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DESCRIPTION

MANUFACTURING METHOD OF OXIDE SEMICONDUCTOR FILM AND
MANUFACTURING METHOD OF TRANSISTOR

TECHNICAL FIELD
[0001]
The present invention relates to a crystallization method of an oxide

semiconductor film and a transistor using the oxide semiconductor film.

BACKGROUND ART
[0002]

In recent years, research afxd development of display devices typified by flat
panel displays have been actively pursued, and transistor used in many of them are
formed over a glass substrate and use silicon semiconductors such as amorphous silicon
and polycrystalline silibcon.

[0003]

In view of this, attention has been drawn to a technique by which a transistor is
manufactured using an oxide semiconductor instead of using a silicon semiconductor,
and applying this transistor to electronic devices and optical devices. For example,
Patent Document 1 and Patent Document 2 disclose techniques by which a transistor is
manufactured using zinc oxide which is a single-component metal oxide or an
In-Ga-Zn-O-based oxide which is a homologous compound as an oxide semiconductor,
and is used as a switching element or the like of a pixel of a display device.

[0004] |

Also, many of the transistors using an oxide semiconductor use an amorphous
oxide semiconductor for a channel region. With a transistor using an amorphous oxide
semiconductor, higher field effect mobility can be obtained compared to a transistor
using amorphous silicon. However, for application to a high performance device, an
oxide semiconductor with high crystallinity with which even higher field effect mobility
can be obtained is desired, and research and development of various crystéllization

techniques is underway (see Patent Document 3 and Patent Document 4).
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[Reference]

[Patent Documents]

[0005]

[Patent Document 1] Japanese Published Patent Application No. 2007-123861
[Patent Document 2] Japanese Published Patent Application No. 2007-96055
[Patent Document 3] Japanese Published Patent Application No. 2008-311342
[Patent Document 4] Japanese Published Patent Application No. 2009-295997

DISCLOSURE OF INVENTION
[0006] _

To crystallize an oxide semiconductor film, it is necessary to perform a heat-
treatment at a high temperature of 600 °C or higher, or a laser irradiation treatment.
However, since an oxide semiconductor is a material with large binding energy of atoms,
a melting point is high as in 2000 °C or higher, and it has been difficult to form an oxide
semiconductor film with high crystallinity.

[0007]

In view of this, in one embodiment of the present invention, an object is to
provide a nianufacturing method of an oxide semiconductor film with high crystallinity.
Furthermore, another object is to provide a manufacturing method of a transistor with a
high field effect mobility that uses the oxide semiconductor film.

[0008] |

In one embodiment of the present invention, when manufacturing an oxide
semiconductor film, an oxide semiconductor film is formed in an atmosphere in which
oxygen is purposely not contained, and then the oxide semiconductor film is subjected
tola heat treatment in a gas atmosphere containing oxygen to crystallize the oxide
semiconductor film.

[0009]

The oxide semiconductor film of the one embodiment of the present invention

is not limited to an oxide semiconductor film of a single layer, and can be applied to an

oxide semiconductor film in which oxide semiconductors with different constituent
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elements, or oxide semiconductor with the same constituent elements but with different

composition ratios are laminated.
[0010]

In another embodiment of the present invention, a first oxide semiconductor
film is formed over a substrate, the first oxide semiconductor film is crystallized by a
first heat treatment, a second oxide semiconductor is formed over the crystallized first
oxide semiconductor film in an atmosphere in which oxygen is purposely not contained,
and then a second heat treatment is performed in an atmosphere containing oxygen to
crystallize the second oxide semiconductor film.
[0011]

In another embodiment of the present invention, a first oxide semiconductor

film is formed over a substrate in an atmosphere in which oxygen is purposely not

contained, the first oxide semiconductor film is crystallized by a first heat treatment, a

second oxide semiconductor film is formed over the cryStallized first oxide
semiconductor film in an atmosphere in which oxygen is purposely not contained, and
then a second heat treatment is performed in a gas atmosphere containing oxygen to
crystallize the second oxide semiconductor film.

[0012]

Also, after forming the first oxide semiconductor film and the second oxide
semiconductor film, a heat treatment in which heating is done at a first temperature and
a second temperature is performed, so that the first oxide semiconductor film is
crystallized at the first temperaturé and the second oxide semiconductor film is
crystallized at the second temperature.

[0013]

Furthermore, for both the first oxide semiconductor film and the second oxide
semiconductor film, as an oxide semiconductor film, the folloWing can be applied: a
single-component oxide semiconductor typified by an In-O-based oxide semiconductor,
a Sn-O-based oxide semiconductor, or a Zn-O-based oxide semiconductor; or a
multi-component oxide semiconductor typified by an In-Sn-Ga-Zn-O-based oxide
semiconductor, an In-Ga-Zn-O-based oxide semiconductor, an In-Sn-Zn-O-based oxide
semiconductor, an In-Al-Zn-O-based oxide semiconductor, a Sn-Ga-Zn-O-based oxide

semiconductor, an Al-Ga-Zn-O-based oxide semiconductor, a Sn-Al-Zn-O-based oxide
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semiconductor, an In-Zn-O-based oxide semiconductor, a Sn-Zn-O-based oxide
semiconductor, or an Al-Zn-O-based oxide semiconductor.
[0014]

Note that in this specification, “atmosphere in which oxygen is purposely not
contained” means “atmosphere which an oxide semiconductor film formed therein is

oxygen deficient.”

In the above, crystallization of the second oxide semiconductor film occurs by
the crystallized first oxide semiconductor film acting as a seed crystal.
[0016]

Also, for both the first oxide semiconductor film and the second oxide
semiconductor film, in the case of forming an oxide semiconductor film in the
atmosphere in which oxygen is purposely not contained, the oxide semiconductor film
is formed in an atmosphere of nitrogen gas, helium gas, neon gas, argon gas, xenon gas,
or krypton gas.

[0017]

Note that, for both the first oxide semiconductor film and the second oxide
semiconductor film, the oxide semiconductor film formed in the atmosphere in which
oxygen is purposely not contained is crystallized with a c-axis orientation with respect
to a substrate surface by performing a heat treatment in a gas atmosphere containing
oxygen.

[0018] ‘

Note that for both the first oxide semiconductor film and the second oxide
semiconductor film, by crystallizing the oxide semiconductor film formed in the
atmosphere in Which oxygen is purposely not contained, by performing a heat treatment
in a gas atmosphere containing oxygen, carrier density of the crystallized oxide

semiconductor film becomes less than 1 x 10'* /cm®.

[0019]

Also, by using a manufacturing method of the oxide semiconductor film which
is one embodiment of the present invention to form a channel region, a transistor with
high field effect mobility can be manufactured. |

[0020]
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An oxide semiconductor film with high crystallinity can be manufactured.

Also, a transistor with high field effect mobility can be manufactured.

BRIEF DESCRIPTION OF DRAWINGS
[0021]

In the accompanying drawings:

FIGS. 1A to 1D are cross-sectional views illustrating a crystallization process
according to one embodiment of the present invention;

FIGS. 2A to 2E are cross-sectional views illustrating a manufacturing process
of a transistor according to one embodiment of the present invention;

FIG. 3 illustrates a measurement result of X-ray diffraction of an oxide
semiconductor film sﬁbjected to a heat treatment; and

FIG. 4 illustrates a measurement result of X-ray diffraction after a laminated

- oxide semiconductor film is subjected to a heat treatment.

BEST MODE FOR CARRYING OUT THE INVENTION
[0022]

Note that, functions of “source” and “drain” may become switched in the case
that a direction of a current flow is changed during circuit operation, for example.
Therefore, the terms “source” and “drain” can be used to refer to the drain and the
source, respectively, in this specification.

[0023]
(Embodiment 1)

In this embodiment, a manufacturing method of an oxide semiconductor film

with high crystallinity will be described. Also, a crystallization method described in

this embodiment can be applied to all multi-component oxide semiconductors, in

addition to single-component oxide semiconductors.

[0024]

A substrate over which an oxide semiconductor film is formed is not
particularly limited as long as it can withstand a treatment temperature of this
manufacturing process. For a glass substrate, a glass material such as aluminosilicate

glass, aluminoborosilicate glass, or barium borosilicate glass is used, for example.
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Note that, a glass substrate containing BaO and B,Ojs so that an amount of BaO is larger
than that of B,0s is preferably used.
[0025]

Also, instead of the above-mentioned glass substrate, a ceramic substrate such
as an yttria-stabilized zirconia (YSZ) substrate, or a substrate made of an insulator such
as a sapphire substrate may be used, as well as a monocrystalline substrate with a lattice
constant that is close to that of an oxide semiconductor film that is also formed.
Furthermore, an organic substrate such as a plastic substrate, a substrate obtained by
forming an insulating film over a surface of a semiconductor substrate such as a silicon
wafer or a surface of a conductive substrate formed of a metal material can be used,
instead of a quartz substrate or a crystallized glass substrate.

[0026]

Next, an oxide semiconductor film is formed over a substrate. An oxide
semiconductor in this embodiment refers to single-component oxide semiconductors
and all multi-compohent oxide semiconductors, and as the single-component oxide
semiconductors, In-O-based, Sn-O-based, Zn-O-based oxide semiconductors and the
like ~can be given, and as the multi-component oxide semiconductors,
In-Sn-Ga-Zn-O-based, In-Ga-Zn-O-based, In-Sn-Zn-O-based, In-Al-Zn-O-based,
Sn-Ga-Zn-0O-based, Al-Ga-Zn-O-based, Sn-Al-Zn-O-based, In-Zn-O-based,
Sn-Zn-O-based, Al-Zn-O-based oxide semiconductors and the like can be gi{/en.

[0027] | |

Formation of the oxide semiconductor film is performed in the atmosphere in
which oxygen is purposely not contained. ~Specifically, it is preferably performed in a
rare gas (argon, helium, neon, xenon, or krypton) atmosphere or a nitrogen atmosphere.
[0028]

Also, as a formation method of the oxide semiconductor film, a sputtering
method, a vacuum evaporation method, an electron beam evaporation method (EB
evaporation method), a molecular beam epitaxy method (MBE method), a reaction
deposition epitaxy method (RDE method), a laser ablation method, and the like can be
given. Note that, in the case of using a vacuum evaporation method or an electron
beam evaporation method (EB evaporation method), by performing film formation in a

high vacuum of 10™*Pa or less, a desired oxide semiconductor film can be formed.
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[0029]

Also, the above-mentioned methods may be performed while heating or not
heating the substrate; however, by forming the oxide semiconductor while heating the
substrate, heat energy from the substrate can be used for forming a crystal lattice, which
is preferable. Furthermore, it is preferable that heating of the substrate during
formation is performed at a high temperature.

[0030]

Next, a heat treatment is performed to perform crystallization. In this
embodiment in particular, the heat treatment is performed at 600 °C or higher to
crystallize the oxide semiconductor film. It is necessary to perform this heat treatment
in the atmosphere or in an atmosphere containing oxygen. Here, for the crystallization,
the heat treatment is performed for 1 hour in the atmosphere.

[0031]

A heat treatment apparatus used for the heat treatment is not particularly
limited, and the apparatus may be provided with a device for heating the substrate by
heat conduction or heat radiation from a heating element such as a resistance heating
element. For example, as the heat treatment apparatus, an electric furnace, or a rapid
thermal annealing (RTA) apparatus such as a gas rapid thermal annealing (GRTA)
apparatus or a lamp rapid thermal annealing (LRTA) apparatus can>be used. An LRTA
apparatus is an apparatus for heating a substrate by radiation of light (electromagnetic
waves) emitted form a lamp such as a halogen lamp, a metal halide lamp, a xenon arc
lamp, a carbon arc lamp, a high-pressure sodium lamp, or a high-pressure mercury lamp.
A GRTA apparatus is an apparatus for performing a heat treatment using a
high-temperature gas. Also, the heat treatment can be performed by laser irradiation
by an excimer laser or the like.

[0032]

By the above-mentioned heat treatment, an oxide semiconductor film with high
crystallinity can be obtained. This result is obtained because the oxide semiconductor
film before crystallization is an oxide semiconductor film that is formed in the
atmosphere in which oxygen is purposely not contained.

[0033]

In the above manner, by forming the oxide semiconductor film in the
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atmosphere in which oxygen is purposely not contained, an oxygen-deficient oxide
semiconductor film is formed, and then by performing the heat treatment, crystallization
is accelerated.

[0034]

It is speculated that by forming the oxide semiconducfor film in the atmosphere
in which oxygen is purposely not contained, oxygen deficiency occurs in the oxide
semiconductor film that is formed, atom density of the oxide semiconductor film is
reduced, and a structure with many spaces is formed. Furthermore, it is speculated that
when the oxide semiconductor film with a structure with many spaces is subjected to
the heat treatment, it becomes easier for constituent atoms of the oxide semiconductor to
move over a substrate surface; therefore, it becomes easier for a crystal lattice to be
forrhed, and crystallization is accelerated.

[0035]

Also, by performing the heat treatment for crystallizing the oxide
semiconductor film in an atmosphere containing oxygen, oxygen is supplied to an oxide
semiconductor film, and oxygen deficiency in the oxide semiconductor film is
compensated. This is also visually confirmed. An oxide semiconductor film with
little oxygen deficiency and a wide bandgap is clear and colorless, but an oxide
semiconductor film formed in the atmosphere in which oxygen is purpoéely not
contained absorbs visible light and becomes brown. The brown oxide semiconductor
film becomes an original transparent oxide semiconductor film by performing the heat
treatment in an atmosphere containing oxygen.

[0036] '

Crystallinity of the oxide semiconductor film can be evaluated by X-ray
diffraction (XRD). From a result of X-ray diffraction, in the oxide semiconductor film
formed in the atmosphere in which oxygen is purposely not contained, an X-ray
diffraction peak is observed which indicates that crystallization occurs while orienting
with a c-axis with réspect to the substrate. Furthermore, by using a Hall effect
measurement method or a capacitance voltage measurement method (C-V measurement
méthod), it can be confirmed that carrier density is less than 1 x 10" /ecm?.
Consequently, it can be confirmed that an oxide semiconductor film with high

crystallinity is obtained.
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[0037]
(Description of C-} measurement method)

The carrier density of an oxide semiconductor film described in this
specification can be calculated by manufacturing a MOS capacitor using an oxide
semiconductor film and then evaluating a result (C-V characteristic) of a capacitance
voltage measurement (C-V measurement) of the MOS capacitor. Measurement of the
carrier density is performed in the following steps (1) to (3). (1) A C-V characteristic
which plots a gate voltage Vg and a capaéitance C of the MOS capacitor is dbtained.
(2) A graph which plots a relatiohship between the gate voltage Vg and (1/C)* is
obtained from the C—V’ characteristic, and a derivative value of (1/C)* in a weak
inversion region in the graph is calculated. (3) The obtained derivative value is
substituted for Formula (1) below expressing a carrier density Nd. Note that in
Formula (1), e represents elementary charge, &, represents vacuum permittivity, and &

represents relative permittivity of an oxide semiconductor.

[0038]
[Formula 1]
2 d@1/Cy?
()
eg,& av
By the above steps, carrier density in the oxide semiconductor film can be
calculated.
[0039]
(Embodiment 2)

The manufacturing method of an oxide semiconductor film with high

crystallinity described in Embodiment 1 can be applied to an oxide semiconductor film

~in which two or more layers are laminated, as well as to a single-layer oxide

semiconductor film.
[0040]
In this embodiment, a method of crystallizing a two-layer oxide semiconductor
film will be described with reference to FIGS. 1A to 1D.
[0041]

In this embodiment, after forming a first oxide semiconductor film 102 so as to
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be in contact with a substrate 101 as shown in FIG. 1A, the first oxide semicqnductor
film 102 is subjected to a heat treatment, thereby forming a crystallized first oxide
semiconductor film 121 shown in FIG. 1B. Next, a second oxide semiconductor filfn
103 is formed in the atmosphere in which oxygen is purposely not contained so as to be
in contact with the crystallized first oxide semiconductor film 121 as shown in FIG. 1C,
and then subjected to a heat treatment in an atmosphere containing oxygen, to
crystallize the second oxide semiconductor film 103 that is laminated over the
crystallized first oxide semiconductor film 121 and to obtain a second oxide
semiconductor film 104 with high crystallinity, as illustrated in FIG. 1D.
[0042]

Since the second oxide semiconductor film 103 can be crystallized by using the
crystallized first oxide semiconductor film 121 as a seed crystal, even in the case that a
multi-component oxide semiconductor film such as an In-Ga-Zn-O-based oxide

semiconductor film which is considered difficult to crystallize is used as the second

- oxide semiconductor film 103, the second oxide semiconductor film 103 can be easily

crystallized. For example, a Zn-O-based oxide semiconductor film can be used as the
first oxide semiconductor film 102, and an In-Ga-Zn-O-based oxide semiconductor film
can be used as the second oxide semiconductor film 103. Note that for the first oxide
semiconductor film 102, it is preferable to use an oxide semiconductor that has the same
crystal structure as the second oxide semiconductor film 103 as well as has a lattice
constant that is close to that of the second oxide semiconductor film 103.

[0043]

The first oxide semiconductor film 102 and the second oxide semiconductor
film 103 can be formed of oxide semiconductor films with different constituent
elements or oxide semiconductor film with the same constituent ¢lements but with
different composition ratios. Note that the first oxide semiconductor film 102 and the
second oxide semiconductor film 103 may be formed of the same oxide semiconductor
with the same constituent elements with the same composition ratio. This means that
the same 6xide semiconductor film may be formed twice as the first oxide
semiconductor film 102 and the second oxide semiconductor film 103.

[0044]

As a substrate over which the oxide semiconductor of this embodiment is
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formed, the same substrate as that described in Embodiment 1 can be used.
[0045]

As the first oxide semiconductor film 102, the same film as that described in
Embodiment ‘1 can be used. Although it is preferable to use as the first oxide
semiconductor film 102 an Zn-O-based oxide semiconductor or the like which is easily
crystallized, a multi-component oxide semiconductor film such as an In-Ga-Zn—O-bésed
oxide semiconductor film which is not easily crystallized can be used as the first oxide
semiconductor film by making a thickness thereof to be thin to an extent that makes
crystallization easy.  Specifically, the thickness is preferably less than 10 nm.

[0046]

- Also, a formation method of the first oxide semiconductor film 102 is not
particularly limited, and a sputtering method, a vacuum evaporation method, an electron
beam evaporation method (EB evaporation method), a molecular beam epitaxy method

(MBE method), a reaction deposition epitaxy method (RDE method), a laser ablation

" method, and the like can be given. For example, by a sputtering method, film

formation may be performed in an atmosphere containing oxygen, a rare gas (typically
argon) atmosphere, or in an atmosphere in which oxygen is purposely not contained
such as a nitrogen atmosphere.

[0047]

Also, although formation of the first oxide semiconductor film 102 may be
performed while heating the substrate or not heating the substrate, by forming the first
oxide semiconductor film 102 while heating the substrate, heat energy from the
substrate can be used for aligning a crystal lattice, which is preferable. Furthermore, it
is preferable that heating of the substrate during formation is .performed at a high
temperature.

[0048]

Next, the first oxide semiconductor film 102 is subjected to a heat treatment to
perform crystallization. In this embodiment in particular, the héat treatment is
performed at 600 °C or higher to perform crystallization. Although is it possible to
perform this heat treatment in an inert gas atmosphere, it is preferably performed in the
atmosphere or in an atmosphere containing oxygen, and here, the heat treatment is

performed in the atmosphere for 1 hour. By this process, the crystallized first oxide
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semiconductor film 121 can be obtained. Note that, if the first oxide semiconductor
film 102 that is formed while heating the substrate is crystallized to an extent that it can
function as a seed crystal for crystallizing the second oxide semiconductor film 103, the
heat treatment can be omitted.

[0049] |

A heat treatment apparatus used in the heat treatment is not particularly limited,
and the apparatus described in Embodiment 1 can be used.
[0050]

Next, the second oxide semiconductor film 103 is formed over the crystallized
first oxide semiconductor film 121. The second oxide semiconductor film 103 is
formed in the atmosphere in which oxygen is purposely not contained. Also, for the
second oxide semiconductor film 103, a multi-component oxide semiconductor such as
an In-Ga-Zn-O-based oxide semiconductor film which is not easily crystallized may be
used.

[0051]

For the second oxide semiconductor film 103, it is preferable to use an oxide
semiconductor film that has the same crystal structure as the crystallized first oxide
semiconductor film 121 as well as has a lattice constant that is close to that of the
crystallized first oxide semiconductor film 121, because the second oxide
semiconductor film 103 can be crystallized more easily. |
[0052]

As a method of forming the second oxide semiconductor film 103 in the
atmosphere in which oxygen is purposely not contained, the method described in
Embodiment 1 can be performed. Also, although formation of the second oxide
semiconductor film 103 may be perfoﬁned while heating the substrate or not heating the
substrate, by forming the second oxide semiconductor film 103 while heating the
substrate, heat energy from the substrate can be used for aligning a crystal lattice, which
is préferable. Furthermore, it is preferable that heating of the substrate is performed at
a high temperature.

[0053] »
Next, the second oxide_ semiconductor film 103 that is laminated over the

crystallized first oxide semiconductor film 121 is subjected to a heat treatment, and the
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second oxide semiconductor film 103 is crystallized. In this embodiment in particular,
the heat treatment is performed at 600 °C or higher to perform crystallization. This
heat treatment is preferably performed in the atmosphere or in an atmosphere containing
oxygen, and here, the heat treatment is performed in the atmosphere for 1 hour.

[0054]

A heat treatment apparatus used in the heat treatment is not particularly limited,
and the apparatus described in Embodiment 1 can be used.
[0055] |

By the above-mentioned heat treatment, the second oxide semiconductor film
104 with high crystallinity can be obtained as shown in FIG. 1D.

[0056]

In the above manner, by forming the second oxide semiconductor film 103 over
the crystallized first oxide semiconductor film 121 in the atmosphere in which oxygen is
purposely not contained, that is, by forming the second oxide semiconductor film 103
that is oxygen deficient over the crystallized first oxide semiconductor film 121 and
then performing the heat treatment, crystallization of the second oxide semiconductor
film 103 is accelerated. |
[0057]

It is speculated that by forming the second oxide semiconductor film 103 over
the crystallized first oxide semiconductor film 121 in the atmosphere in which oxygen is
purposely not contained, oxygen deficiency occurs in the second oxide semiconductor
film 103 that is formed, atom density of the oxide semiconductor film is reducéd, and a
structure with many spaces is formed. Furthermore, it is speculated that when the
oxide semiconductor film with a structure with many spaces is subjected to the heat
treatment, it becomes easier for constituent atoms of the oxide semiconductor film to
move over a substrate surface; therefore, it becomes easier for a crystal lattice to be
formed, and crystallization is accelerated.

[0058] .

Also, by performing the "heat treatment for crystallizing the oxide
semiconductor film in an atmosphere containing oxygen, oxygen is supplied to an oxide
semiconductor film, and oxygen deficiency in the oxide semiconductor film is

compensated. This is also visually confirmed. An oxide semiconductor film with
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little oxygen deficiency and a wide bandgap is clear and colorless, but an oxide
semiconductor film formed in the atmosphere in which oxygen is purposely not
contained absorbs visible light and becomes brown. The brown oxide semiconductor
film becomes an original transparent oxide semiconductor film by performing the heat
treatment in an atmosphere containing oxygen.

[0059]

In this embodiment also, crystallinity can be evaluated by the same method as
that described in Embodiment 1. From a result of X-ray diffraction, in the second
oxide semiconductor film 104 with high crystallinity, an X-ray diffraction peak is
obtained which indicates that crystallization occurs while orienting with a c-axis with
respect to the substrate surface. Furthermore, from a result of a Hall effect
measurement method or a capacitance voltage measurement method (C-V measurement

method), it can be confirmed that carrier density is less than 1 x 10 /em?.
y _

[0060]

Furthermore, in the step in which the second oxide semiconductor film is
crystallized by the heat treatment, it is written above that only the second oxide
semiconductor film is crystallized. However, in the case that there is an amorphous
region contained in the crystallized first oxide semiconductor film 121, in the step in
which the second oxide semiconductor film is crystallized by the heat treatment, the
first oxide semiconductor film is crystallized even more, and then the second oxide
semiconductor film is crystallized. = For example, regarding the first oxide
semiconductor film that is formed in an atmosphere containing oxygen and then
crystallized, by forming the second oxide semiconductor film in the atmosphere in

which oxygen is purposely not contained and then performing the heat treatment in an

~atmosphere containing oxygen, crystallinity of the first oxide semiconductor film can

also be improved. Therefore, one embodiment of the present invention includes a
structure in which the first oxide semiconductor film and the second oxide
semiconductor film are crystallized.
[0061]

Also, in this embodiment, after forming the first oxide semiconductor film and
the second oxide semiconductor film, the first oxide semiconductor film and the second

oxide semiconductor film can be crystallized by a heat treatment in which heating is
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done at a first temperature and a second temperature. In this case, it is necessary that
the firsf oxide semiconductor film is an oxide semiconductor film that is crystallized
more easily than the second oxide semiconductor film. For example, the first oxide
semiconductor film is an oxide semiconductor film that is crystallized at a lower
temperature than the second oxide semiconductor film.

[0062]

Note that although a manufacturing method of a two-layer oxide
semiconductor film that is crystallized is described in this embodiment, a laminated
oxide semiconductor film is not limited thereto, and for an oxide semiconductor film in
which two or more layers are laminated, at least one layer of the laminated oxide
semiconductor film can be formed in the atmosphere in which oxygen is purposely not
contained and then subjected to a heat treatment in an atmosphere containing oxygen,
thereby crystallizing the laminated oxide semiconductor film. '
[0063]

The structure, method, and the like described in this embodiment can be used
in combination with structures, methods, and the like described in other embodiments
and examples, as appropriate.

[0064]
(Embodiment 3)

In this embodiment, a manufacturing method of a transistor including the oxide
semiconductor films described in Embodiment 1 and Embodiment 2 will be described
with reference to FIGS. 2A to 2E.

- [0065]

FIGS. 2A to 2E are cross-sectional views relating to a manufacturing process of

a transistor. Note that a transistor 110 described herein is an inversed staggered

“transistor.

[0066]
Hereinafter, avprocess of manufacturing the transistor 110 over a substrate 105
will be described with reference to FIGS. 2A to 2E.
[0067]
First, a gate electrode 111 is formed over the substrate 105.
[0068]
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As described in the above embodiments, it is necessary that the substrate 105
with an insulating surface has heat resistance that can withstand at least a heat treatment
that is performed later. For example, in the case that a glass substrate is used as the
substrate 105, a substrate with a strain point at 730 °C or higher is preferably used. As
the glass shbstrate, for example, a glass material such as aluminosilicate glass,
aluminoborosilicate glass, or barium borosilicate glass is used. Note that by the glass
substrate containing more barium oxide (BaO) than boron oxide (B,0s3), a more
practical heat-resistant glass can be obtained. Therefore, a glass substrate containing a
larger amount of barium oxide than boron oxide is preferably used. Also, instead of
the glass substrate, a substrate formed of an insulator such as a ceramic substrate, a
quartz substrate, or a sapphire substrate can be used. Alternatively, crystallized glass
or the like can be used. Further alternatively, a substrate obtained by forming an

insulating film over a surface of a semiconductor substrate such as a silicon wafer or a

- conductive substrate made of a metal material can be used. In this embodiment, a

glass substrate is used as the substrate 105.
[0069]

Note that an insulating film functioning as a base may be prdvided between the
subétrate 105 and the gate electrode 111. The insulating film has a function of
preventing diffusion of an impurity element from the substrate 105, and can be formed
of one or a plurality of films selected from a silicon nitride film, a silicon oxide film, a
silicon nitride oxide film, a silicon oxynitride film, and the like.

[0070]

~ The gate electrode 111 is formed in a first photolithography step and an etching
step after forming a conductive film described below. The conductive film can be
formed by using a metal material such as molybdenum, titanium, chromium, tantalum,

tungsten, aluminum, copper, neodymium, or scandium, or an alloy material containing

- any of these materials as a main component. Alternatively, a semiconductor typified

by polycrystalline silicon doped with an impurity element such as phosphorus may be
used. A structure thereof may be a single-layer structure or a laminated structure.
Also, in the case that aluminum or copper is used for the conductive film, it is
preferably used in combination with a refractory metal material in order to avoid

problems of heat resistance and corrosion. Note that to form the conductive film, a
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sputtering method, a vacuum evaporation method, a CVD method, or the like can be
used.
[0071]

Also, a resist mask used in the first photolithography step may be formed by an
inkjet method. Since a photomask is not used when the resist mask is formed by an
inkjet method, manufacturing cost can be reduced. Note that, by an end portion of the
gate electrode 111 having a tapered form, coverage with a gaie insulating film 107 that
is formed later is improved, which is preferable. In the case of using a
photolithography step, the taper form can be obtained by etching while backing off the
resist mask.

[0072] .

Next, the gate insulating film 107 is formed over the gate electrode 111. The
gate insulating film 107 can be formed by using a plasma CVD method, a sputtering
method, or the like. The gate insulating film 107 can be formed as a single layer or a
laminated layer of one or a piurality of films selected from a silicon oxide film, a silicon
nitride film, a silicon oxynitride film, a silicon nitride oxide film, an aluminum oxide
film, an aluminum nitride film, an aluminum oxynitride film, an aluminum nitride oxide
film, a hafnium oxide film, a tantalum oxide film, a gallium oxide film, and the like.
In this embodiment, as the gate insulating film 107, a silicon oxide film is formed by a
sputtering method. Note that when forming silicon oxide by the sputtering method, it
can be performing while heating the substrate.

[0073]

To avoid hydrogen, a hydroxyl group, and moisture from getting contained in
the gate insulating film 107 as much as possible, as a pretreatment for forming the gate
insulating film 107, it is preferable to preheat the substrate 105 over which the gate

electrode 111 is formed to desorb an impurity such as hydrogen or moisture that is

- adsorbed to the substrate 105. Also, an exhaust means that is provided in a preheating

chamber is preferably an entrapment vacuum pump which will be described later.
Furthermore, the preheating may be performed on the substrate 105 over which up to a
source electrode 115a and a drain electrode 115b are formed. Note that this preheating
treatment can be omitted.

[0074]
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Next, an oxide semiconductor film 129 with a thickness of 2 nm or more and
200 nm or less, preferably 5 nm or more and 30 nm or less, is formed over the gate
insulating film 107.

[0075]

For the oxide semiconductor film 129, a single-component - oxide
semiconductor and a multi-component oxide semiconductor described in the above
eﬁlbodiments can be formed by the method described in the above embodiments. Note
that in this embodiment, an In-Ga-Zn-O-based oxide semiconductor is formed using a
sputtering method.

[0076]

As one example of a target for forming the oxide semiconductor film 129 by a
sputtering method, an oxide térget with a composition ratio of Iny03:Ga,05:Zn0=1:1:1
[molar ratio] can be used. Materials and composition of the target is not limited
thereto, and for example, an oxide target with a composition ratio of
In;03:Gaz05:Zn0=1:1:2 [molar ratio] or In,03:Ga;05:Zn0=1:1:4 [molar ratio] may be
used. |
[0077]

In this embodiment, an oxide semiconductor film that is to be crystallized is

- formed by a sputtering method using an In-Ga-Zn-O-based metal oxide target.

[0078]

Relative density of a metal oxide in the metal 6xide target is 80 % or higher,
preferably 95 % or higher, and even more preferably 99.9 % or higher. A metal oxide
target with high relative density is used.

[0079] |

A formation atmosphere of the oxide semiconductor film 129 is an atmosphere

- in which oxygen is purposely not contained, that is, a gas atmosphere containing only a

rare gas typified by argon. Specifically, it is favorable to use a high-purity gas
atmosphere in which an impurity such as hydrogeﬁ, water, a hydroxyl group, or a
hydride is removed down to a concentration of 1 ppm or lower (desirably to a
concentration of 10 ppb or lowér).

[0080]



10

15

20

25

30

WO 2011/108346 | 19 PCT/JP2011/052970

When forming the oxide semiconductor film 129, the substrate 105 is held in a

treatment chamber that is maintained in a reduced-pressure state, and the substrate 105

is heated so that a temperature of the substrate 105 reaches 100 °C or higher and lower
than 550 °C, preferably 200 °C or higher and 400 °C or lower, or the temperature of the
substrate 105 may be set at room temperéture (15 °C or higher and 35 °C or lower).
Furthermore, it is preferable that the oxide semiconductor film 129 is formed using the
above-mentioned target, by introducing a high-purity gas from which hydrogen, water,
or the like is removed into the treatment chamber while moisture in the treatment
chamber is removed. By forming the oxide semiconductor film 129 while heating the
substrate 105, an impurity contained in the oxide semiconductor film can be reduced.
Moreover, damage due to sputtering can be reduced. | Note that to remove hydrogen or
moisture in the treatment chamber, an entrapment vacuum pump is preferably used.
For example, a cryopump, an ion pump, a titanium sublimation pump, or the like can be
used. A turbo pump provided with a cold trap may be used. By evacuating using the
cryopump or the like, hydrogen, water, or the like can be removed from the treatment
chamber, and an impurity concentration in the oxide semiconductor film 129 can be
reduced.
[0081]

Formation conditions for the oxide semiconductor film 129 are, for example, a
distance of 60 mm between the substrate 105 and the target, a pressure of 0.4 Pa, a
direct current (DC) power of 0.5 kW, and an argon (100 % argon) atmo.sphere. Note
that, it is preferable that a pulsed direct current (DC) power source is used because
particles can be reduced and film thickness distribution becomes even. The thickness
of the oxide semiconductor film 129 is set at 1 nm or more and 50 nm or less, preferably
1 nm or more and 30 nm or less, and even more preferably 1 nm or more and 10 nm or
less. By forming the oxide semiconductor film 129 to have this thickness, a short
channel effect that results from miniaturization can be suppressed. However, since the
appropriate thickness differs depending on an oxide semiconductor material to be
applied, a use of a semiconductor device, and the like, the thickness of the oxide
semiconductor film 129 can be appropriately selected depending on the material to be

used, the use, and the like.
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[0082]

Note that before forming the oxide semiconductor film 129 by a sputtering
method, reverse sputtering is performed by which plasma is generated by introducing
argon gas, and particles attached to a surface of the gate insulating film 107 are removed,
so that resistance at an interface between the gate insulating film 107 and the oxide
semiconductor film 129 is reduced. The reverse sputtering refers to a method of
modifying a surface of a substrate by applying a voltage to the substrate using an RF
power source in an argon atmosphere to form plasma in a vicinity of the substrate.
Note that instead of the argon atmosphere, a nitrogen atmosphere, a helium atmosphere,
or the like may be used. Alternatively, an argon atmosphere to which oxygen, nitrous
oxide, or the like is added may be used. Further alternatively, an argon atmosphere to
which chlorine, carbon tetrafluoride, or the like is added may be used. Note that as
described in the above embodiments, when forming the oxide semiconductor film, it is
preferably performed in an argon atmosphere.  Steps up to this point are shown in FIG.
2A.

[0083]

Next, a first heat treatment is performed on the oxide semiconductor film 129
that is formed, and an oxide semiconductor film 130 with high crystallinity is formed.
A heat treatment is performed at 600 °C or higher to crystallize the oxide semiconductor
film 129.  Since in this heat treatment, crystallization is performed while compensating
oxygen for an oxygen deficiency of the oxide semiconductor film 129, it is preferably
performed in the atmosphere or in an atmosphere containing oxygen, and here, the heat
treatment is performed in the atmosphere at 650 °C fdr 1 hour.

[0084] -

Note that in this step, along with crystallizing the oxide semiconductor film
129, an impurity (for example, hydrogen, water or a hydroxyl group) in the oxide
semiconductor film 129 can be removed. That bis, a hydrogen concentration of the
oxide serﬁiconductor film 130 with high crystallinity is reduced by the first heat
treatment, and a donor level or a defect level in a bandgap of the oxide semiconductor
film 130 with high crystallinity can be reduced.

[0085] |
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A heat treatment apparatus used for the heat treatment is not limited as long as
it is an apparatus with which the heat treatment is performed by heat conduction or heat
radiation from a heating element such as a resistance heating element. For example, as
the heat treatment apparatus, an electric furnace, or a rapid thermal annealing (RTA)
apparatus such as a gas rapid thermal annealing (GRTA) apparatus or a lamp rapid
thermal annealing (LRTA) apparatus can be used. An LRTA apparatus is an apparatus
for performing a heat treatment by radiation of light (electromagnetic waves) emitted -
form a lamp such as a halogen lamp, a metal halide lamp, a xenon arc lamp, a carbon
arc lamp, a high-pressure sodium lamp, or a high-pressure mercury lamp. A GRTA
apparatus is an apparatus for performing a heat treatment using a high-temperature gas.
Also, the heat treatment can be performed by laser irradiation by an excimer laser or the
like. By the above heat treatment step, the oxide semiconductor film 130 with high
crystallinity can be obtained. This step is shown in FIG. 2B.

[0086] ‘

In the first heat treatment, an impurity in the oxide semiconductor film 129 is
reduced, and the oxide semiconductor film 130 that is i-type (intrinsic semiconductor)
or extremely close to being i-type is formed. Furthermore, by using for a transistor the
oxide semiconductor film 130 that is i-type (intrinsic semiconductor) or extremely close
to being i-type, the transistor can be a transistor with an excellent characteristic.

[0087]

Note that the first heat treatment may be performed after processing into an
island-shaped oxide semiconductor film which will be described later, or the first heat
treatment may be performed multiple times instead of once.

[0088]

In this embodiment, although the crystallized, single-layer oxide
serﬁiconductor film 130 is used as an oxide semiconductor film used in a channel region
of a transistor, the oxide semiconductor film used in a channel region of a transistor can
be the crystallized and laminated oxide semiconductor film described in Embodiment 2.
[0089]

Next, the oxide semiconductor film 130 is processed into an island-shaped
oxide semiconductor film 131 by a second photolithography step and an etching step.

Note that a resist mask used in the photolithography step may be formed by an inkjet
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method.  Since a photomask is not used when the resist mask is formed by an inkjet

method, manufacturing cost can be reduced.

[0090]

Note that in the case of forming a contact hole in the gate insulating film 107, a
Step of forming the contact hole can be performed at the same time as processing of the
oxide semiconductor film 130.

[0091]

The etching step of the oxide semiconductor film 130 may be dry etching or
wet etching, or both may be performed. For example, as an etchant used for wet
etching of the oxide semiconductor film 130, a mixed solution of phosphoric acid,
acetic acid, and nitric acid, or an ammonium hydroxide-hydrogen peroxide mixture (31
wt% hydrogen peroxide solution: 28 wt% ammonia water: water = 5:2:2 (volume ratio))
can be used.  Also, ITOO7N (manufactured by Kanto Chemical Co., Inc.) may be used.
[0092] ,

Note that a second heat treatment can be performed after forming a source
electrode and a drain electrode which will be described‘ later, after forming an insulating
film over the source electrode and the drain electrode, or the like.

[0093]

Next, a conductive film which becomes the source electrode 115a and the drain
electrode 115b (including a wiring that can be formed at the same time) is formed over
the gate insulating film 107 and the island-shaped oxide semiconductor film 131. As
the conductive film used for the source electrode 115a and the drain electrode 115b, the
conductive film described for the gate electrode 111 can be used. In this embodiment,
a titanium film is used as the conductive film. '

[0094]

After a resist mask is formed over the conductive film by a third
photolithography step and then the source electrode 115a and the drain electrode 115b
are formed by performing selective etching, the resist mask is removed (see FIG. 2C).
[0095] |

Light exposure during formation of the resist mask in the third
photolithography step may be performed using ultraviolet light, KrF laser light, or ArF

laser light. Note that channel length of the transistor is determined by a distance
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between a source electrode layer and a drain electrode layer. Therefore, for light

exposure during formation of a mask that is used in manufacturing a transistor with a

channel light of less than 25 nm, extreme ultraviolet light with a short wavelength of

several nanometers to several tens of nanometers is desirably used. In the light
exposure by extreme ultraviolet light, resolution is high and focus depth is large.
Therefore, the channel length of the transistor can be 10 nm or more and 1000 nm (1
um) or less, and operation speed of a circuit can be increased. Furthermore, power
consumption of a semiconductor device can be reduced by miniaturization.

[0096]

Also, to reduce the number of photomasks and the number of steps in the
photolithography process, the etching step may be performed using a resist mask
formed by a mulﬁ-tone mask. Since a resist mask formed using a multi-tone mask has
regions with different thicknesses and can be further changed in shape by performing
etching, the resist mask can be used in multiple etching steps to provide different
patterns. Therefore, a resist mask corresponding to at least two or more kinds of
different patterns can be formed by one multi-tone mask. With this, the number of
light-exposure masks can be reduced and the number of corresponding
photolithography steps can also be reduced, whereby simplification of a process is
possible.

[0097]

Note that when etching the conductive film that functions as the source
electrode 115a and the drain electrode 115b, it is desirable that an etching condition is
optimized so that the island-shaped oxide semiconductor film 131 does not get divided
by the etching. However, it is difficult to obtain such a condition in which only the
conductive film is etched and the island-shaped oxide semiconductor film 131 is not
etched at all, and when etching the conductive film, there are caées in which a portion of
the island-shaped oxide semiconductor film 131 is etched and a groove portion (a
depressed portion) is formed. |
[0098]

For etching of the conductive film functioning as the source electrode 115a and
the drain electrode 115b, wet etching or dry etching may be performed. Note that from

a viewpoint of miniaturizing an element, dry etching is preferably used. An etching
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gas and an etchant can be appropriately selected depending on a material that is to be
etched. In this embodiment, a titanium film is used as the conductive film and an
In-Ga-Zn-O-based oxide semiconductor is used for the island-shaped oxide
semiconductor film 131; therefore, in the case of applying wet etching for example, an
ammonium hydroxide-hydrogen peroxide mixture (a mixed solution of ammonia, water,
and hydrogen peroxide solution) can be used.

[0099]

Also, it is desirable to remove hydrogen, water, and the like that is attached to a
surface of the island-shaped oxide semiconductor film 131 that is exposed, by
performing a plasma treatment using a gas such as N,O, N, or Ar.

[0100] ‘

Next, an insulating film 116 is formed over the gate insulating film 107, the
island-shaped oxide semiconductor film 131, the source electrode 115a and the drain -
electrode 115b. It is desirable that the _insulating film 116 is formed to have a
thickness of at least 1 nm or more, in a manner that an impurity such as water or
hydrogen does not get mixed into the insulating film 116. One example of a formation
method of the insulating film 116 is a sputtering method performed under a condition of
no exposure to the atmosphere. When hydrogen gets into the insulating film 116,
resistance of a back-chénnel region of the island-shaped oxide semiconductor film 131
is reduced (turns into n-type) due to the hydrogen éntering the island-shaped oxide
semiconductor film 131, the hydrogen extracting oxygen that is in the island-shaped
oxide semiconductor film 131, or the like, and there is concern of a parasitic channel
region getting formed in the island-shaped oxide semiconductor film 131. In view of
this, for the insulating film 116, it is desirable to use an insulating film containing
oxygen, such as a silicon oxide film, a silicon oxynitride film, an aluminum oxide film,
or an aluminum oxynitride film.

[0101] |

In this embodiment, a silicon oxide film with a thickness of 200 nm is formed
as the insulating film 116 by a sputtering method, with a temperature of the substrate at
100 °C. Note that the insulating film 116 can be formed while heating the substrate,

and the temperature of the substrate can be set at room temperature (25 °C) or higher
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and 300 °C or lower. Formation of the silicon oxide film is preferably performed in a
rare gas (typically argon) atmosphere, an oxygen atmosphere, or in a mixed gas
atmosphere of a rare gas and oxygen gas, and a silicon oxide target or a silicon target
can be used as a target. Furthermore, a gas that is used when forming the silicon oxide
film is desirably a high-purity gas from which an impurity such as hydrogen or water is
removed.

[0102]

' Furthermore, in the same manner as with the gate insulating film 107 and the
oxide semiconductor film 129, in order to reduce concentration of an impurity contained
in the insulating film 116, in the case of forming the silicon oxide film by a sputtering
method, it is preferable to remove residual moisture in the treatment chamber using an
entrapment vacuum pump (such as a cryopump).

[0103] '

Next, the second heat treatment is performed in an inert gas atmosphere or in
an oxygen atmosphere. The same apparatus as the apparatus used in the first heat
treatment can be used as a heat treatment apparatus. Also, the higher the heating
temperature, the more suppressed an amount of change becomes in a threshold voltage
(Vth) due to light irradiation or application of BT stress.  However, because
degradation of an ON characteristic occurs when the heating temperature is increased
past 320 °C, the heating temperature is set at 200 °C or higher and 450 °C or lower,
desirably at 250 °C or higher and 350 °C or lower. For example, the heat treatment
may be performed in a nitrogen atmosphere-at 250 °C for 1 hour. By performing the
second heat treatment, change (variation) in an electrical characteristic of the transistor
can be suppressed. Also, because the insulating film 116 contains oxygen, oxygen
deficiency of the island-shaped oxide semiconductor film 131 is compensated by
oxygen being supplied to thevisland-shaped oxide semiconductor film 131 from the
insulating film 116 in the same manner as in the first heat treatment.

[0104]

Note that in this embodiment, although the second heat treatment is performed

after forming the insulating film 116, as long as the second heat treatment is performed

in an oxygen atmosphere, the timing of the second heat treatment is not limited thereto.
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For example, the second heat treatment may be performed following the first heat
treatment.  Furthermore, by making the first heat treatment to also function as the
second heat treatment, the second heat treatment can be omitted. However, if the
second heat treatment is performed in an inert gas atmosphere, it is necessary to perform
the second heat treatment after forming the insulating film 116.

[0105] |

That is, by the first heat treatment and the second heat treatment, the
island-shaped oxide semiconductor film 131 can be highly purified so that an impurity
other than a main component thereof is not contained as much as possible, thereby
forming an oxide semiconductor film that is i-type (intrinsic) or extremely close to
being i-type.

[0106]

Thrdugh the above process, the transistor 110 is formed (see FIG. 2D).
[0107] ‘

Note that a protective insulating film 106 is desirably formed over the
insulating film 116 (see FIG. 2E). The protective insulating film 106 prevents
hydrogﬁn, water, or the like from entering from outside. As the protective insulating
film 106, a silicon nitride film, an aluminum nitride film, or the like can be used, for
example. Although a formation method is not particularly limited, an RF sputtering
method is suited as the formation method of the protective insulating film 106 because
productivity is excellent.

[0108]

Note that after forming the protective insulating film 106, a heat treatment may
additionally be performed in the atmosphere at 100 °C or higher and 200 °C or lower,
for 1 hour or more and 30 hours or less.

[0109]

In this manner, by using an oxide semiconductor film with high crystallinity as
a channel region of a transistor, field effect mobility of the transistor 110 can be
improved. |
[0110]

The structures, methods, and the like described in this embodiment can be

appropriately combined with structures, methods, and the like of other embodiments
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and examples.
[Example 1]
[0111]

In this example, crystallinity of an oxide semiconductor film formed by a
manufacturing method of one embodiment of the present invention is described.
[0112]

First, an In-Ga-Zn-O-based oxide semiconductor (hereinafter referred to as
IGZO) with a thickness of 500 nm was formed over a glass substrate by a sputtering
method without heating the substrate. A target composition of IGZO was In,Os:
Ga;03: ZnO = 1:1:1 [molar ratio], and application voltage and application pressure
during formation were 0.5 kw and 0.4 Pa, respectively.
[0113]

At this time, an atmosphere gas (argon gas and oxygen gas) supplied during
formation was set under the following five conditions 1 to 5.
(Condition 1)
argon: oxygen = 45 sccm: 0 sccm
(Condition 2)
argon: oxygen = 35 sccm: 10 sccm
(Condition 3)
argon: oxygen = 25 sccm: 20 sccm
(Condition 4)
argon: oxygen = 15 sccm: 30 sccm
(Condition 5)
argon: oxygen = 5 sccm: 40 sccm
[0114]

Next, each of IGZO films formed under Conditions 1 to 5 was subjected to a
heat treatment in the atmosphere at 650 °C for 1 hour.
[0115]

To evaluate crystallinity of each sample sﬁbjected to the heat treatment, X-ray
diffraction (XRD) was measured by an out-of-plane method. FIG. 3 shows gas flow

rate dependency of an XRD spectrum after the heat treatment. A horizontal axis
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represents an X-ray diffraction angle 20, and a vertical axis represents X-ray diffraction
intensity. The XRD spectrum represents X-ray reflection intensity from a crystal
lattice surface, and shows that the larger the peak. intensity of the spectrum and the
narrower the half bandwidth, the higher the crystallinity. Note that the crystal lattice
surface and the X-ray diffraction angle correspond to each other, and if a crystal
structure and the crystal lattice surface are different, a location where the XRD spectrum
appears is different.
[0116]

From FIG. 3, it was confirmed that in the XRD spectrum of the IGZO film that
was formed under Condition 1 (argon: oxygen = 45 sccm: 0 sccm) in which oxygen
flow rate is O sccm, sharp peaks near 26 = 28° to 32°, 42°, 47°, and 57° were observed;

however, in the XRD spectra of the IGZO films that were formed under Conditions 2 to

Condition 5, only broad peaks were observed. Note that numbers in parentheses in

FIG. 3 represent lattice surfaces on which incident X-rays are reflected. With this, it
was confirmed that although crystallization progresses under a condition in which
oxygen atoms are lacking such as under Condition 1 in which oxygen flow rate is 0
sccm, with an IGZO film that is formed under a condition in which oxygen gas is
supplied (Condition 2 to Condition 5), crystallization does not progress.

[0117]

Furthermdre, it was -confirmed from a result of the above-mentioned X-ray
diffraction that, in an IGZO film crystallized by performing a heat treatment, crystals
grew while orienting with a c-axis with respect to a substrate surface.

[0118] ,

According to the above, an IGZO film with high crystallinity can be formed by
performing a heat treatment in the atmosphere on an IGZO film formed in a gas
[Example 2]

[0119]

atmosphere in which oxygen gas is not supplied and only argon is supplied.

In this example, an oxide semiconductor film with high crystallinity formed by
a manufacturing method of one embodiment of the present invention will be described.

In this example, crystallinity of a laminated oxide semiconductor film will be described.
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[0120]

First, an In-Ga-Zn-0O-based oxide semiconductor film with a thickness of 5 nm
was formed over a quartz substrate as the first oxide semiconductor film (hereinafter
referred to as the 1st-IGZO film), by a sputtering method without heating the substrate.

A target composition of the 1st-IGZO was In;03: Ga;03: ZnO = 1:1:1 [molar ratio], and

application voltage and application pressure are 0.5 kw and 0.4 Pa, respectively.

Furthermore, types of gas and flow rates thereof supplied during formation were argon:
oxygen = 30 sccm: 15 sccm.
[0121]

Next, the 1st-IGZO film was subjected to a heat treatment in the atmosphere at
700 °C for 1 hour to crystallize the 1st-IGZO film.

[0122]

Next, an In-Ga-Zn-O-based oxide semiconductor with a thickness of 50 nm
was formed as the second oxide semiconductor film (hereinafter referred to as the
2nd-1GZO film) over the crystallized 1st-IGZO film, by a sputtering method without
heating the substrate. Also, types of gas and flow rates thereof supplied during
formation of the 2nd-IGZO film were set according to Condition 6 to Condition 9.
The target, applicétion voltage, and the ‘application pressure of the 2nd-IGZO were the
same as the condition for the 1st-IGZO film. Hereinafter, the 1st-IGZO film and the
2nd-1IGZO film will be collectively referred to as a “laminated IGZO film.”

[0123]

(Condition 6)

argon: oxygen = 45 sccm: 0 sccm
(Condition 7)

argon: oxygen = 35 sccm: 10 sccm
(Condition 8)

argon: oxygen = 25 sccm: 20 sccm
(Condition 9)

argon: oxygen = 15 sccm: 30 sccm
[0124]

Next, each of laminated IGZO films formed according to Condition 6 to
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Condition 9 was subjected to a heat treatment in the atmosphere at 1000 °C for 1 hour.
[0125]

To evaluate crystallinity of each sample subjected to the heat treatment, X-ray
diffraction (XRD) was measured by an out-of-plane method. FIG. 4 shows gas flow
rate dependency of an XRD spectrum. A horizontal axis represents an X-ray
diffraction angle 26, and a vertical aXis represents X-ray diffraction intensity. The
XRD spectrum represents X-ray reflection intensity from a crystal lattice surface, and
shows that the larger the peak intensity of the spectrum and the narrower the half
bandwidth, the higher the crystallinity. Note that the crystal lattice surface and the
X-ray diffraction angle correspond to each other, and if a crystal structure and the
crystal lattice surface are different, a location where the XRD spectrum appears is
different.

[0126]

From FIG. 4, since a peak corresponding to a (009) surface is observed around -
20 = 33° in all of the laminated IGZO films formed according to Condition 6 to
Condition 9 also, it was confirmed that these laminated IGZO films were crystallized.
Furthermore, it was confirmed that the XRD spectrum of the laminated IGZO film
formed under Condition 6 (argon: oxygen = 45 sccm: 0 sccm) in which oxygen flow
rate is 0 sccm had a higher intensity than peaks of the XRD spectra of the laminated
IGZO films formed under Condition 7 to Condition 9. This sths that crystallinity of
the IGZO film formed under Condition 6 (argon: oxygen = 45 sccm: 0 sccm) in which
oxygen flow rate is 0 sccm is higher than crystallinity of the laminated IGZO films
formed under Condition 7 to Condition 9.

[0127]

Furthermore, from a result of X-ray diffraction of the laminated IGZO films, it
was confirmed that in the laminated IGZO films described in this example, crystals
grew while orienting with a c-axis with respect to the substrates.

[0128]

According to the above, regarding a laminated IGZO film also, a laminated

IGZO film with high crystallinity can be formed by subjecting the laminated IGZO film

formed without supplying oxygen gas, as in Condition 6, to a heat treatment in the
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atmosphere. Furthermore, crystallinity of the 1st-IGZO film formed in an atmosphere
containing oxygen can also be improved by forming the 2nd-IGZO film in the
atmosphere in which oxygen is purposely not contained, and then performing a heat

treatment in an atmosphere containing oxygen.

This application is based on Japanese Patent Application serial no.
2010-048604 filed with Japan Patent Office on March 5, 2010, the entire contents of

which are hereby incorporated by reference.
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CLAIMS

1. A manufacturing method of an oxide semiconductor film, comprising the
steps of:

forming an oxide semiconductor film over a substrate in an atmosphere in
which oxygen is purposely not contained; and

crystallizing the oxide semiconductor film by performing a heat treatment in an

atmosphere containing oxygen.

2. The manufacturing method of an oxide semiconductor film according to
claim 1, wherein the oxide semiconductor film 1is selected from an
In-Sn-Ga-Zn-O-based oxide semiconductor, an In-Ga-Zn-O-based oxide semiconductor,
an In-Sn-Zn-O-based oxide semiconductor, an In-Al-Zn-O-based oxide semiconductor,
an Sn-Ga-Zn-O-based oxide semiconductor, an Al-Ga-Zn-O-based oxide semiconductor,
an Sn-Al-Zn-O-based oxide semiconductor, an In-Zn-O-based oxide semiconductor, an
Sn-Zn-O-based oxide semiconductor, Al-Zn-O-based oxide semiconductor, an
In-O-based oxide semiconductor, and an Sn-O-based oxide semiconductor, an

Zﬂ-O-based oxide semiconductor.

3. The manufacturing method of an oxide semiconductor film according to
claim 1, wherein the oxide semiconductor film has a c-axis orientation with respect to a

surface of the substrate.

4. The manufacturing method of an oxide semiconductor film according to
claim 1, wherein a carrier density of the oxide semiconductor film is less than 1 x 10**

Jem®.

5. The manufacturing method of an oxide semiconductor film according to

claim 1, wherein the oxide semiconductor film is formed while the substrate is heated.

6. The manufacturing method of an oxide semiconductor film according to

claim 1, wherein the atmosphere in which oxygen is purposely not contained is an
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atmosphere of nitrogen gas, helium gas, neon gas, argon gas, xenon gas, or krypton gas.

7. The manufacturing method of an oxide semiconductor film according to
claim 1, wherein the oxide semiconductor film is formed by a sputtering method under a

condition in which oxygen gas is not supplied.

8. A manufacturing method of an oxide semiconductor film, comprising the
steps of: |

forming a first oxide semiconductor film over a substrate;

crystallizing the first oxide semiconductor film by performing a first heat
treatment;

forming a second oxide semiconductor film over the crystallized first oxide
semiconductor film in an atmosphere in which oxygen in purposely not contained; and

crystallizing the second oxide semiconductor film by performing a second heat

treatment in an atmosphere containing oxygen.

9. The manufacturing method of an oxide semiconductor film according to
claim 8, wherein the first oxide semiconductor film is formed in an atmosphere in which

oxygen is purposely not contained.

10. The manufacturing method of an oxide semiconductor film according to
claim 8, wherein the first oxide semiconductor film that is crystallized in the first heat
treatment is used as a seed crystal by the second oxide semiconductor film that is to be

crystallized in the second heat treatment.

11. The manufacturing method of an oxide semiconductor film according to
claim 8, wherein at least one of the first oxide semiconductor film and the second oxide
semiconductor film is selected from an In-Sn-Ga-Zn-O-based oxide semiconductor, an
In-Ga-Zn-0O-based oxide semiconductor, an In-Sn-Zn-O-based oxide semiconductor, an
In-Al-Zn-O-based oxide semiconductor, an Sn-Ga-Zn-O-based oxide semiconductor, an
Al-Ga-Zn-O-based oxide semiconductor, an Sn-Al-Zn-O-based oxide semiconductor, an

In-Zn-O-based oxide semiconductor, an Sn-Zn-O-based oxide semiconductor,
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Al-Zn-O-based ‘oxide semiconductor, an In-O-based oxide semiconductor, and an

Sn-O-based oxide semiconductor, an Zn-O-based oxide semiconductor.

12. The manufacturing method of an oxide semiconductor film according to
claim 8, wherein the first oxide semiconductor film and the second oxide semiconductor

film have a c-axis orientation with respect to a surface of the substrate.

13. The manufacturing method of an oxide semiconductor film according to
claim 8, wherein a carrier density of the first oxide semiconductor film and the second

oxide semiconductor film is less than 1 x 10** /em®.

14. The manufacturing method of an oxide semiconductor film according to
claim 8, wherein at least one of the first oxide semiconductor film and the second oxide

semiconductor film is formed while the substrate is heated.

15. The manufacturing method of an oxide semiconductor film according to
claim 8, wherein the atmosphere in which oxygen is purposely not contained is an

atmosphere of nitrogen gas, helium gas, neon gas, argon gas, xenon gas, or krypton gas.

16. The manufacturing method of an oxide semiconductor film according to
claim 8, wherein the second oxide semiconductor film is formed by a sputtering method

under a condition in which oxygen gas is not supplied.

17. A manufacturing method of an oxide semiconductor film, comprising the
steps of:

forming a first oxide semiconductor film over a substrate;

forming a second oxide semiconductor film over the first oxide semiconductor
film in an atmosphere in which oxygen is purposely not contained; and

performing a heat treatment in which heating is done at a first temperature and
a second temperature in an atmosphere containing oxygen, wherein the first oxide
semiconductor film is crystallized at the first temperature and the second oxide

semiconductor film is crystallized at the second temperature, and the first temperature is
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lower than the second temperature.

18. The manufacturing method of an oxide semiconductor film according to
claim 17, wherein the first oxide semiconductor film is formed in an atmosphere in

which oxygen is purposely not contained.

19. The manufacturing method of an oxide semiconductor film according to
claim 17, wherein the first oxide semiconductor film that is crystallized at the first
temperature is used as a seed crystal by the second oxide semiconductor film that is to

be crystallized at the second temperature.

20. A manufacturing method of a transistor, comprising the steps of:

forming a gate electrode over a substrate;

forming a gate insulating film over the gate electrode;

forming an oxide semiconductor film over the gate insulating film in an
atmosphere in which oxygen is purposely not contained;

crystallizing the oxide semiconductor film by performing a first heat treatment
in an atmosphere containing oxygen;

forming a source electrode and a drain electrode over the crystallized oxide
semiconductor film;

forming an insulating film containing an oxygen atom over the crystallized
oxide semiconductor film, the source electrode and the drain electrode; and

oxidizing the crystallized oxide semiconductor film by performing a second

heat treatment.

21. The manufacturing method of a transistor according to claim 20, wherein
the oxide semiconductor film is selected from an In-Sn-Ga-Zn-O-based oxide
semiconductor, an In-Ga-Zn-O-based oxide semiconductor, an In-Sn-Zn-O-based oxide
semiconductor, an In-Al-Zn-O-based oxide semiconductor, an Sn-Ga-Zn-O-based oxide
semiconductor, an Al-Ga-Zn-O-based oxide semiconductor, an Sn-Al-Zn-O-based oxide
semiconductor, an In-Zn-O-based oxide semiconductor, an Sn-Zn-O-based oxide

semiconductor, Al-Zn-O-based oxide semiconductor, an In-O-based oxide
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semiconductor, and an Sn-O-based oxide semiconductor, an Zn-O-based oxide

semiconductor.

22. The manufacturing method of a transistor according to claim 20, wherein
the oxide semiconductor film has a c-axis orientation with respect to a surface of the

substrate.

23. The manufacturing method of a transistor according to claim 20, wherein a

carrier density of the oxide semiconductor film is less than 1 x 10" /cm®.

24. The manufacturing method of a transistor according to claim 20, wherein

the oxide semiconductor film is formed while the substrate is heated.

25. The manufacturing method of a transistor according to claim 20, wherein
the atmosphere in which oxygen is purposely not contained is an atmosphere of nitrogen

gas, helium gas, neon gas, argon gas, xenon gas, or krypton gas.

26. The manufacturing method of an oxide semiconductor film according to
claim 20, wherein the oxide semiconductor film is formed by a sputtering method under

a condition in which oxygen gas is not supplied.

27. A manufacturing method of a transistor, comprising the steps of:

forming a gate electrode over a substrate;

forming a gate insulating film over the gate electrode;
forming a first oxide semiconductor film over the gate insulating film;
crystallizing the first oxide semiconductor film by performing a first heat
treatment; |
forming a second oxide semiconductor film over the crystallized first oxide
semiconductor film in an atmosphere in which oxygen is purposely not contained;
crystallizing the second oxide semiconductor film by performing a second heat
treatment in an atmosphere containing oxygen; |

forming a source electrode and a drain electrode over the crystallized second
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oxide semiconductor film;
forming an insulating film containing an oxygen atom over the crystallized
second oxide semiconductor film, the source electrode and the drain electrode; and
oxidizing the crystallized first oxide semiconductor film and the crystallized

second oxide semiconductor film by performing a third heat treatment.

28. The manufacturing method of a transistor according to claim 27, wherein
the first oxide semiconductor film is formed in an atmosphere in which oxygen is

purposely not contained.

29. The manufacturing method of a transistor according to claim 27, wherein
the first oxide semiconductor film that is crystallized by the first heat treatment is used
as a seed crystal by the second oxide semiconductor film that is to be crystallized by the

second heat treatment.

30. The manufacturing method of an oxide semiconductor film according to
claim 27, wherein at least one of the first oxide semiconductor film and the second
oxide semiconductor film is selected from an In-Sn-Ga-Zn-O-based oxide
semiconductor, an In-Ga-Zn-O-based oxideSemiconductor, an In-Sn-Zn-O-based oxide
semiconductor, an In-Al-Zn-O-based oxide semiconductor, an Sn-Ga-Zn-O-based oxide
semiconductor, an Al-Ga-Zn-0O-based oxide semiconductor, an Sn-Al-Zn-O-based oxide
semiconductor, an In-Zn-O-based oxide semiconductor, an Sn-Zn-O-based oxide
semiconductor, Al-Zn-O-based oxide semiconductor, an In-O-based oxide
semiconductor, and an Sn-O-based oxide semiconductor, an Zn-O-based oxide

semiconductor.

31. The manufacturing method of an oxide semiconductor film according to
claim 27, wherein the first oxide semiconductor film and the second oxide

semiconductor film have a c-axis orientation with respect to a surface of the substrate.

32. The manufacturing method of an oxide semiconductor film according to

claim 27, wherein a carrier density of the first oxide semiconductor film and the second
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oxide semiconductor film is less than 1 x 10" /em?.

33. The manufacturing method of an oxide semiconductor film according to
claim 27, wherein at least one of the first oxide semiconductor film and the second

oxide semiconductor film is formed while the substrate is heated.

34. The manufacturing method of an oxide semiconductor film according to
claim 27, wherein the atmosphere in which oxygen is purposely not contained is an

atmosphere of nitrogen gas, helium gas, neon gas, argon gas, xenon gas, or krypton gas.

35. The manufacturing method of an oxide semiconductor film according to
claim 27, wherein the second oxide semiconductor film is formed by a sputtering

method under a condition in which oxygen gas is not supplied.

36. A manufacturing method of a transistor, comprising the steps of:

forming a gate electrode over a substrate;

forming a gate insulating film over the gate electrode;

forming a first oxide semiconductor film over the gate insulating film;

forming a second oxide semiconductor film over the first oxide semiconductor
film in an atmosphere in which oxygen is purposely not containe'd;

performing a first heat treatment in which heating is done at a first temperature
and a second temperature that is lower than the first temperature in an atmosphere
containing oxygen to crystallize the first oxide semiconductor film at the first
temperature and to crystallize the second oxide semiconductor film at the second
temperature;

~ forming a source electrode and a drain electrode over the crystallized first

oxide semiconductor film and the crystallized second oxide semiconductor film;
| forming an insulating film containing an oxygen atom over the crystallized first
oxide semiconductor film, the crystallized second oxide semiconductor film, the source
electrode and the drain electrode; and

oxidizing the crystallized first oxide semiconductor film and the second oxide

semiconductor film by performing a second heat treatment.
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37. The manufacturing method of a transistor according to claim 36, wherein
the first oxide semiconductor film is formed in an atmosphere in which oxygen is

purposely not contained.

38. The manufacturing method of a transistor according to claim 36, wherein
the first oxide semiconductor film that is crystallized at the first temperature is used as a
seed crystal by the second oxide semiconductor film that is to be crystallized at the

second temperature.
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EXPLANATION OF REFERENCE

101: substrate, 102: first oxide sem.iconduct'or film, 103: second oxide
semiconductor film, 104: second oxide semiconductor film, 121: first oxide
semiconductor film, 105: substrate, 106: protective insulating ﬁlm,. 107:
gate insulating film, 110: transistbr, 111: gate electrode, 115a: source
electrode, 115b: drain electrode, 116: insulating film, 129: oxide
semiconductor film, 130: oxide semiconductor film, 131: oxide

semiconductor film.
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