EL.
device with smaller deterioration of the light emission char-
acteristics.

Embodiment 4

[0105] FIG. 4(A) is a plan view illustrating organic EL
device 50 according to Embodiment 4. FIG. 4(B) is a cross-
sectional view of the organic EL device taken along line D-D'
of FIG. 4(A). In Embodiment 4, banks are not formed. White
organic light-emitting layer 750 covers pixel electrodes 600
which are formed on the entire surface of substrate 500 by a
spin coating method or a slit coating method. Insulating layer
800 is formed in a well-curb shape on white organic light-
emitting layer 750 so as to cover the edges of pixel electrodes
600 with white organic light-emitting layer 750 interposed
therebetween. Transparent negative electrode 900 is formed
to cover white organic light-emitting layer 750 and insulating
film 800. In this way, a white organic EL device is provided.
[0106] With this configuration, it is possible to suppress the
short-circuit between the pixel electrodes and the counter
electrode due to a decrease in thickness of the organic light-
emitting layer at the edges of the pixel electrodes. Accord-
ingly, it is possible to provide an organic EL device with
excellent light emission characteristics.

EXAMPLES

[0107] Inanexample, it will be described by experimental
data that the shape of the organic light-emitting layer is
depended on the cases where only a reflection electrode is
disposed on the surface to which the organic light-emitting
layer is applied and where a reflection electrode and an insu-
lating layer are disposed thereon.

Example

[0108] A silver-palladium-copper (APC) film with a thick-
ness of 150 nm was formed as a pixel electrode using a
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sputtering method on a glass substrate AN100 (370 mmx470
mmx0.7 mm) made by Asahi Glass Co., Ltd.

[0109] Line banks were formed on the glass substrate hav-
ing the APC film using a photolithography method. An acryl
resin material made by Asahi Glass Co., Ltd. was used as the
material of the line banks. A film of the acryl resin material
was formed using a spin coating method and a pre-baking
process was performed at a temperature of 100° C. for 2
minutes. Then, the resultant was irradiated with ultraviolet
rays via a photo mask. The used bank material was a negative
type material, in which an exposed portion was cured through
a cross-linking reaction. The wavelength of the ultraviolet
rays was a broad band having a main peak at 365 nm. The
exposing dose was 20 mW/cm? and the exposure time was 10
seconds. Then, the resultant was developed using a 0.2%
TMAH aqueous solution (NMD-3 made by Tokyo Ohka
Kogyo Co., Ltd.). The developer was washed with pure water,
and then a post-backing process was performed in a clean
oven at 220° C. for 60 minutes.

[0110] An organic light-emitting ink including an organic
light-emitting material was printed in the regions defined by
the line banks by an inkjet method. A solvent of the organic
light-emitting ink was cyclohexylbenzene. The printed ink
was dried by depressurization drying. The depressurization
drying was performed in a vacuum chamber equipped with a
vacuum pump. The evacuation speed was set to a speed at
which the chamber was evacuated from the atmospheric pres-
sure to 10 Pa for 30 seconds. The drying temperature was set
to 25° C. Thereafter, the resultant was backed using ahot plate
at 130° C. for 10 minutes.

[0111] The film shape of the organic light-emitting layer
manufactured was measured by an atomic force microscope
(AS-7B made by Takano Co., Ltd.). The film profile and the
thickness uniformity along the short direction (direction par-
allel to line B-B' in FIG. 1(A)) of the pixel electrode are
shown in of FIG. 6(A). The measurement area was set to an
area between two line banks in parallel (FIG. 6(B)). The film
profile in the long direction (direction parallel to line A-A' in
FIG. 1(A)) of the pixel electrodes is shown in FIG. 7(A). The
measurement area was set to an area between two insulating
layers in parallel (FIG. 7(B)).

Comparative Example

[0112] A silver-palladium-copper (APC) film with a thick-
ness of 150 nm was formed as a pixel electrode using a
sputtering method on a glass substrate AN100 (370 mmx470
mmx0.7 mm) made by Asahi Glass Co., Ltd.

[0113] Aninsulating layer was formed to cover the edges of
the formed APC film. The insulating layer was a silicon oxide
(Si0,) film with a thickness of 100 nm formed using a sput-
tering method. Line banks were formed thereon using a pho-
tolithography method. The formation conditions of the line
banks were the same as in the example.

[0114] Next, organic light-emitting layers were formed in
line regions defined by the line banks, and shape of the layers
were evaluated. The formation conditions and the evaluation
method of the organic light-emitting layer were the same as in
the example.

Evaluation of Example and Comparative Example

[0115] The thickness uniformity which is an indicator of
the film profile and the film shape of the organic light-emit-
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ting layer in the example and the comparative example is
shown in FIG. 6. The thickness uniformity is a value
expressed by Expression 1.

Thickness Uniformity(%)={(maximum thickness—
minimum thickness)/(2xaverage thickness) }x100 (Expression 1)

[0116] It could be seen that the film profile was further
distorted in the comparative example rather than in the
example. The thickness uniformity in the short direction of
the pixel electrodes was 14.8% in the example and was 33.4%
in the comparative example. The underlayer on which the
organic light-emitting layer was printed includes the glass
and the APC film in the example; and includes the glass, the
APC film and the SiO, film in the comparative example. The
number of types of the materials which are arranged on the
underlayer was more in the comparative example than in the
example. Since the wettability differs depending on the mate-
rials, the larger number of types of the materials is present on
the underlayer, the larger application unevenness occurs.
[0117] It can be seen from the above description that as the
number of types of the materials on the underlayer becomes
smaller, the organic light-emitting layer with a more uniform
thickness can be formed. In the organic EL display panel,
when the thickness of the organic light-emitting layer is non-
uniform, a difference in brightness or a difference in light
emission occurs, and thus the display quality deteriorates.
Therefore, in the organic EL display panel according to the
invention, the thickness of the organic light-emitting layer is
uniform and thus the display quality is superior.

[0118] The present application is entitled to the benefit of
Japanese Patent Application No. 2011-095748 filed Apr. 22,
2011, the disclosure of which is hereby incorporated by ref-
erenced in its entirely.

[0119] The organic EL display panel of the invention can
prevent a short-circuit between an edge of a pixel electrode
and a counter electrode and can achieve a uniform in bright-
ness, even when an organic EL layer of the organic EL display
panel is formed in a line region defined by line banks by
application method. Therefore, the present invention can pro-
vide an organic EL display panel with high display quality at
low production cost. The organic EL display panel can be
applied to a display of various electric devices such as por-
table information processing device including a word proces-
sor and PC, and wristwatch type electric devices.

REFERENCE SIGNS LIST

[0120] 10,20, 30,40, 50 Organic EL device
[0121] 100, 500 Substrate

[0122] 210, 600 Pixel electrode

[0123] 220, 800 Insulating layer

[0124] 230, 400 Line bank

[0125] 240 Second bank

[0126] 300 Pixel area

[0127] 610 Hole injection layer

[0128] 700 Organic light-emitting layer
[0129] 710 Red organic light-emitting layer
[0130] 720 Green organic light-emitting layer
[0131] 730 Blue organic light-emitting layer
[0132] 750 White organic light-emitting layer
[0133] 900 Transparent negative electrode

1. An organic EL display panel comprising:
a plurality of pixel electrodes that are arranged on a sub-
strate;
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an organic light-emitting layer that is disposed on a region
including two or more neighboring pixel electrodes;

an insulating layer that is disposed on the organic light-
emitting layer and that covers opposing edges of the
neighboring pixel electrodes; and

a counter electrode that is disposed on the organic light-
emitting layer and the insulating layer, and

a thin film transistor connected to each of the plurality of
pixel electrodes.

2. The organic EL display panel according to claim 1,
wherein the organic light-emitting layer covers a region on
the substrate including the two or more neighboring pixel
electrodes.

3. The organic EL display panel according to claim 1,
further comprising a second insulating layer that defines a
line region on the substrate in which the plurality of pixel
electrodes are arranged in a row.

4. The organic EL display panel according to claim 3,
wherein the insulating layer is not disposed on the top surface
of the second insulating layer.

5. The organic EL display panel according to claim 1,
wherein the insulating layer is formed of a cured resin of a
delay curing resin composition, which is curable in a prede-
termined time after ultraviolet rays are applied.

6. A method of manufacturing an organic EL display panel,
comprising:

a step of forming a plurality of pixel electrodes on a sub-
strate, wherein each of the plurality of pixel electrodes is
connected to a thin film transistor;

a step of forming an organic light-emitting layer so as to
cover a region including two or more neighboring pixel
electrodes;
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a step of forming an insulating layer on the organic light-
emitting layer so as to cover opposing edges of the
neighboring pixel electrodes; and

a step of forming a counter electrode on the organic light-
emitting layer and the insulating layer.

7. The method of manufacturing an organic EL display

panel according to claim 6,

wherein the step of forming the organic light-light emitting
layer is a step of forming an organic light-emitting layer
s0 as to cover a region on the substrate including the two
or more neighboring pixel electrodes.

8. The method of manufacturing an organic EL display
panel according to claim 6, further comprising a step of
forming a second insulating layer that defines a line region on
the substrate in which the plurality of pixel electrodes are
arranged in a row,

wherein the organic light-emitting layer is formed on a
region on the substrate including the two or more neigh-
boring pixel electrodes in the line region defined by the
second insulating layer.

9. The method of manufacturing an organic EL display
panel according to claim 6, wherein the step of forming the
insulating layer includes:

irradiating an insulating material containing a delay curing
resin composition with ultraviolet rays;

applying the insulating material irradiated with the ultra-
violet rays on the organic light-emitting layer so as to
cover the opposing edges of the neighboring pixel elec-
trodes; and

curing the applied insulating material through heat treat-
ment.
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