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THIN-FILM SEMICONDUCTOR DEVICE,
ORGANIC EL DISPLAY DEVICE, AND
MANUFACTURING METHODS THEREOF

TECHNICAL FIELD

[0001] The present invention relates to a thin-film semicon-
ductor device including an oxide semiconductor layer, an
organic electro-luminescence (EL) display device, and manu-
facturing methods thereof.

BACKGROUND ART

[0002] Display devices are widely used such as liquid crys-
tal display devices and organic EL display devices. In active
matrix type display devices among such display devices, a
thin-film semiconductor device called a thin-film transistor
(TFT) is used. A TFT includes a gate electrode, a source
electrode, a drain electrode, a semiconductor layer, a gate
insulating film, and so on. The semiconductor layer included
in the TFT is composed of amorphous silicon or the like is
used. The semiconductor layer has a channel region where
moving of carriers is controlled by voltage of the gate elec-
trode.

[0003] Inrecentyears,because ofincrease in definition and
frame rate of screens in active matrix type display devices,
there is a demand for increase in performance of a TFT such
that the TFT is electrically connected with an organic EL
element in such active matrix type display devices. Against
this background, research and development have been
actively conducted on TFTs using, as a semiconductor layer
of a TFT, oxide semiconductor such as zinc oxide (Zn0O),
indium gallium oxide (InGaQO), and indium gallium zinc
oxide (InGaZnO, IGZ0) (for example, Patent Literature 1).
According to a TFT using oxide semiconductor, it is possible
to realize high electrical properties according to which carrier
mobility is high and off-current is reduced, compared with a
TFT using conventional amorphous silicon. On the other
hand, in order to improve carrier mobility in silicon semicon-
ductor, crystallization needs to be performed by heat anneal,
laser anneal, or the like. However, oxide semiconductor such
as IGZO0 even having the amorphous structure is expected to
have high carrier mobility, and accordingly does not need to
be crystallized. Therefore, development has been proactively
proceeded on a TFT using oxide semiconductor having the
amorphous structure because such a TFT can be formed
through process at a low temperature around a room tempera-
ture.

[0004] Unfortunately, there has been reported that intrusion
of hydrogen into an oxide semiconductor layer deteriorates
film properties of the oxide semiconductor layer (Non-Patent
Literature 1). Here, deterioration in film properties of the
oxide semiconductor layer means that resistance of the oxide
semiconductor layer decreases. This varies threshold voltage
of the TFT using oxide semiconductor, and as a result the
oxide semiconductor layer is made to be conductive. Further-
more, reliability decreases. Here, decrease in reliability
means that the TFT cannot operate as a transistor and the TFT
cannot be stably driven as a transistor in a medium and long
term due to shift in threshold voltage. Note that hydrogen
which intrudes into the oxide semiconductor layer is consid-
ered to be in the form of gas, atom, radical, or ion.

[0005] Inresponseto this, asahydrogen protection film for
protecting an oxide semiconductor layer against hydrogen,
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there has been proposed a method of forming a hydrogen
protection film composed of aluminum oxide (AlOx) or the
like (Patent Literature 2).

CITATION LIST

Patent Literature

[0006] [Patent Literature 1] U.S. Patent Application Publi-
cation No. 2012/0276694 Al

[0007] [Patent Literature 2] Japanese Patent Application
Publication No. 2012-099757

Non-Patent Literature

[0008] [Non-Patent Literature 1] T. Arai et. al., “Manufac-
turing Issues for Oxide TFT Technologies for Large-Sized
AMOLED Displays”, SID Symposium Digest of Techni-
cal Papers, Volume 43, Issue 1, pages 756-759, June 2012

SUMMARY OF INVENTION

Technical Problem

[0009] By the way, when hydrogen intrudes into an oxide
semiconductor layer, an impurity level that is shallower than
a conduction band of oxide semiconductor is formed in the
oxide semiconductor layer. In the oxide semiconductor layer
in which the impurity level is formed, carriers move via the
impurity level. For this reason, in the case where an oxide
semiconductor layer in which impurity level is formed is used
for a thin-film semiconductor device, resistance of the oxide
semiconductor layer is decreased and as a result threshold
voltage varies as described above. Note that the thin-film
semiconductor device here indicates a device that includes a
semiconductor layer which is formed by a thin-film forming
method. The thin-film forming method is for example a
plasma Chemical Vapor Deposition (CVD) method, a sput-
tering method, or the like. Also, in order to suppress decrease
in resistance of the oxide semiconductor layer, a thin-film
semiconductor device has been used including an aluminum
oxide film as a hydrogen protection film. On the other hand, it
has been considered that the closer to stoichiometric compo-
sition, namely Al,O; f aluminum oxide is, the higher hydro-
gen barrier properties the aluminum oxide has. Accordingly,
as an aluminum oxide film for preventing an oxide semicon-
ductor layer, it is natural to use a high-quality film that is less
deficient in oxygen (film close to Al,O;).

[0010] By the way, an aluminum oxide film is used as part
of an interlayer insulating film or part of a channel protection
layer of a TFT. According to this structure, process needs to be
performed for providing through-holes in the aluminum
oxide film in order to form wirings in the TFT. However, an
aluminum oxide film having higher quality is more difficult to
be dry-etched or wet-etched, that is, has lower workability.
[0011] Thepresentinvention was made in view of the above
problem, and aims to achieve an aluminum oxide film that is
appropriate as a protection film for oxide semiconductor in
order to realize a thin-film semiconductor device that is
capable of suppressing decrease in resistance of an oxide
semiconductor layer due to intrusion of hydrogen thereinto
and exhibiting improved workability. The present invention
further aims to provide a thin-film semiconductor device that
is capable of suppressing decrease in resistance of an oxide
semiconductor layer due to intrusion of hydrogen thereinto
and exhibiting improved workability, and to provide a manu-
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facturing method of an organic EL display device including
the thin-film semiconductor device.

Solution to Problem

[0012] TIn order to achieve the above aim, one aspect of the
present invention provides a thin-film semiconductor device
comprising: a substrate; a film containing aluminum oxide;
and an oxide semiconductor layer between the substrate and
the film containing aluminum oxide, wherein the film con-
taining aluminum oxide has provided therein at least one
through-hole in which an extraction electrode is embedded,
the extraction electrode being electrically connected with the
oxide semiconductor layer, and the film containing aluminum
oxide has film density of 2.80 g/cm® to 3.25 g/em’.

Advantageous Effects of Invention

[0013] The thin-film semiconductor device relating to the
one aspect of the present invention includes the film contain-
ing aluminum oxide having film density of 2.80 g/cm® t0 3.25
g/cm®. With this configuration, it is possible to provide a
thin-film semiconductor device that is capable of suppressing
decrease in resistance of an oxide semiconductor layer due to
intrusion of hydrogen thereinto and exhibiting improved
workability. Furthermore, it is possible to provide respective
manufacturing methods of the thin-film semiconductor
device and an organic EL display device including the thin-
film semiconductor device.

BRIEF DESCRIPTION OF DRAWINGS

[0014] FIG.1isacross-sectional view schematically show-
ing configuration of'a thin-film semiconductor device relating
to Embodiment 1 of the present invention.

[0015] FIG. 2A to FIG. 2D are cross-sectional views sche-
matically showing a process of forming a gate electrode, a
process of forming a gate insulating film, a process of forming
an oxide semiconductor layer, and a process of layering a
channel protection layer material, respectively, in a manufac-
turing method of the thin-film semiconductor device relating
to Embodiment 1 of the present invention.

[0016] FIG. 3A to FIG. 3C are cross-sectional views sche-
matically showing a process of forming a source electrode
and a drain electrode, a process of layering a protection layer
material, and a process of layering resist on the protection
layer material, respectively, in the manufacturing method of
the thin-film semiconductor device relating to Embodiment 1
of the present invention.

[0017] FIG.4A and FIG. 4B are cross-sectional views sche-
matically showing a process of forming a protection layer in
which contact holes are provided and a process of forming
extraction electrodes, respectively, in the manufacturing
method of the thin-film semiconductor device relating to
Embodiment 1 of the present invention.

[0018] FIG. 5 shows a relation between a standardized wet
etching rate of an aluminum oxide film and film density of the
aluminum oxide film.

[0019] FIG. 6 shows a relation between sheet resistance of
an oxide semiconductor layer and film density of an alumi-
num oxide film.

[0020] FIG. 7 shows results of X-ray reflectivity (XRR)
measurement and analysis on an aluminum oxide film relat-
ing to Embodiment 1 of the present invention.
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[0021] FIG. 8 shows inequality in film density of an alumi-
num oxide film caused by difference in the number of times of
formation thereof.

[0022] FIG. 9 shows a relation between film density of the
aluminum oxide film relating to Embodiment 1 of the present
invention and standardized oxygen flow rate ratio at forma-
tion of the aluminum oxide film.

[0023] FIG. 10 shows arelation between film density of the
aluminum oxide film relating to Embodiment 1 of the present
invention and standardized pressure at formation of the alu-
minum oxide film.

[0024] FIG. 11 shows arelation between refractive index of
an aluminum oxide film and film density of the aluminum
oxide film.

[0025] FIG. 12 shows arelation between sheet resistance of
an oxide semiconductor layer and film density of an alumi-
num oxide film.

[0026] FIG. 13 shows arelation between a standardized wet
etching rate of an aluminum oxide film and formation condi-
tions of the aluminum oxide film.

[0027] FIG. 14 shows results of X-ray diffraction (XRD)
measurement made on a sample that has been annealed at 800
degrees C. (Comparative example) and a sample that has not
been annealed yet (Example).

[0028] FIG. 15 shows a relation between depth in a film
thickness direction and composition of the aluminum oxide
film relating to Embodiment 1 of the present invention.
[0029] FIG. 16 shows a cross-sectional transmission elec-
tron microscope (TEM) image of a protection layer having
the three-layer structure including the aluminum oxide film
relating to Embodiment 1 of the present invention.

[0030] FIG. 17 shows transfer characteristics of a TFT.

[0031] FIG. 18 is a cross-sectional view schematically
showing configuration of a thin-film semiconductor device
relating to Embodiment 2 of the present invention.

[0032] FIG. 19A to FIG. 19D are cross-sectional views
schematically showing a process of forming a gate electrode,
a process of forming a gate insulating film, a process of
forming an oxide semiconductor layer, and a process of form-
ing a channel protection layer material, respectively, in a
manufacturing method of the thin-film semiconductor device
relating to Embodiment 2 of the present invention.

[0033] FIG. 20A to FIG. 20C are cross-sectional views
schematically showing a process of layering resist on the
protection layer material, a process of forming a channel
protection layer in which contact holes are provided, and a
process of forming a source electrode and a drain electrode,
respectively, in the manufacturing method of the thin-film
semiconductor device relating to Embodiment 2 of the
present invention.

[0034] FIG. 21A and FIG. 21B are cross-sectional views
schematically showing a process of layering a protection
layer material and a process of forming extraction electrodes,
respectively, in the manufacturing method of the thin-film
semiconductor device relating to Embodiment 2 of the
present invention.

[0035] FIG. 22 is a cross-sectional view schematically
showing configuration of a thin-film semiconductor device
relating to Embodiment 3 of the present invention.

[0036] FIG. 23 is a cross-sectional view schematically
showing configuration of a thin-film semiconductor device
relating to Embodiment 4 of the present invention.



US 2015/0194475 Al

[0037] FIG. 24 shows outer appearance of an organic EL
display device using the thin-film semiconductor device relat-
ing to Embodiment 1 of the present invention.

[0038] FIG. 25 is a cross-sectional view schematically
showing one pixel of the organic EL display device using the
thin-film semiconductor device relating to Embodiment 1 of
the present invention.

[0039] FIG. 26 shows circuit configuration of one pixel of
the organic EL display device using the thin-film semicon-
ductor device relating to Embodiment 1.

DESCRIPTION OF EMBODIMENTS

<Qutline of One Aspect of the Present Invention>

[0040] The one aspect of the present invention provides a
thin-film semiconductor device comprising: a substrate; a
film containing aluminum oxide; and an oxide semiconductor
layer between the substrate and the film containing aluminum
oxide, wherein the film containing aluminum oxide has pro-
vided therein at least one through-hole in which an extraction
electrode is embedded, the extraction electrode being electri-
cally connected with the oxide semiconductor layer, and the
film containing aluminum oxide has film density of 2.80
g/em® t03.25 giem?.

[0041] Also, according to the thin-film semiconductor
device, the film containing aluminum oxide may have film
density of 2.85 g/em® to 2.95 g/em’.

[0042] Also, according to the thin-film semiconductor
device, a composition ratio x of oxygen to aluminum in the
film containing aluminum oxide may satisfy 1.5<x<2.0.
[0043] Also, according to the thin-film semiconductor
device, the composition ratio x may satisfy 1.79=x<1.85.
[0044] Also, according to the thin-film semiconductor
device, aluminum oxide contained in the film containing alu-
minum oxide may have an amorphous structure.

[0045] Also, according to the thin-film semiconductor
device, the film containing aluminum oxide may have refrac-
tive index of 1.58 to 1.66.

[0046] Also, according to the thin-film semiconductor
device, the film containing aluminum oxide may have film
thickness of 3 nm to 30 nm.

[0047] Also, according to the thin-film semiconductor
device, the film containing aluminum oxide may have a
single-layer structure.

[0048] Another aspect of the present invention provides an
organic EL display device comprising, above the film con-
taining aluminum oxide of the thin-film semiconductor
device, an organic EL element that includes: alower electrode
that is electrically connected with the extraction electrode; a
light-emitting layer containing an organic light-emitting
material; and an upper electrode.

[0049] Yet another aspect of the present invention provides
amanufacturing method of a thin-film semiconductor device,
the manufacturing method comprising: preparing a substrate;
forming an oxide semiconductor layer above the substrate;
forming a film containing aluminum oxide above the oxide
semiconductor layer; providing at least one through-hole in
the film containing aluminum oxide; and embedding, in the
through-hole provided in the film containing aluminum
oxide, an extraction electrode that is to be electrically con-
nected with the oxide semiconductor layer, wherein the film
containing aluminum oxide has film density of 2.80 g/cm® to
3.25 g/lem’.
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[0050] A still another aspect of the present invention pro-
vides a manufacturing method of an organic EL display
device, the manufacturing method comprising: preparing a
substrate; forming an oxide semiconductor layer above the
substrate; forming a film containing aluminum oxide above
the oxide semiconductor layer; providing at least one
through-hole in the film containing aluminum oxide; embed-
ding, in the through-hole provided in the film containing
aluminum oxide, an extraction electrode that is to be electri-
cally connected with the oxide semiconductor layer, forming
an organic EL element above the film containing aluminum
oxide, the organic EL element including a lower electrode
that is to be electrically connected with the extraction elec-
trode, a light-emitting layer containing an organic light-emit-
ting material, and an upper electrode, wherein the film con-
taining aluminum oxide has film density 0f2.80 g/cm’ to 3.25

g/em®,
Embodiment 1

[0051] First, the following describes a thin-film semicon-
ductor device 10 relating to the present embodiment of the
present invention and a manufacturing method of the thin-
film semiconductor device 10, with reference to FIG. 1 to
FIG. 3C. In the following description, a TFT is used as an
example of the thin-film semiconductor device 10.

<Configuration of Thin-Film Semiconductor Device 10>

[0052] FIG. 1is across-sectional view schematically show-
ing configuration of the thin-film semiconductor device 10
relating to the present embodiment of the present invention.
[0053] A thin-film semiconductor device 10 includes a sub-
strate 1, a gate electrode 2, a gate insulating film 3, an oxide
semiconductor layer 4, a channel protection layer 5, a source
electrode 6s, a drain electrode 6d, a protection layer 7, and
extraction electrodes 8. The thin-film semiconductor device
10 is abottom gate type TFT having a gate electrode provided
on the lower side of a channel region. Also, the thin-film
semiconductor device 10 is a channel protection type TFT,
which is one type of bottom gate type TFTs, having a channel
protection layer formed on a semiconductor layer. The thin-
film semiconductor device 10, which is a channel protection
type TFT, is capable of forming a thin semiconductor layer
containing a channel region. According to the thin-film semi-
conductor device 10, therefore, it is possible to reduce para-
sitic resistance due to the semiconductor layer, thereby
improving on-characteristics.

[0054] The following describes in detail the constitutional
elements of the thin-film semiconductor device 10 relating to
the present embodiment.

<Constitutional Elements of Thin-Film Semiconductor
Device 10>

(Substrate 1)

[0055] The substrate 1 is a glass substrate made of glass
material such as quartz glass, non-alkali glass, and highly
heat-resistant glass. In orderto prevent intrusion of impurities
contained in the glass substrate such as sodium and phospho-
rus into the oxide semiconductor layer 4, an undercoat layer
may be formed on the substrate 1 using silicon nitride film
(8iN,), silicon oxide (Si0,)), silicon oxynitride film (SiO,N,,),
or the like. The undercoat layer has film thickness of approxi-
mately 100 nm to 2000 nm for example.
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(Gate Electrode 2)

[0056] The gate electrode 2 is formed on the substrate 1.
The gate electrode 2 has the single-layer structure or the
multi-layer structure consisting of conductive material and/or
alloy thereof for example. The gate electrode 2 is for example
made of molybdenum (Mo), aluminum (Al), copper (Cu),
tungsten (W), titanium (Ti), chrome (Cr), and/or molybde-
num-tungsten (MoW). Alternatively, the gate electrode 2 may
be a light-transmissive conductive film made of indium tin
oxide (ITO), aluminum-doped zinc oxide (AZO), gallium-
doped zinc oxide (GZO), or the like. The gate electrode 2 has
film thickness of approximately 200 nm to 500 nm for
example.

(Gate Insulating Film 3)

[0057] The gate insulating film 3 is formed on the gate
electrode 2. According to the thin-film semiconductor device
10, the gate insulating film 3 is formed over the entire sub-
strate 1 so as to cover the gate electrode 2. The gate insulating
film 3 has the single-layer structure, the multi-layer structure,
or the like consisting of silicon oxide (Si0,), silicon nitride
(SiN,), silicon oxynitride film (SiO N,), aluminum oxide
(AlO,), tantalum oxide (TaO,, ), and/or hafhium oxide (HfO, ).
In the case where the gate insulating film 3 has the multi-layer
structure, the two-layer structure consisting of a silicon oxide
film and a silicon nitride film may be employed.

[0058] Since the oxide semiconductor layer 4 is used in the
thin-film semiconductor device 10, the gate insulating film 3
should preferably contain silicon oxide. This point is
described below. In order to maintain excellent threshold
voltage properties of a TFT, it is preferable to put an interface
between the oxide semiconductor layer 4 and the gate insu-
lating film 3 in an excellent state. By using the gate insulating
film 3 containing silicon oxide, which is oxide material like
the oxide semiconductor layer 4, it is possible to put the
interface between the oxide semiconductor layer 4 and the
gate insulating film 3 in an excellent state. The gate insulating
film 3 has film thickness of 50 nm to 300 nm for example.

(Oxide Semiconductor Layer 4)

[0059] The oxide semiconductor layer 4 is a semiconductor
film which is formed on the gate insulating film 3, and has a
channel region. The oxide semiconductor layer 4 is for
example made of oxide semiconductor including at least one
of indium (In), gallium (Ga), and zinc (Zn). As such oxide
semiconductor, amorphous indium gallium zinc oxide
(IGZ0, InGaZnO) is used for example. The oxide semicon-
ductor layer 4 has film thickness of approximately 20 nm to
200 nm for example.

(Channel Protection Layer 5)

[0060] The channel protection layer 5 is a protection film
for protecting the channel region of the oxide semiconductor
layer 4, and is formed over the entire oxide semiconductor
layer 4 so as to cover the oxide semiconductor layer 4. The
channel protection layer functions as a channel etching stop-
per (CES) layer for preventing the channel region of the oxide
semiconductor layer 4 from being etched during etching pro-
cessing for forming the source electrode 65 and the drain
electrode 6d. If an oxide semiconductor layer is damaged due
to etching, an oxygen-deficient layer is formed on a surface of
the oxide semiconductor layer. Since such an oxygen-defi-
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cient layer has excessively high carrier concentration, the
oxide semiconductor layer, which is damaged due to etching,
is made to be conductive. Since a TFT in this state does not
operate as a transistor, it is effective that a TFT using oxide
semiconductor should have the structure in which a channel
region of an oxide semiconductor layer is not damaged due to
etching.

[0061] The channel protection layer 5 for example has the
single-layer structure or the multi-layer structure consisting
of silicon oxide, silicon oxynitride, aluminum oxide, and/or
silicon nitride. The channel protection layer 5 has film thick-
ness of 50 nm to 500 nm for example. The lower limit of the
film thickness of the channel protection layer 5 is determined
by suppressing influence of margin due to channel etching
and fixed charge in the channel protection layer 5. Also, the
upper limit of the film thickness of the channel protection
layer 5 is determined by suppressing decrease in reliability of
manufacturing process due to increase in level difference.
Also, the channel protection layer 5 may be an organic mate-
rial layer mainly containing organic material which includes
silicon, oxygen, or carbon.

(Source Electrode 6s and Drain Electrode 64)

[0062] The source electrode 6s and the drain electrode 64
are each formed above the channel region of the oxide semi-
conductor layer 4 via the channel protection layer 5. Also, the
source electrode 6s and the drain electrode 6d are disposed
facing each other with a space therebetween, and thereby the
source electrode 6s and the drain electrode 64 are electrically
connected with the oxide semiconductor layer 4. In other
words, when voltage is applied to the gate electrode 2, carriers
move from the source electrode 65 and the drain electrode 64
to the oxide semiconductor layer 4.

[0063] According to the thin-film semiconductor device
10, the source electrode 65 and the drain electrode 64 each
have the single-layer structure or the multi-layer structure
consisting of conductive material and/or alloy thereof for
example. The source electrode 6s and the drain electrode 64
are each for example made of aluminum, molybdenum, tung-
sten, copper, titanium, manganese (Mn), and/or chrome.
According to the thin-film semiconductor device 10, the
source electrode 6s and the drain electrode 64 each have the
three-layer structure consisting of Mo/Cu/CuMn. The source
electrode 6s and the drain electrode 64 each have film thick-
ness of approximately 100 nm to 500 nm for example.

(Protection Layer 7)

[0064] The protection layer 7 is formed on the source elec-
trode 6s and the drain electrode 6d. According to the thin-film
semiconductor device 10, the protection layer 7 is formed
over the entire the source electrode 65 and the drain electrode
6d so as to cover the source electrode 6s and the drain elec-
trode 6d. The protection layer 7 has the three-layer structure
consisting of a first protection layer 7a, a second protection
layer 7b, and a third protection layer 7¢. The first protection
layer 7a should preferably be composed ofa film that has high
adhesion with the source electrode 6s and the drain electrode
6d and contains a small amount of hydrogen therein. Accord-
ingly, the first protection layer 7a is for example composed of
a silicon oxide film. The second protection layer 7 should
preferably be a film that has barrier properties against intru-
sion of hydrogen into the oxide semiconductor layer 4.
Accordingly, the second protection layer 75 is for example
composed of an aluminum oxide film (a film containing alu-
minum oxide). Description will be given later on preferable
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physical properties of an aluminum oxide film used as the
second protection layer 7b. The third protection layer 7c¢
should preferably be a film that has barrier properties against
moisture and so on and ensures workability for providing
contact-holes in which the extraction electrodes 8 are to be
embedded. Accordingly, the third protection layer 7¢ has the
single-layer structure, the multi-layer structure, or the like
consisting of a silicon nitride film, a silicon oxide film, and/or
a silicon oxynitride film. The protection layer 7 has total film
thickness of 200 nm to 1000 nm for example.

(Extraction Electrodes 8)

[0065] The extraction electrodes 8 are embedded in the
contact-holes provided in the protection layer 7. Also, respec-
tive lower parts 8b of the extraction electrodes 8 are in contact
with the source electrode 6s and the drain electrode 64, and
thereby the extraction electrodes 8 are electrically connected
with the source electrode 6s and the drain electrode 6d. This
electrically connects the oxide semiconductor layer 4 with the
extraction electrodes 8. Although not shown in the figure, the
thin-film semiconductor device 10 includes an extraction
electrode which is electrically connected with the gate elec-
trode 2.

<Manufacturing Method of Thin-Film Semiconductor
Device 10>

[0066] The following describes a manufacturing method of
the thin-film semiconductor device 10, with reference to FIG.
2A to FIG. 3C. FIG. 2A to FIG. 3C are each a cross-sectional
view showing a process of the manufacturing method of the
thin-film semiconductor device 10 relating to Embodiment 1
of the present invention.

(Forming Processes of Substrate 1, Gate Electrode 2, and
Gate Insulating Film 3)

[0067] First, as shown in FIG. 2A, a gate electrode is
formed on a substrate 1. Specifically, a glass substrate is
prepared as the substrate 1, and then the gate electrode 2 is
formed on the substrate 1. The following describes in detail
the forming process of the gate electrode 2.

[0068] First, a gate metal film is formed on the substrate 1
by the sputtering method. The gate metal film is composed of
an Mo film and a Cu film that are layered in this order.
Furthermore, the gate metal film is etched using resist, which
1s formed by a photolithography method, as a mask by the wet
etching method. As a result, the gate electrode 2 is formed.
Wet etching of the Mo film and the Cu film is performed for
example with use of an etching solution containing hydrogen
peroxide (H,0,) and organic acid. Note that prior to forma-
tion of the gate electrode 2, an undercoat layer may be formed
on the substrate 1 by the plasma CVD method or the like,
using a silicon nitride film, a silicon oxide film, a silicon
oxynitride film, or the like.

[0069] Next, as shown in FIG. 2B, a gate insulating film 3 is
formed so as to cover the substrate 1 on which the gate
electrode 2 is formed. For example, the gate insulating film 3
is formed by the plasma CVD method or the like so as to cover
the gate electrode 2. The gate insulating film 3 is composed of
a silicon nitride film and a silicon oxide film that are layered
in this order. The silicon nitride film is formed for example by
introducing silane (SiH,) gas, ammonia (NH;) gas, and nitro-
gen (N,) gas. The silicon oxide is formed for example by
introducing silane gas and nitrous oxide (N,O) gas.
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(Forming Processes of Oxide Semiconductor Layer 4 and
Channel Protection Layer 5)

[0070] As shown in FIG. 2C, an oxide semiconductor layer
4 is formed on the gate insulating film 3. The oxide semicon-
ductor layer 4 is for example composed of an IGZO film.
Specifically, the IGZO film is formed by the sputtering
method or the like. For example, an amorphous IGZO film is
formed by performing sputtering on a target material with
composition ratio of In:Ga:Zn=1:1:1 under an oxygen atmo-
sphere. Furthermore, TFT properties are improved by per-
forming thermal processing on the amorphous IGZO film at
approximately 200 degrees C. to 500 degrees C. under an air
atmosphere. The amorphous 1GZO film is patterned by the
photolithography method and the wet etching method. As a
result, the oxide semiconductor layer 4 is formed. Wet etching
of the IGZO film is performed for example with use of an
etching solution containing phosphoric acid (HPO,), nitric
acid (HNO,), acetic acid (CH,COOH), and water.

[0071] Next, as shown in FIG. 2D, a channel protection
layer material 5' is layered so as to cover the oxide semicon-
ductor layer 4. The channel protection layer material §'is for
example composed of a silicon oxide film. Specifically, a
silicon oxide film is formed by the plasma CVD method or the
like so as to cover the oxide semiconductor layer 4.
(Forming Process of Source Electrode 65 and Drain Electrode
6d)

[0072] As shown in FIG. 3A, a source electrode 6s and a
drain electrode 64 are formed on the channel protection layer
5.

[0073] Specifically, the channel protection layer material 5'
is etched using resist, which is formed by the photolithogra-
phy method, as a mask by the dry etching method. As a result,
the channel protection layer 5 is formed, which has provided
therein a contact hole in each of respective regions function-
ing as a source region and a drain region on the oxide semi-
conductor layer 4. Dry etching of the channel protection layer
material 5', which is composed of the silicon oxide film is
performed by areactive ion etching (RIE) device for example.
Btching gas used for the dry etching is for example carbon
tetrafluoride (CF,) gas or oxygen (O,) gas. Device param-
eters, such as gas flow rate, pressure, electrical power to be
applied, and frequency, are appropriately set in accordance
with the substrate size, the set etching film thickness, and so
on.

[0074] Next, the source electrode 65 and the drain electrode
6d are formed on the channel protection layer 5 in which the
contact holes are provided. Specifically, a source-drain metal
film is formed for example by the sputtering method on the
channel protection layer 5 in which the contact holes are
provided. The source-drain metal film is composed of an Mo
film, a Cu film, and a CuMn film that are layered in this order.
Furthermore, the source-drain metal film is etched using
resist, which is formed by the photolithography method, as a
mask by the wet etching method. As a result, the source
electrode 6s and the drain electrode 64 are formed. Wet etch-
ing of the Mo film, the Cu film, and the CuMn film is per-
formed for example with use of an etching solution contain-
ing hydrogen peroxide (H,0,) and organic acid.

(Forming Process of Protection Layer 7)

[0075] As shown in FIG. 3B, a protection layer material 7'
is layered so as to cover the substrate 1 above which the
source electrode 65 and the drain electrode 6d are formed. The
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protection layer material 7' is for example composed of a
silicon oxide film, an aluminum oxide film, a silicon nitride
film that are layered in this order. Specifically, the silicon
oxide film constituting a first protection layer material 74" is
formed by the plasma CVD method or the like. The first
protection layer material 7¢' has film thickness of approxi-
mately 50 nm to 500 nm for example. The aluminum oxide
film constituting a second protection layer material 74' is
layered for example by the sputtering method using a reactive
sputtering device. Aluminum is used as a target, and argon
(Ar) gas, oxygen (O,) gas, or the like is used as process gas.
Device parameters, such as gas flow rate, pressure, electrical
power to be applied, and frequency, are appropriately set in
accordance with the substrate size, the set film thickness, and
so on. Note that aluminum oxide may be used as a target. In
this case, argon gas is used as process gas. The second pro-
tection layer material 75" has film thickness of approximately
2 nm to 50 nm for example. The silicon nitride film consti-
tuting a third protection layer material 7¢' is formed by the
plasma CVD or the like. The third protection layer material
7¢ has film thickness of approximately 50 nm to 700 nm for
example. The protection layer material 7' should preferably
have total film thickness of approximately 300 nm to 700 nm
in order to suppress the short between wirings and in consid-
eration of level difference, and so on.

(Providing Process of Contact Holes in Protection Layer 7)

[0076] As shown in FIG. 3C, a resist 9 is layered on the
protection layer material 7'. Respective parts of the resist 9
that partially cover the source electrode 6s and the drain
electrode 6d each have an opening provided therein. The
resist 9 is formed for example by layering resist material on
the protection layer material 7' and then exposing the resist
material by the photolithography method. The resist material
is negative resist material, positive resist material, or the like.
The resist 9 functions as a mask for use in dry etching and wet
etching which are performed in processes shown below.
[0077] Then, as shown in FIG. 4A, a protection layer 7 is
formed in which contact holes are provided. The source elec-
trode 6s and the drain electrode 6d are partially exposed
through the contact holes provided in the protection layer 7.
Specifically, the third protection layer material 7¢' is etched
by the dry etching method. Dry etching of the silicon nitride
film constituting the third protection layer material 7¢' is
performed by the RIE device for example. Etching gas used
for the dry etching is for example sulfur hexafluoride (SFy)
gas and oxygen (O,) gas. Next, the second protection layer
material 74' is etched by the wet etching method. Wet etching
of the aluminum oxide film constituting the second protection
layer material 74" is performed for example with use of an
etching solution containing phosphoric acid (HPO,), nitric
acid (HNO,), acetic acid (CH;COOH), and water. Further-
more, the first protection layer material 74' is etched by the
dry etching method. Dry etching of the silicon oxide film
constituting the first protection layer material 7a' is pet-
formed by the RIE device for example. Etching gas used for
the dry etching is for example carbon tetrafluoride (CF,) gas
oroxygen (O,) gas. Device parameters, such as gas flow rate,
pressure, electrical power to be applied, and frequency, are
appropriately set in accordance with the substrate size, the set
etching film thickness, and so on.

(Forming Process of Extraction Electrodes 8)

[0078] Finally, as shownin FIG. 4B, extraction electrodes 8
are formed on the protection layer 7. Specifically, an extrac-
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tion metal film is formed by the sputtering method on the
protection layer 7 in which the contact holes are provided.
The extraction metal film is composed of an Mo film and a Cu
film that are layered in this order. Furthermore, the extraction
metal film is etched using resist, which is formed by the
photolithography method, as a mask by the wet etching
method. As a result, the extraction electrodes 8 are formed.
Wet etching of the Mo film and the Cu film is performed for
example with use of an etching solution containing hydrogen
peroxide (H,0,) and organic acid.

[0079] Through the above processes, it is possible to manu-
facture the thin-film semiconductor device 10 that includes
the substrate 1, the second protection layer 7, which is a
hydrogen protection film, and the oxide semiconductor layer
4, which is provided between the substrate 1 and the second
protection layer 7b. In the above example, the thin-film semi-
conductor device 10 includes the protection layer 7 having the
three-layer structure. Alternatively, the number of layers
included in the protection layer 7 may be changed as long as
the second protection layer is included. For example, the
protection layer 7 may have the two-layer structure consisting
of the first protection layer and the second protection layer,
the four-layer structure including the second protection layer
composed of two layers, or the like.

<Details of Structure of Second Protection Layer 76 of
Thin-Film Semiconductor Device 10>

[0080] The following describes the structure of the second
protection layer 75 of the thin-film semiconductor device 10,
with reference to FIG. 5 to FIG. 16.

(Preferable Range of Film Density of Second Protection
Layer 7b)

[0081] First, consideration is made on a preferable range of
film density of the second protection layer 75 of the thin-film
semiconductor device 10.

[0082] According to the thin-film semiconductor device
10, an aluminum oxide film is used as the second protection
layer 7b. Here, description is given on physical properties of
an aluminum oxide film that allow to realize a thin-film semi-
conductor device that is capable of suppressing decrease in
resistance of an oxide semiconductor layer due to intrusion of
hydrogen thereinto and exhibiting improved workability.
[0083] FIG. 5 shows a relation between a standardized wet
etching rate of an aluminum oxide film and film density ofthe
aluminum oxide film. Data pieces shown in FIG. § each
correspond to any of a plurality of samples formed by various
film formation methods such as an RF sputtering method, a
DC sputtering method, and an EB vapor deposition method.
In the case where an aluminum oxide film is formed by the
sputtering method for example, a tendency is observed that as
an oxygen flow rate increases, the film density decreases. In
this way, the film density of an aluminum oxide film is con-
sidered to vary in accordance with film formation conditions.
Also, variation tendency of the film density of the aluminum
oxide film is considered to differ between the film formation
methods. In the figure, the vertical axis represents a wet
etching rate standardized by a wet etching rate of a reference
sample, and the horizontal axis represents film density calcu-
lated from results of X-ray reflectivity (XRR) measurement.
[0084] The etching rate of the aluminum oxide film
depends on the film density thereof. When the film density is
3.55 g/cm® or more, the wet etching rate is extremely low.
Accordingly, the film density of the aluminum oxide film



US 2015/0194475 Al

should preferably be 3.25 g/em? or less according to which
the wet etching rate rapidly decreases.

[0085] Here, reasons why the vertical axis represents the
wet etching rate standardized by the etching rate of the refer-
ence sample are that the wet etching rate varies depending on
concentration, type, and so on of an etching solution, and
accordingly it is difficult to normalize the wet etching rate by
describing an absolute value of the wet etching rate. In a wet
etching process in which the wet etching rate of an aluminum
oxide film depends on film density thereof, it is possible to
obtain the same effects by adopting the film density described
in the above method. Note that a wet etching rate of the
reference sample in the wet etching process is approximately
1 nm/min to 50 nm/min.

[0086] FIG. 6 shows a relation between sheet resistance of
the oxide semiconductor layer 4 and film density of an alu-
minum oxide film constituting the second protection layer 75.
According to the thin-film semiconductor device 10, an [GZO
film is used as the oxide semiconductor layer 4. In the figure,
the vertical axis represents the sheet resistance of the [GZO
film, and the horizontal axis represents film density of the
aluminum oxide film. Here, the sheet resistance of the IGZO
film is used as an indicator indicating hydrogen barrier prop-
erties of the aluminum oxide film. In the case where the
aluminum oxide film has no hydrogen barrier properties, the
IGZO film decreases in resistance as described above. In
other words, the sheet resistance of the IGZO film decreases.
The sheet resistance of the 1GZO film was measured by
forming a metal electrode pattern on the IGZO film, forming
a silicon oxide film and an aluminum oxide film, and then
measuring sheet resistance on a sample that includes a pro-
tection film containing hydrogen. Note that a silicon nitride
film formed by a plasma CVD method is used as the protec-
tion film containing hydrogen.

[0087] When the film density of the aluminum oxide film as
a second protection layer 7b is 2.80 g/cm? or less, the sheet
resistance of the IGZO film rapidly decreases. In other words,
when the film density of the aluminum oxide film is 2.80
g/em?® or more, the hydrogen barrier properties of the alumi-
num oxide film relative to the IGZO film are ensured.
[0088] Accordingly, the results shown in FI1G. 5 and FIG. 6
demonstrate that the aluminum oxide film, which can ensure
workability and hydrogen barrier properties of the second
protection layer 74, has the film density of 2.80 g/cm? to 3.25
g/cm?. Note that an error of film density in XRR measurement
is approximately 0.01 g/em®. Accordingly, the minimum of
film density in consideration of the error is 2.79 g/em® which
is a result of subtraction of 0.01 g/em? from 2.80 g/em?. Also,
the maximum of film density in consideration of the error is
3.26 g/em? which is a result of summation of 0.01 g/cm® and
3.25 g/em®. Therefore, the tange of film density in consider-
ation of the error is 2.79 g/em® to 3.26 g/cm’.

[0089] The use of the aluminum oxide film having the
above film density improves formation takt time of the alu-
minum oxide film compared with the case where a conven-
tional aluminum oxide film with a high quality is used. This is
because film formation speed and etching rate of the alumi-
num oxide film having the above film density are high com-
pared with the case where such a conventional aluminum
oxide film with a high quality is formed.

(Measurement of Film Density of Second Protection Layer
7b)

[0090] FIG. 7 shows results of XRR measurement and
analysis on an aluminum oxide film constituting the second
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protection layer 75 of the thin-film semiconductor device 10
manufactured by the above manufacturing method. Film den-
sity of the oxidation aluminum is obtained by comparing the
results of the XRR measurement with results of simulation
using film density, film thickness, and surface roughness
using as parameters, and optimizing the parameters for the
simulation.

[0091] According to the results of the XRR measurement,
the aluminum oxide film has film density of 2.856 g/cm?, and
this value falls within the preferable range of film density of
the aluminum oxide film of 2.80 g/cm® to 3.25 g/em®.
(Optimal Range of Film Density of Second Protection Layer
7b)

[0092] By the way, in the case where the thin-film semicon-
ductor device 10 is mass-produced, there sometimes exist
errors in film formation conditions in the forming process of
the second protection layer 7b. As a result of consideration on
this, the present inventor proved that a degree of variation in
film density of the second protection layer 75 relative to the
errors in the film formation conditions differs depending ona
desired value of the film density of the aluminum oxide film
constituting the second protection layer 7b. Accordingly, the
present inventor determined that the optimal range of the film
density of the second protection layer 7b of the thin-film
semiconductor device 10 is a range according to which the
degree of variation in film density of the second protection
layer 75 is small relative to the errors in the film formation
conditions. The following specifically describes in detail the
optimal range of the film density of the second protection
layer 7b.

[0093] FIG. 8 shows inequality in film density of an alumi-
num oxide film constituting the second protection layer 75
caused by difference in the number of times of formation of
the aluminum oxide film. In the figure, the vertical axis rep-
resents the film density of the aluminum oxide film, and the
horizontal axis represents the number of times of formation.
Plots in triangle shape each correspond to the case where a
desired value of the film density of the aluminum oxide film
is set to 2.75 g/em?. Plots in rectangle shape each correspond
to the case where a desired value of the film density of the
aluminum oxide film is set to 2.90 g/cm®.

[0094] As shown by the plots in triangle shape, in the case
where the desired value of the film density of the aluminum
oxide film is set to 2.75 g/cm?, the respective film density in
the first time formation, the second time formation, the third
time formation, and the fourth time formation result in film
density of 2.73 g/cm®, 2.80 g/em®, 2.71 g/cm®, and 2.75
g/em?, respectively. Accordingly, in the case where the
desired value of the film density of the aluminum oxide film
is setto 2.75 g/em’, inequality in film density ofthe aluminum
oxide film between the first time formation to the fourth time
formation is 0.09 g/cm®. Similarly, in the case where the
desired value of the film density of the aluminum oxide film
is setto 2.90 g/em’, inequality in film density of the aluminum
oxide film between the first time formation to the fourth time
formation is 0.03 g/cm® resulting from subtraction of 2.87
g/cm? that is the minimum from 2.90 g/cm? that is the maxi-
mum. In this way, the case where the desired value of the film
density is set to 2.90 g/cm? is smaller than the case where the
desired value of the film density is set to 2.75 g/cm? in terms
of inequality in film density of the aluminum oxide film
caused by the difference in the number of times of formation.
In view of reproducibility of formation of the aluminum oxide
film, the desired value of the film density of the aluminum
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oxide film should desirably fall within the optimal range. The
following considers the optimal range of the film density of
the aluminum oxide film.

[0095] FIG. 9 shows a relation between film density of the
aluminum oxide film relating to Embodiment 1 of the present
invention and standardized oxygen flow rate ratio at forma-
tion of the aluminum oxide film. In the figure, the vertical axis
represents the film density of the aluminum oxide film, and
the horizontal axis represents the standardized oxygen flow
rate ratio. Here, the oxygen flow rate ratio indicates a ratio of
oxygen flow rate to the total gas flow rate (the sum of argon
gas flow rate and oxygen gas flow rate). Also, the standardized
oxygen flow rate ratio, which is represented by the horizontal
axis, indicates a ratio of center conditions to the oxygen flow
rate ratio. The standardized oxygen flow rate ratio is used in
order to normalize the oxygen flow rate ratio that differs
depending on a film formation method, a status of the device,
and so on. The oxygen flow rate ratio is actually approxi-
mately 5% to 80%.

[0096] Film density of an aluminum oxide film is influ-
enced by oxygen flow rate ratio at formation of the aluminum
oxide film. When an aluminum oxide film is formed at a small
oxygen flow rate ratio, the aluminum oxide film tends to have
a large film density. When the oxygen flow rate ratio varies
between 0.85 and 1.16, the film density of the aluminum
oxide film is 2.85 g/cm’ to 2.95 g/em’.

[0097] FIG. 10 shows a relation between film density of an
aluminum oxide film and standardized pressure at formation
of the aluminum oxide film. In the figure, the vertical axis
represents the film density of the aluminum oxide film, and
the horizontal axis represents the standardized pressure.
Here, the standardized pressure, which is represented by the
horizontal axis, indicates a ratio of center conditions to pres-
sure. The standardized pressure is used in order to normalize
the pressure that differs depending on a film formation
method, a status of the device, and so on, like the oxygen flow
rateratio. The pressure is actually approximately 0.2 Pato 2.0
Pa.

[0098] As shown in FIG. 10, film density of an aluminum
oxide film is influenced by pressure applied for forming the
aluminum oxide film. When the pressure varies between 0.90
and 1.10, the film density of the aluminum oxide film is 2.85
g/em® to 2.95 g/em?,

[0099] Therefore, as shown in FIG. 9 and FIG. 10, the
optimal range of the film density of the aluminum oxide film
should be a range of 2.85 g/em? to 2.95 g/em?. As described
above, the error in film density calculated from the results of
the XRR measurements is approximately 0.01 g/em?®.
Accordingly, the optimal range of the film density is 2.84
g/em® to 2.96 g/em? in consideration of the maximum error.
Even when the film formation conditions change somewhat,
it is possible to form an aluminum oxide film having stable
film density. This is because the aluminum oxide film is
formed so as to have film density which falls within the
optimal range. This decreases the inequality in film density of
the aluminum oxide film caused by the difference in the
number of times of formation.

(Refractive Index of Aluminum Oxide Film)

[0100] FIG. 11 shows arelation between refractive index of
an aluminum oxide film and film density of the aluminum
oxide film. Here, data pieces shown in the figure show mea-
sured values of refractive index of the samples shown in FIG.
5. Also, in the figure, the vertical axis represents the refractive
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index of the aluminum oxide film at wavelength of 633 nm,
and the horizontal axis represents the film density of the
aluminum oxide film.

[0101] A positive correlation exists between the refractive
index and the film density of the aluminum oxide film. When
the film density is 2.80 g/cm’® to 3.25 g/em®, the refractive
index should be 1.58 to 1.66 in order to ensure workability
and hydrogen barrier properties.

(Film Thickness of Aluminum Oxide Film)

[0102] FIG. 12 shows arelation between sheet resistance of
an IGZO film constituting the oxide semiconductor layer 4 of
the thin-film semiconductor device 10 and film thickness of
an aluminum oxide film. Here, the sheet resistance of the
1GZO film was measured for example by forming a metal
electrode pattern on the IGZO film, forming an SiO protec-
tion film and an aluminum oxide film which differ in terms of
thickness from each other, and then measuring sheet resis-
tance on a sample that includes a protection film containing
hydrogen. Also, in the figure, the vertical axis represents the
sheet resistance of the IGZO film, and the horizontal axis
represents the film density of the aluminum oxide film.
[0103] When the film thickness of the aluminum oxide film
is less than 3 nm, the sheet resistance of the IGZO film rapidly
decreases. Compared with this, when the film thickness ofthe
aluminum oxide film is 3 nm or more, the sheet resistance of
the IGZO film depends little on the film thickness of the
aluminum oxide film, and accordingly barrier properties of
the IGZO film are ensured. Note that the film thickness of the
aluminum oxide film should preferably be 30 nm or less. This
is because an aluminum oxide film having film thickness of
30 nm or more is difficult to have a desired film density. For
example, in the case where an aluminum oxide film 1s formed
by the sputtering method, as film thickness of the aluminum
oxide film increases, film density of the aluminum oxide film
increases. For this reason, it is difficult to achieve desired
workability. Also, the aluminum oxide films of the samples
have the same film density that falls within the range of 2.80
g/em? to 3.25 glem?.

(Structure of Aluminum Oxide Film)

[0104] FIG. 13 shows arelation between a standardized wet
etching rate of the aluminum oxide film relating to Embodi-
ment 1 and formation conditions of the aluminum oxide film.
Here, the wet etching rate of the aluminum oxide film is
standardized by a wet etching rate of a reference sample, in
the same manner as in FIG. 5. In the figure, the vertical axis
represents the standardized wet etching rate of the aluminum
oxide film, and the horizontal axis represents the formation
conditions ofthe aluminum oxide film. A sample indicated by
“as-depo” is a sample which has not been annealed yet
because of having been just formed, and samples indicated by
“500 degrees C”, “600 degrees C”, “700 degrees C”, and “800
degrees C.” indicate samples which have been annealed at
corresponding anneal temperatures. The respective samples
indicated by “500 degrees C”, “600 degrees C”, “700 degrees
C”, and “800 degrees C.” have been annealed through anneal
processing for 20 minutes.

[0105] The wet etching rate of the aluminum oxide film
which has not been annealed is 1.0. Also, as the anneal tem-
perature of the aluminum oxide film increases, the wet etch-
ing rate of the aluminum oxide film decreases. Specifically,
when the anneal temperature is 500 degrees C., 600 degrees
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C.,700 degrees C., and 800 degrees C., the wet etching rate is
0.5,0.45,0.3,and 0.12, respectively. Itis considered that after
an aluminum oxide film is annealed, aluminum oxide con-
tained in the aluminum oxide film changes from the amor-
phous structure to the crystal structure. This point is consid-
ered below.

[0106] FIG. 14 shows, in dashed line, results of X-ray dif-
fraction (XRD) measurement made on a sample which has
been annealed at 800 degrees C. (Comparative example), and
shows, in solid line, a sample which has not been annealed yet
(Example). In the figure, the vertical axis represents standard-
ized intensity, and the horizontal axis represents angle. In
Comparative example, a diffraction peak was observed which
corresponds to each of (311), (400), and (440) of aluminum
oxide. This demonstrates that anneal processing at 800
degrees C. crystallizes the aluminum oxide. In Example com-
pared with this, no diffraction peak was observed which cor-
responds to (311), (400), and (440) of aluminum oxide. This
demonstrates that aluminum oxide contained in the alumi-
num oxide film which has not been annealed yet has the
amorphous structure. Here, according to this amorphous
structure, no crystalline diffraction peak is observed in XRD
measurement. Also, it is considered that at least part of the
aluminum oxide film is crystallized after having being
annealed at even at 500 degrees C. to 700 degrees C. as well
as at 800 degrees C.

[0107] AsshowninFIG. 13, when aluminum oxide is crys-
tallized after having been annealed, the wet etching rate rap-
idly decreases. Therefore, aluminum oxide contained in the
aluminum oxide film constituting the second protection layer
7b of the thin-film semiconductor device 10 should preferably
have the amorphous structure from a viewpoint of the work-
ability. The aluminum oxide film that contains aluminum
oxide having the amorphous structure exhibits high workabil-
ity because being susceptible to intrusion of an etching solu-
tion used for wet etching compared with an aluminum oxide
film that contains aluminum oxide having the crystal struc-
ture.

(Consideration)

[0108] As described above, an aluminum oxide film should
have film density of 2.80 g/cm® to 3.25 g/em® in order to
ensure the workability and the hydrogen barrier properties.
However, even in the case where an aluminum oxide film has
film density of 2.80 g/cm® to 3.25 g/cm?, properties of the
aluminum oxide film differ depending on various elements.
This point is considered below.

(Consideration on Refractive Index of Aluminum Oxide
Film)

[0109] Film density of an aluminum oxide film is a physical
amount that is just defined by quantity per unit volume.
Accordingly, although the film density reflects denseness of
atom of AlOx and composition ratio x, the film density basi-
cally does not reflect whether aluminum oxide contained in
the aluminum oxide film has the crystal structure or the amor-
phous structure. It is considered that there is a case where
aluminum oxide contained in one of aluminum oxide films
having the same film density has the crystal structure, alumi-
num oxide contained in another of the aluminum oxide films
has the amorphous structure. Also, it is known that an alumi-
num oxide film that contains aluminum oxide having the
crystal structure differs in terms of refractive index from an
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aluminum oxide film that contains aluminum oxide having
the amorphous structure. Furthermore, as described in the
description of the XRD measurement, the results of the XRD
measurement demonstrate that an aluminum oxide film that
contains aluminum oxide having the crystal structure differs
in terms of workability from an aluminum oxide film that
contains aluminum oxide having the amorphous structure.
Therefore, since aluminum oxide films, which have the same
film density but have different refractive index, differ from
each other in terms of structure (namely, whether the crystal
structure or the amorphous structure), these aluminum oxide
films might differ from each other in terms of workability.

[0110] Inthis way, itis sometimes impossible to specify an
aluminum oxide film with high workability only in accor-
dance with film density. Even in such a case, however, it is
possible to specify an aluminum oxide film with high work-
ability in accordance with refractive index in addition to the
film density.

(Composition of Aluminum Oxide Film)

[0111] In order to consider the composition of AlIOx con-
tained in the aluminum oxide film relating to Embodiment 1,
the aluminum oxide film was etched and spectrum measure-
ment was made on the aluminum oxide film by an X-Ray
photoelectron spectrometry (XPS). Note that the aluminum
oxide film has film thickness of 35 nm. As a result of the
measurement, spectrum of AIOx was obtained at depth of 0
nm, 9 nm, 19 nm, and 28.8 nm. Semi-quantitative analysis
was made on each spectrum to calculate relative intensity
between O and Al to obtain an atomic ratio of O contained in
the aluminum oxide film and an atomic ratio of Al contained
in the aluminum oxide film. FIG. 15 is a graph showing a
relation between depth in a film thickness direction and com-
position of AlOx contained in the aluminum oxide film. In the
figure, the vertical axis represents the atomic ratio of each of
O and Al, and the horizontal axis represents the depth in the
film thickness direction. When the depthis 0 nm, 9nm, 19 nm,
and 28.8 nm, the atomic ratio of aluminum is 32.92 atm %,
34.86 atm %, 35.02 atm %, and 35.05 atm %, respectively.
That is, when the film thickness is 0 nm to 28.8 nm, the atomic
ratio of aluminum is 32.92 atm % to 35.05 atm %. Also, when
the depth is 0 nm, 9 nm, 19 nm, and 28.8 nm, the atomic ratio
of oxygen is 58.96 atm %, 64.62 atm %, 64.50 atm %, and
64.81 atm %, respectively. That is, when the film thickness is
0 nm to 28.8 nm, the atomic ratio of oxygen is 58.96 atm % to
64.81 atm %.

[0112] The composition x of AlOx has values of 1.79
resulting from division of 58.96 by 32.92, 1.85 resulting from
division of 64.62 by 34.86, 1.84 resulting from division of
64.50 by 35.02, and 1.85 resulting from division of 64.81 by
35.05. These values as the composition ratio x are each larger
than 1.5 and smaller than 2.0. Furthermore, these values as the
composition ratio x are each larger than 1.8 and smaller than
1.9.

[0113] Itisconsidered that the composition ratio x is larger
than 1.5 because aluminum oxide contained in the aluminum
oxide film relating to Embodiment 1 has the amorphous struc-
ture as described above. AlOx having the crystal structure
contained in an aluminum oxide film is Al,O,, and the com-
positionratio x is 1.5. Itis considered that the aluminum oxide
film relating to Embodiment 1, which contains aluminum
oxide having the amorphous structure, contains a large
amount of oxygen atom that is not combined with any atom,
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compared with an aluminum oxide film that contains alumi-
num oxide having the crystal structure.

[0114] Tt is considered that the composition ratio x is
smaller than 2.0 because the realistic maximum of the com-
position ratio x of AlOx contained in an aluminum oxide film
is 2.0.

[0115] The larger amount of oxygen atom an aluminum
oxide film contains, the more easily the aluminum oxide film
reacts with an etching solution for use in etching the alumi-
num oxide film, such as an etching solution containing phos-
phoric acid (HPO,), nitric acid (HNO,), acetic acid
(CH;COOH), and water. For this reason, it is possible to
improve the workability of an aluminum oxide film that con-
tains aluminum oxide having the amorphous structure better
than that of an aluminum oxide film that contains aluminum
oxide having the crystal structure. Therefore, it is possible to
improve the workability of the aluminum oxide film relating
to Embodiment 1 better than that of an aluminum oxide film
having the crystal structure.

[0116] By theway,itis considered that when film density of
an aluminum oxide film varies, an atomic ratio of aluminum
and oxygen contained in the aluminum oxide film also varies.
In the case where an aluminum oxide film has the multi-layer
structure consisting of a plurality of layers having different
film density, the aluminum oxide film has part where an
atomic ratio of aluminum and oxygen largely varies in the
film thickness direction. On the other hand, as shown in FIG.
15, the atomic ratio of aluminum oxygen contained in the
aluminum oxide film relating to Embodiment 1 is substan-
tially constant in the film thickness direction. This demon-
strates that the aluminum oxide film relating to Embodiment
1 has the single-layer structure.

(Layer Structure of Aluminum Oxide Film)

[0117] FIG. 16 shows a cross-sectional transmission elec-
tron microscope (TEM) image of a protection layer having
the three-layer structure including the aluminum oxide film
relating to Embodiment 1. The image shows a silicon oxide
film constituting the first protection layer 74, an aluminum
oxide film constituting the second protection layer 75, and a
silicon oxide film constituting the third protection layer 7c.
Note that the image was obtained by capturing the vicinity of
the aluminum oxide film having film thickness of 30 nm.
When viewed in the film thickness direction, the entire alu-
minum oxide film constituting the second protection layer 76
is shown in constant color density with no substantial differ-
ence in color density. Generally, while an aluminum oxide
film having small film density appears in low color density in
a TEM image, an aluminum oxide film having large film
density appears in high color density in a TEM image.
Accordingly, the entire aluminum oxide film constituting the
second protection layer 75 has constant film density in the
film thickness direction, and therefore has the single-layer
structure. By the way, an aluminum oxide film may be formed
so as to have the single-layer structure consisting of a single
layer having constant film density or the multi-layer structure
consisting of a plurality of layers having different film den-
sity. The aluminum oxide film constituting the second pro-
tection layer 75 has the single-layer structure, and accord-
ingly has uniform workability and hydrogen barrier
properties in the film thickness direction compared with an
aluminum oxide film having the multi-layer structure. There-
fore, it is possible to ensure high workability of the aluminum
oxide film constituting the second protection layer 75 in the
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film thickness direction. This allows to use a single type of
etching solution for wet-etching the aluminum oxide film
from the surface to the bottom so as to provide through-holes
in the aluminum oxide film. Also, it is possible to ensure high
hydrogen barrier properties of the aluminum oxide film con-
stituting the second protection layer 75 in the film thickness
direction. Therefore, it is possible to prevent intrusion of
hydrogen into the oxide semiconductor layer.

[0118] Furthermore, if the aluminum oxide film 75 has the
crystal structure, a pattern of the crystal structure appears at
the same magnification as that in FIG. 16. However, since
such a pattern does not appear, the aluminum oxide film 75 is
considered to have the amorphous structure.

<Verification of Thin-Film Semiconductor Device>

[0119] The thin-film semiconductor device relating to
Embodiment 1 of the present invention was actually manu-
factured, and effects thereof were verified. The following
describes the configuration of the thin-film semiconductor
device, using the reference signs shown in FIG. 1.

[0120] Non-alkali glass was used as the substrate 1. The
gate electrode 2 was formed on the substrate 1, using a Cu film
and an Mo film that are layered. Here, the Mo film functions
as an adhesion layer with the substrate 1. The Cu film has film
thickness of 300 nm, and the Mo film has film thickness of 20
nm.

[0121] Thegateinsulating film3 was formed over theentire
substrate 1 so as to cover the gate electrode 2. A silicon oxide
film was used as the gate insulating film 3 which is in contact
with the oxide semiconductor layer 4.

[0122] The oxide semiconductor layer 4 was formed using
an amorphous indium gallium zinc oxide (IGZO) film having
film thickness of 60 nm.

[0123] The channel protection layer 5 was formed using a
silicon oxide film having film thickness of 200 nm.

[0124] The source electrode 6s and the drain electrode 64
were formed so as to have the three-layer structure consisting
of Mo/Cu/CuMn.

[0125] The protection layer 7 was formed over the entire
source electrode 6s and drain electrode 6d so as to cover the
source electrode 6s and the drain electrode 6d. In the present
embodiment, the protection layer 7 was formed so as to have
the three-layer structure consisting of the first protection layer
7a, the second protection layer 75, and the third protection
layer 7¢. The first protection layer 7a was formed using a
silicon oxide film. The second protection layer 76 was formed
using an aluminum oxide film having film density of 2.90
g/cm?® and refractive index of 1.60. Since the film density of
the aluminum oxide film is 2.80 g/cm? to 3.25 g/em?, it is
possible to provide the thin-film semiconductor device 10
with improved workability. The aluminum oxide film has film
thickness of 30 nm. The third protection layer 7¢ was formed
using a silicon nitride film. The protection layer 7 can have
total film thickness of 600 nm.

[0126] FIG. 17 shows, in solid line, transfer characteristics
of the TFT in the thin-film semiconductor device 10 having
the above configuration, and shows, in dashed line, transfer
characteristics of a TFT that does not include an aluminum
oxide film as a protection film as Comparative example. Inthe
figure, the vertical axis represents drain current, and the hori-
zontal axis represents gate voltage.

[0127] In Comparative example (the case where an alumi-
num oxide film was not formed as a protection film), even
when the gate voltage was decreased, the drain current did not
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decrease sufficiently. That is, low on-off characteristics of the
transistor was observed. It is considered that an oxide semi-
conductor layer of Comparative example was made to be
conductive in a range of the measured gate voltage. Com-
pared with this, in Example (the case where an aluminum
oxide film was formed as a protection film), when the gate
voltage is decreased, the drain current decreases sufficiently.
That is, high on-off characteristics of the transistor was
observed. Therefore, the use of aluminum oxide for a protec-
tion film as the second protection layer 75 of the thin-film
semiconductor device 10 suppressed the decrease in resis-
tance of the IGZO film constituting the oxide semiconductor
layer due to intrusion of hydrogen. This allows to prevent
intrusion of hydrogen into the oxide semiconductor layer 4 of
the thin-film semiconductor device 10.

Embodiment 2

[0128] The following describes a thin-film semiconductor
device 20 relating to Embodiment 2 of the present invention
and a manufacturing method of the thin-film semiconductor
device 20.

<Configuration of Thin-Film Semiconductor Device 20>

[0129] FIG. 18 is a cross-sectional view schematically
showing configuration of the thin-film semiconductor device
20. In Embodiment 2, a channel protection layer 11 includes
a protection layer 115 provided as a barrier against hydrogen,
and this is difference from Embodiment 1. The protection
layer 1156 is composed of an aluminum oxide film like the
second protection layer 75 included in the thin-film semicon-
ductor device 10. In the figure, the compositional elements
that are the same as the compositional elements in FIG. 1 have
the same reference signs.

[0130] As shown in FIG. 18, the thin-film semiconductor
device 20 includes the channel protection layer 11 and a
protection layer 12. The thin-film semiconductor device 20 is
a bottom gate type TFT.

[0131] The following describes in detail the difference
between the thin-film semiconductor device 20 and the thin-
film semiconductor device 10, namely the channel protection
layer 11 and the protection layer 12.

[0132] The channel protection layer 11 is a protection film
for protecting a channel region of an oxide semiconductor
layer 4, and is formed over the entire oxide semiconductor
layer 4 so as to cover the oxide semiconductor layer 4.
According to the thin-film semiconductor device 20, the
channel protection layer 11 has the three-layer structure con-
sisting of a first channel protection layer 11a, a second chan-
nel protection layer 115, and a third channel protection layer
11c. The first channel protection layer 11a should preferably
be composed of a film that has high adhesion with the oxide
semiconductor layer 4 and does not exercise an influence on
film quality of the oxide semiconductor layer 4 (a film that
contains therein a small amount of hydrogen and a large
amount of oxygen). Accordingly, the first channel protection
layer 11a1is for example composed ofa silicon oxide film. The
second channel protection layer 115 should preferably be
composed of a film that has barrier properties against intru-
sion of hydrogen into the oxide semiconductor layer 4.
Accordingly, the second channel protection layer 115 is for
example composed of an aluminum oxide film. The alumi-
num oxide film used as the second channel protection layer
114 should preferably have the above film density. The third
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channel protection layer 11¢ should be preferably composed
of a film that has high adhesion with the source electrode 6s
and the drain electrode 6d. Accordingly, the third channel
protection layer 11c is for example composed of a silicon
nitride film, a silicon oxide film, and/or a silicon oxynitride
film. The channel protection layer 11 has total film thickness
of 50 nm to 300 nm for example.

[0133] The protection layer 12 is formed on the source
electrode 6s and the drain electrode 6d. According to the
thin-film semiconductor device 20, the protection layer 12 is
formed over the entire the source electrode 6s and the drain
electrode 6d so as to cover the source electrode 6s and the
drain electrode 6d. According to the thin-film semiconductor
device 20, the protection layer 12 should be preferably com-
posed of a film that has high adhesion with the source elec-
trode 6s and the drain electrode 64 and has barrier properties
against moisture and so on. Accordingly, the protection layer
12 has for example the single-layer structure, the multi-layer
structure, or the like consisting of a silicon nitride film, a
silicon oxide film, and/or a silicon oxynitride film. The pro-
tection layer 12 has total film thickness of 200 nm to 1000 nm
for example.

<Manufacturing Method of Thin-Film Semiconductor
Device 20>

[0134] The following describes a manufacturing method of
the thin-film semiconductor device 20 relating to Embodi-
ment 2 of the present invention with reference to FIG. 19A to
FIG. 21C. FIG. 19A to FIG. 21C are each a cross-sectional
view showing a process of the manufacturing method of the
thin-film semiconductor device 20.

[0135] First, as shownin FIG. 19A to FIG. 19C, the follow-
ing processes are performed in the same manner as in FIG. 2A
to FIG. 2C. A glass substrate is prepared as a substrate 1, and
a gate electrode 2 is formed on the substrate 1 (FIG. 19A). A
gate insulating film 3 is formed so as to cover the gate elec-
trode 2 (FIG. 19B). An oxide semiconductor layer 4 that is
composed of an IGZO film or the like is formed on the gate
insulating film 3 (FIG. 19C).

[0136] As shown in FIG. 19D, a channel protection layer
material 11' is formed so as to cover the substrate 1 above
which the oxide semiconductor layer 4 is formed. The chan-
nel protection layer material 11' has the three-layer structure
consisting of a silicon oxide film, an aluminum oxide film, a
silicon nitride film that are layered in this order. The silicon
oxide film constituting a first channel protection layer mate-
rial 114' is formed for example by the plasma CVD method or
the like. The silicon oxide film has film thickness of approxi-
mately 50 nm to 200 nm for example. The aluminum oxide
film constituting a second channel protection layer material
112 is layered for example by the sputtering method using the
reactive sputtering device. The aluminum oxide film has film
thickness of approximately 3 nm to 50 nm for example. The
silicon oxide film constituting a third channel protection layer
material 11¢' is formed for example by the plasma CVD
method or the like. The silicon oxide film has film thickness of
approximately 50 nm to 200 nm for example. The channel
protection layer 11 should preferably have total film thickness
of approximately 100 nm to 400 nm in consideration of the
short between wirings, the level difference, and so on.
[0137] As shown in FIG. 20A, a resist 19 in which an
opening is provided above the oxide semiconductor layer 4 is
formed, on the channel protection layer material 11'. The
resist 19 is formed in the same manner as the resist 9, which
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is shown in FIG. 3C explaining the manufacturing process of
the thin-film semiconductor device 10.

[0138] Next, as shown in FIG. 20B, a channel protection
layer 11 is formed in which contact holes are provided, above
the oxide semiconductor layer 4. Specifically, in the same
manner as the manufacturing process shown in FI1G. 4A, the
layers constituting the channel protection layer 11 are etched
by the dry etching method or the wet etching method. As a
result, the contact holes are provided.

[0139] As shown in FIG. 20C, in the same manner as in
FIG. 3A, a source electrode 6s and a drain electrode 6d are
formed on the channel protection layer 11.

[0140] As shown in FIG. 21A, a protection layer material
12" is layered so as to cover the source electrode 6s and the
drain electrode 6d. For example, a silicon nitride film is
formed by the plasma CVD method or the like so as to cover
the source electrode 6s and the drain electrode 6d. The source
electrode 6s and the drain electrode 64 each have film thick-
ness of approximately 50 nm to 500 nm for example.

[0141] Finally, as shown in FIG. 21B, in the same manner
as in FIG. 21B, extraction electrodes 8 are formed on the
protection layer 12.

<Effects>

[0142] According to the thin-film semiconductor device
20, the channel protection layer 11 that includes, as the sec-
ond channel protection layer 115, an aluminum oxide film
having film density of 2.80 g/em® to 3.25 g/em?, like the
second protection layer 75 of the thin-film semiconductor
device 10. This prevents intrusion of hydrogen into the oxide
semiconductor layer 4 and also improves the workability.
Furthermore, since the use of the second channel protection
layer 115 ensures an appropriate etching rate, it is possible to
realize a manufacturing method with mass productivity of the
thin-film semiconductor device 20.

Embodiment 3

[0143] The following describes a thin-film semiconductor
device 30 relating to Embodiment 3 of the present invention
and a manufacturing method of the thin-film semiconductor
device 30.

<Configuration of Thin-Film Semiconductor Device 30>

[0144] InEmbodiment 3, as a second protection layer 75 of
a protection layer 7, an aluminum oxide film that is the same
as that shown in Embodiment 1 isused. On the other hand, the
thin-film semiconductor device 30 is a channel etching type
TFT, and this is difference from the thin-film semiconductor
device 10 shown in FIG. 1. FIG. 22 is a cross-sectional view
schematically showing configuration of the thin-film semi-
conductor device 30. In the figure, the compositional ele-
ments that are the same as the compositional elements in FIG.
1 have the same reference signs.

[0145] A surface of a part of an oxide semiconductor layer
34 that is exposed from a source electrode 36s and a drain
electrode 364 is more recessed than a surface of other part of
the oxide semiconductor layer 34 that is not exposed. In this
way, the thin-film semiconductor device 30 is a channel etch-
ing type TFT. Since the thin-film semiconductor device 30 is
of a channel etching type, a channel protection layer is not
necessary and this simplifies the manufacturing process.
[0146] With the configuration of the thin-film semiconduc-
tor device 30 which is even of a channel etching type, it is
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possible to prevent intrusion of hydrogen into the oxide semi-
conductor layer 34 and also improve the workability.

Embodiment 4

[0147] The following describes a thin-film semiconductor
device 40 relating to Embodiment 4 of the present invention
and a manufacturing method of the thin-film semiconductor
device 40.

<Configuration of Thin-Film Semiconductor Device 40>

[0148] FIG. 23 is a cross-sectional view schematically
showing configuration of the thin-film semiconductor device
40. In Embodiment 4, as a second protection layer 76 of a
protection layer 7, an aluminum oxide film that is the same as
that shown in Embodiment 1 is used. On the other hand, the
thin-film semiconductor device 40 is a top gate type TFT, and
this is difference from the thin-film semiconductor device 10
shown in FIG. 1. In the figure, the compositional elements
that are the same as the compositional elements in FIG. 1 have
the same reference signs.

[0149] A gate electrode 2 is formed above an oxide semi-
conductor layer 44. Accordingly, most part of a channel
region of the oxide semiconductor layer 44 is covered with the
gate electrode 2. In this way, the thin-film semiconductor
device 40 is a top gate type TFT. Since the thin-film semicon-
ductor device 40 is of a top gate type, most part of the channel
region is covered with the gate electrode 2 and this suppresses
variation in resistance of the oxide semiconductor layer 44.
[0150] With the configuration of the thin-film semiconduc-
tor device 40 which is even of a top gate type, it is possible to
prevent intrusion of hydrogen into the oxide semiconductor
layer 44 and also improve the workability.

Embodiment 5

[0151] The following describes a display device relating to
Embodiment 5 of the present invention. The present embodi-
ment is an example in which the thin-film semiconductor
device 10 relating to the above Embodiment 1 is applied to a
display device. In the present embodiment, description is
given on an example in which the thin-film semiconductor
device 10 is applied to an organic EL display device.

[0152] FIG. 24 illustrates outer appearance of an organic
EL display device 50 using the thin-film semiconductor
device 10.

[0153] Also, FIG. 25 is a cross-sectional view schemati-
cally showing the organic EL display device 50. Although the
organic EL display device 50 actually includes a plurality of
pixels, only one pixel is shown in the figure. The organic EL
display device 50 is of an active matrix driving type, and the
thin-film semiconductor device 10 is used as a drive transis-
tor.

[0154] The organic EL display device 50 includes the thin-
film semiconductor device 10, an insulating layer 51, a lower
electrode 52, a barrier rib layer 53, an organic EL layer 54, an
upper electrode 55 (light-transmissive electrode), and a pas-
sivation layer 56. The insulating layer 51 has provided therein
acontact hole 51a in which a lower part of the lower electrode
52 is embedded. The lower electrode 52 is electrically con-
nected with the source electrode 6s via the extraction elec-
trode 8. The barrier rib layer 53 has provided therein an
opening 53« in which the organic EL layer 54 is embedded.
The organic EL layer 54 includes a light-emitting layer con-
taining an organic light emitting material. The organic EL
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layer 54 may further include an electron transport layer, a hole
transport layer, and so on. The upper electrode 55 is formed
all over the pixels so as to cover the organic EL layer 54. The
passivation layer 56 is formed all over the pixels so as to cover
the upper electrode 55. The insulating layer 51, the lower
electrode 52, the barrier rib layer 53, the organic EL layer 54,
the upper electrode 55, and the passivation layer 56 are
referred to collectively as an organic EL element 57.

[0155] The following describes circuit configuration of one
pixel of the organic EL display device 50 with reference to
FIG. 26. FIG. 26 shows the circuit configuration of one pixel
of the organic EL display device 50 using the thin-film semi-
conductor device 10 relating to Embodiment 1. Here, the
thin-film semiconductor device 10 is referred to as a drive
transistor 61. An anode and a cathode of the organic EL
element 57 respectively correspond to the lower electrode 52
and the upper electrode 55 shown in FIG. 25.

[0156] In each pixel, there exist the organic EL element 57,
the drive transistor 61, a switching transistor 62, and a capaci-
tor 63. The drive transistor 61 is a transistor for driving the
organic EL element 57. The switching transistor 62 is a tran-
sistor for selecting a pixel.

[0157] In the drive transistor 61, a gate electrode 61G is
connected with a drain electrode 62D of the switching tran-
sistor 62, a source electrode 618 is connected with the anode
of the organic EL element 57, a drain electrode 61D is con-
nected with a power line 69.

[0158] Also, in the switching transistor 62, a gate electrode
62G 1s connected with a selection line 67, a source electrode
62S is connected with a selection line 68, and a drain elec-
trode 62D is connected with the capacitor 63 and the gate
electrode 61G of the drive transistor 61.

[0159] With this configuration, when the switching transis-
tor 62 is turned on in response to an input of a gate signal to the
selection line 67, a video signal voltage which is supplied via
the selection line 68 is applied to the capacitor 63. The video
signal voltage applied to the capacitor 63 is held for one frame
period. Conductance of the drive transistor 61 varies in an
analog manner due to the held video signal voltage, and
driving current corresponding to the video signal voltage
flows from the anode to the cathode of the organic EL element
57 to cause the organic EL element 57 to emit light. As a
result, images are displayed on the organic EL display device
50.

[0160] Although the organic EL display device 50 has been
described, the display device relating to Embodiment 5 is not
limited to this. The thin-film semiconductor device 10 may be
used as a switching transistor instead of as a drive transistor.
Also, Embodiment 5 may be a display device that includes
other display element using an active matrix substrate such as
a liquid crystal display element. Such a display device is
applicable to any electric equipment having display devices
such as television sets, personal computers, and mobile
phones.

<Modifications>

[0161] Although the description has been given on the thin-
film semiconductor device relating to the present invention
and the manufacturing method thereof based on the above
embodiments, the present invention is not limited by the
above embodiments. For example, the present invention also
includes an embodiment obtained through various types of
modifications which could be conceived of by one skilled in
the art to the above embodiments, an embodiment obtained
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through any combination of the compositional elements and
the functions in the above embodiments without departing
from the spirit of the present invention, and so on.

<Substrate>

[0162] In the above embodiments and so on, a glass sub-
strate is used as the substrate. However, the substrate is not
limited to a glass substrate, and alternatively a plastic sub-
strate or the like may be used for example. Also, the substrate
is made of material through which hydrogen passes, a hydro-
gen protection film should be provided between the substrate
and the oxide semiconductor layer.

[0163] Note that in the case where an undercoat layer is
formed using silicon nitride or the like on the substrate, a
hydrogen protection film should be formed between the sub-
strate and the oxide semiconductor layer in order to prevent
intrusion of hydrogen into the oxide semiconductor layer.

<Thin-Film Semiconductor Device>

[0164] Inthe aboveembodiments and so on, the description
has been given using a TFT as an example of the thin-film
semiconductor device. However, there is no limitation to this,
and the thin-film semiconductor device of the present inven-
tion may be any thin-film semiconductor device that includes
an oxide semiconductor layer between a substrate and a film
containing aluminum oxide having through-holes provided
therein. The present invention is for example applicable to a
thin-film solar battery that is composed of an oxide semicon-
ductor layer sandwiched between two electrodes, and so on.

INDUSTRIAL APPLICABILITY

[0165] The thin-film semiconductor device relating to the
present invention is widely utilizable for various types of
electric equipment including display devices such as televi-
sion sets, personal computers, and mobile phones, and other
thin-film semiconductor devices.

REFERENCE SIGNS LIST

[0166] 1 substrate

[0167] 2 gate electrode

[0168] 3 gate insulating film

[0169] 4 oxide semiconductor layer
[0170] 5, 11 channel protection layer
[0171] 6s source electrode

[0172] 6d drain electrode

[0173] 7,12 protection layer

[0174] 7a first protection layer

[0175] 756 second protection layer

[0176] 7c third protection layer

[0177] 8 extraction electrode

[0178] 10, 20, 30, 40 thin-film semiconductor device
[0179] 11a first channel protection layer
[0180] 115 second channel protection layer
[0181] 11c third channel protection layer
[0182] 50 organic EL display device
[0183] 51 insulating layer

[0184] 52 lower electrode

[0185] 53 barrier rib layer

[0186] 54 organic EL layer

[0187] 55 upper electrode

[0188] 56 passivation layer

[0189] 61 drive transistor

[0190] 62 switching transistor
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[0191] 64 capacitor
[0192] 67 signal line
[0193] 68 selection line
[0194] 69 power line

1. A thin-film semiconductor device comprising:

a substrate;

a film containing aluminum oxide; and

an oxide semiconductor layer between the substrate and
the film containing aluminum oxide, wherein

the film containing aluminum oxide has provided therein at
least one through-hole in which an extraction electrode
is embedded, the extraction electrode being electrically
connected with the oxide semiconductor layer, and

the film containing aluminum oxide has film density of
2.80 g/em’ t0 3.25 glem”.

2. The thin-film semiconductor device of claim 1, wherein

the film containing aluminum oxide has film density of
2.85 g/em? 10 2.95 g/em?.

3. The thin-film semiconductor device of claim 1, wherein

a composition ratio x of oxygen to aluminum in the film
containing aluminum oxide satisfies 1.5<x<2.0.

4. The thin-film semiconductor device of claim 3, wherein

the composition ratio x satisfies 1.79<x<1.85.

5. The thin-film semiconductor device of claim 1, wherein

aluminum oxide contained in the film containing alumi-
num oxide has an amorphous structure.

6. The thin-film semiconductor device of claim 1, wherein

the film containing aluminum oxide has refractive index of
1.58 to 1.66.

7. The thin-film semiconductor device of claim 1, wherein

the film containing aluminum oxide has film thickness of3
nm to 30 nm.

8. The thin-film semiconductor device of claim 1, wherein

the film containing aluminum oxide has a single-layer
structure.

9. Anorganic EL display device comprising, above the film

containing aluminum oxide of the thin-film semiconductor
device of claim 1,
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an organic EL element that includes:

a lower electrode that is electrically connected with the
extraction electrode;

a light-emitting layer containing an organic light-emitting
matetial; and

an upper electrode.

10. A manufacturing method of a thin-film semiconductor

device, the manufacturing method comprising:

preparing a substrate;

forming an oxide semiconductor layer above the substrate;

forming a film containing aluminum oxide above the oxide
semiconductor layer;

providing at least one through-hole in the film containing
aluminum oxide; and

embedding, in the through-hole provided in the film con-
taining aluminum oxide, an extraction electrode that is
to be electrically connected with the oxide semiconduc-
tor layer, wherein

the film containing aluminum oxide has film density of
2.80 g/cm’ to 3.25 gfem?.

11. A manufacturing method of an organic EL display

device, the manufacturing method comprising:

preparing a substrate;

forming an oxide semiconductor layer above the substrate;

forming a film containing aluminum oxide above the oxide
semiconductor layer;

providing at least one through-hole in the film containing
aluminum oxide;

embedding, in the through-hole provided in the film con-
taining aluminum oxide, an extraction electrode that is
to be electrically connected with the oxide semiconduc-
tor layer,

forming an organic EL element above the film containing
aluminum oxide, the organic EL element including a
lower electrode that is to be electrically connected with
the extraction electrode, a light-emitting layer contain-
ing an organic light-emitting material, and an upper
electrode, wherein

the film containing aluminum oxide has film density of
2.80 g/em® to 3.25 g/em®.
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