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DESCRIPTION
OXIDE SEMICONDUCTOR FILM AND FORMATION METHOD THEREOF

TECHNICAL FIELD
[0001]

The present invention relates to an object, a method, or a manufacturing
method. In addition, the present invention relates to a process, a machine, manufacture,
or a composition of matter. In particular, the present invention relates to, for example,
a semiconductor film, a semiconductor device, a display device, a liquid crystal display
device, or a light-emitting device. In addition, the present invention relates to a
method for manufacturing a semiconductor film, a semiconductor device, a display
device, a liquid crystal display device, or a light-emitting dev.ice. Alternatively, the
present invention relates to a driving method of a semiconductor device, a display
device, a liquid crystal display device, or a light-emitting device.

[0002]

Note that in this specification, a semiconductor device refers to any device that
can function by utilizing semiconductor characteristics. An electro-optical device, a
display device, a memory device, a semiconductor circuit, an electronic device, and the

like are included in or include a semiconductor device in some cases.

BACKGROUND ART
[0003]

A technique for formiﬁg a transistor by using a semiconductor film formed
over a substrate having an insulating surface has attracted attention. The transistor is
applied to a wide range of semiconductor devices such as an integrated circuit and a
display device. A silicon film is known as a semiconductor film applicable to a
transistor.

[0004]

Whether an amorphous silicon film or a polycrystalline silicon film is used as a

semiconductor film in a transistor depends on the purpose. For example, in the case of

a transistor included in a large display device, an amorphous silicon film, which can be
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formed using an established technique for forming a film over a large substrate, is
preferably used. On the other hand, in the case of a transistor included ih a
high-performance display device where driver circuits are formed over the same
substrate, a polycrystalline silicon film, which can form a transistor having a high
field-effect mobility, is preferably used. As a method for forming a polycrystalline
silicon film, high-temperature heat treatment or laser light treatment which is performed
on an amorphous silicon film has been known.
[0005] |

In recent years, an oxide semiconductor film has attracted attention. For

example, a transistor which includes an amorphous In-Ga-Zn oxide film is disclosed

(see Patent Document 1).  An oxide semiconductor film can be formed by a sputtering

method or the like, and thus can be used for a semiconductor film of a transistor in a
large display device. A transistor including an oxide semiconductor film has high
field-effect mobility; therefore, a high-performance display device where driver circuits
are formed over the same substrate can be formed. Moreover, there is an advantage
that capital investment can be reduced because part of production equipment for a
transistor including an amorphous silicon film can be improved to be used for a
transistor including an oxide semiconductor film.

[0006]

In 1985, synthesis of an In-Ga-Zn oxide crystal was reported (see Non-Patent
Document 1). Further, it has been reported that an In-Ga-Zn oxide has a horﬁologous
structure and is represented by a composition formula InGaOs(Zn0O),, (m is a natural
number) (see Non-Patent Document 2).

[0007]

It has been reported that a transistor including a crystalline In-Ga-Zn oxide film
has more excellent electrical characteristics and higher reliability than a transistor
including an amorphous In-Ga-Zn oxide film (see Non-Patent Document 3).
Non-Patent Document 3 reports that a grain boundary is not clearly observed in an
In-Ga-Zn oxide film including a c-axis aligned crystal (CAAC).

[Reference]
[Patent Document]
[0008]
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[Patent Document 1] Japanese Published Patent Application No. 2006-165528
[Non-Patent Document]

[0009] _

[Non-Patent Document 1] N. Kimizuka, and T. Mohri, “Spinel, YbFe;O,, and Yb,Fe;0;
Types of Structures for Compounds in the In,O; and Sc,03-A,03-BO Systems [A: Fe,
Ga, or Al; B: Mg, Mn, Fe, Ni, Cu, or Zn] at Temperatures over 1000 °C”, J. Solid State
Chem., Vol. 60, 1985, pp. 382-384

[Non-Patent Document 2] N. Kimizuka, M. Isobe, and M. Nakamura, “Syntheses and
Single-Crystal Data of Homologous Compounds, In,O3(Zn0), (m=3, 4, and 5),
InGa0s(Zn0);, and Ga,03(Znr0), (m=7, 8, 9, and 16) in the Iny03-ZnGa,04-ZnO
System”, J. Solid State Chem., 1995, Vol. 116, pp. 170-178

- [Non-Patent Document 3} S. Yamazaki, J. Koyama, Y. Yamamoto, and K. Okamoto,

“Research, Development, and Application of Crystalline Oxide Semiconductor”, SID

2012 DIGEST, pp. 183-186

DISCLOSURE OF INVENTION
[0010]

An object of the present invention is to provide a crystalline oxide
semiconductor film. Another object of the present invention is to provide a method for
forming a crystalline oxide semiconductor film.

[0011]

Another object of the present invention is to provide a sputtering target which
enables the oxide semiconductor film to be deposited.
[0012]

Another object of the present invention is to provide a method for using the
sputtering target.
[0013]

Another object of the present invention is to provide a transistor which includes
the oxide semiconductor film and has stable electrical characteristics.

[0014]
Another object of the present invention is to provide a ‘highly reliable

semiconductor device including the transistor.
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[0015]

Another object of the present invention is to provide a semiconductor device
with low off-state current. Another object of the present invention is to provide a
semiconductor device with low power consumption. Another object of the present
invention is to provide a novel semiconductor device.

[0016]

Note that the descriptions of these objects do not disturb the existence of other
objects. In one embodiment of the present invention, there is no need to achieve all
the objects. Other objects will be apparent from and can be derived from the
description of the specification, the drawings, the claims, and the like.

[0017]

One embodiment of the present invention is a method for forming an oxide
semiconductor film including the steps of: making an ion collide with a target including
a crystalline In-Ga-Zn oxide, thereby separating a flat-plate-like In-Ga-Zn oxide in
which a first layer including a gallium atom, a zinc atom, and an oxygen atom, a second
layer including a zinc atom and an oxygen atom, a third layer including an indium atom
and an oxygen atom, and a fourth layer including a gallium atom, a zinc atom, and an
oxygen atom are stacked in this order; and after the flat-plate-like In-Ga-Zn oxide is
deposited over a substrate while maintaining the crystallinity, gasifying and exhausting
the second layer.

[0018]

For example, the composition formula of the crystalline In-Ga-Zn oxide

included in the target is preferably InGaZn,Os.
{0019}

For example, the ion is preferably an oxygen cation.
[0020]

For example, it is preferable that an oxygen atom at an end portion of the
flat-plate-like In-Ga-Zn oxide be negatively charged in plasma.
[0021]

Another embodiment of the present invention is an oxide semiconductor film
over a substrate. The oxide semiconductor film includes a plurality of flat-plate-like

crystalline In-Ga-Zn oxides. Flat planes of the plurality of flat-plate-like crystalline
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In-Ga-Zn oxides face an upper surface of the substrate. In the oxide semiconductor
film, a grain boundary is not observed with a transmission electron microscope.
[0022]

Another embodiment of the present invention is an oxide semiconductor film
over a substrate. In the oxide semiconductor film, » layers are stacked (» is a natural
number). In the layer, a plurality of flat-plate-like crystalline In-Ga-Zn oxides are
arranged. Flat planes of the plurality of flat-plate-like crystalline In-Ga-Zn oxides face
an upper surface of the substrate. In the oxide semiconductor film, a grain boundary is
not observed with a transmission electron microscope.

[0023]

For example, an equivalent circle diameter of the flat plané of the flat-plate-like
crystalline In-Ga-Zn oxide included in the oxide semiconductor film is preferably
greater than or equal to 1 nm and less than or equal to 3 nm.

[0024]

For example, a thickness of the flat-plate-like crystalline In-Ga-Zn oxide
included in the oxide semiconductor film is preferably greater than or equal to 0.5 nm
and less than or equal to 0.9 nm.

[0025]

For example, the oxide semiconductor film preferably includes zinc oxide in a
region where the flat-plate-like crystalline In-Ga-Zn oxide is not arranged. For
example, the zinc oxide preferably has an amorphous structure.

[0026]

Another embodiment of the present invention is a transistor including the
above-described oxide semiconductor film. Another -embodiment of the present:
invention is a semiconductor device including the transistor.

[0027]

A crystalline oxide semiconductor film can be provided. A method for
forming a crystalline oxide semiconductor film can be provided.
[0028]

A sputtering target which enables the oxide semiconductor film to be deposited
can be provided.

[0029]
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A method for using the sputtering target can be provided.
[0030]

A transistor which includes an oxide semiconductor film and has stéble
electrical characteristics can be provided.
[0031]

A highly reliable semiconductor device including the transistor can be
provided.
[0032]

A semiconductor device with low off-state current can be provided. ‘A
semiconductor device with low power consumption can be provided. A novel

semiconductor device can be provided.

BRIEF DESCRIPTION OF DRAWINGS
[0033]

In the accompanying drawings:

FIGS. 1A to 1D show CAAC-OS films and pellets;

FIGS. 2A and 2B are electron diffraction patterns of a CAAC-OS film;

FIGS. 3A to 3C show analysis results of a CAAC-OS film and a single crystal
oxide semiconductor film obtained with an X-ray diffractometer;

FIGS. 4A and 4B are plan-view TEM images of a zinc oxide film and a
CAAC-OS film; |

FIGS. 5A1, 5A2, 5B1, and 5B2 are high-resolution plan-view TEM images of
a CAAC-OS film and show image analysis results thereof;

FIGS. 6A to 6D are a high-resolution plan-view TEM image of a CAAC-0OS
film and nanobeam electron diffraction patterns of regions thereof;

FIGS. 7A to 7D are a high-resolution plan-view TEM image of a
polycrystalline OS film and nanobeam eléctron diffraction patterns of regions thereof;

FIGS. 8A to 8C are a cross-sectional TEM image and a high-resolution
cross-sectional TEM image of a CAAC-OS film, and shows image analysis results of
the high-resolution cross-sectional TEM image; ‘

FIGS. 9A and 9B are cross-sectional HAADF-STEM images of a CAAC-0OS

film and a target;
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FIGS. 10A and 10B show an InGaZnO; crystal;

FIGS. 11A and 11B show a structure of InGaZnQ, before collision of an atom,
and the like;

FIGS. 12A and 12B show a structure of InGaZnQO, after collision of an atom,
and the like;

FIGS. 13A and 13B show trajectories of atoms after collision of atoms;

FIG. 14 is a schematic diagram illustrating a deposition model of a CAAC-OS
film using a sputtering method;

FIG: 15 is a top view illustrating an example of a deposition apparatus;

FIGS. 16A to 16C illustrate a structure example of a deposition apparatus;

FIGS. 17A to 17D are cross-sectional views illustrating a method for
fabricating samples;

FIGS. 18A to 18C are cross-sectional views illustrating a method for |
fabricating samples;

F1G. 19 shows V,-I; characteristics of samples; and

FIG. 20 shows variation in threshold voltage of samples.

BEST MODE FOR CARRYING OUT THE INVENTION
[0034]

Hereinafter, embodiments of the present invention will be described in detail
with reference to the drawings. However, the present invention is not limited to the
description below, and it is easily understood by those skilled in the ért that modes and
details disclosed herein can be modified in various ways. Further, the present
invention is not construed as being limited to description of the embodiments. In
describing structures of the present invention with reference to the drawings, common
reference numerals are used for the same portions in different drawings. Note that the
same hatched pattern is applied to similar parts, and the similar parts are not especially
denoted by reference numerals in some cases.

[0035]

Note that the size, the thickness of films (layers), or regions in diagrams is
sometimes exaggerated for simplicity.
[0036]
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A voltage usually refers to a potential difference between a given potential and
a reference potential (e.g., a source potential or a ground potential (GND)). A voltage
can be referred to as a potential and vice versa.

[0037]

Note that the ordinal numbers such as “first” and “second” in this specification
are used for the sake of convenience and do not denote the order of steps or the stacking
order of layers. Therefore, for example, description can be made even when “first” is
replaced with “second” or “third”, as appropriate. In addition, the ordinal numbers in
this specification and the like are not necessarily the same as the ordinal numbers used
to specify one embodiment of the present invention.

[0038]

Note that a “semiconductor” includes characteristics of an “insulator” in some
cases when the conductivity is sufficiently low, for example. Further, a
“semiconductor” and an “insulator” cannot be strictly distinguished from each other in
some cases because a border between the “semiconductor” and the “insulator” is not
clear. Accordingly, a “semiconductor” in this specification can be called an “insulator”
in some cases. Similarly, an “insulator” in this specification can be called a
“semiconductor” in some cases.

[0039]

Further, a “semiconductor” includes characteristics of a “conductor” in some
cases when the conductivity is sufficiently high, for example.  Further, a
“semiconductor” and a “conductor” cannot be strictly distinguished from each other in
some cases because a border between the “semiconductor” and the “conductor” is not
clear. Accordingly, a “semiconductor” in this specification can be called a “conductor”
in some cases. Similarly, a “conductor” in this specification can be called a
“semiconductor” in some cases.

[0040]

Note that an impurity in a semiconductor refers to, for example, elements other
than the main components of a semiconductor. For example, an element with a
concentration of Jower than 0.1 atomic% is an impurity. When an impurity is
contained, the density of states (DOS) in a semiconductor may be increased, the carrier

mobility may be decreased, or the crystallinity may be decreased. When the
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semiconductor is an oxide semiconductor, examples of an impurity which changes the
characteristics of the semiconductor include Group 1 elements, Group 2 elements,
Group 14 elements, Group 15 elements, and transition metals other than the main
components; specifically, there are hydrogen (including water), lithium, sodium, silicon,
boron, phosphorus, carbon, and nitrogen, for example. When the semiconductor is an
oxide semiconductor, oxygen vacancies may be formed by entry of impurities such as
hydrogen, for example. Further, when the semiconductor is silicon, examples of an
impurity which changes the characteristics of the semiconductor include oxygen, Group
1 elements except hydrogen, Group 2 elements, Group 13 elements, and Group 15
elements.
[0041]
<Properties of CAAC-OS film>

A c-axis aligned crystalline oxide semiconductor (CAAC-0OS) film, which is a
crystalline oxide semiconductor film of this embodiment, will be described below.
The CAAC-OS film is an oxide semiconductor film which has c-axis alignment while
the directions of a-axes and b-axes are different and in which c-axes are aligned in a
direction parallel to a normal vector of a formation surface or a normal vector of a top
surface.

[0042]

FIG. 2A shows a diffraction pattern (also referred to as a selected-area electron
diffraction pattern) when an electron beam having a probe diameter of 300 nm enters an
In-Ga-Zn oxide film that is a CAAC-OS film in a direction parallel to a sample surface.
As in FIG. 2A, spots due to the (009) plane of an InGaZnO;, crystal are observed. This
indicates that crystals in the CAAC-OS film have c-axis alignment and that the c-axes
are aligned in a direction substantially perpe.ndicular to the formation surface or the top
surface of the CAAC-OS film. Meahwhile, FIG. 2B shows a diffraction pattern when
an electron beam having a probe diameter of 300 nm enters the same sample in a
direction perpendicular to the sample surface. As in FIG. 2B, a ring-like diffraction
pattern is observed.

[0043]
In this specification, a term “parallel” indicates that the angle formed between

two straight lines is greater than or equal to —10° and less than or equal to 10°, and
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accordingly also includes the case where the angle is greater than or equal to —5° and
less than or equal to 5°. In addition, a term “perpendicular” indicates that the angle
formed between two straight lines is greater than or equal to 80° and less than or equal
to 100°, and accordingly includes the case where the angle is greater than or equal to
85° and less than or equal to 95°.

[0044]

A CAAC-OS film is subjected to structural analysis with an X-ray diffraction
(XRD) apparatus. For example, when the CAAC-OS film including an InGaZnQO,
crystal is analyzed by an out-of-plane method, a peak appears when the diffraction angle
(26) is around 31° (see FIG. 3A). Since this peak is derived from the (009) plane of
the InGaZnO, crystal, it can also be confirmed from the structural analysis with the
XRD apparatus that crystals in the CAAC-OS film have c-axis alignment and that the
c-axes are aligned in a direction substantially perpendicular to the formation surface or
the top surface of the CAAC-OS film.

[0045]

On the other hand, when the CAAC-OS film is analyzed by an in-plane method
in which an X-ray enters a sample in a direction substantially perpendicular to the c-axis,
a peak appears when 28 is around 56°. This peak is derived from the (110) plane of
the InGaZnO, crystal. In the case of the CAAC-OS film, when analysis (¢ scan) is
performed with 26 fixed at around 56° and with the sample rotated using a normal
vector of the sample surface as an axis (4 axis), a peak is not clearly observed (see FIG.
3B). In contrast, in the case of a single crystal oxide semiconductor film of InGaZnQ,,
when ¢ scan is performed with 26 fixed at around 56°, six peaks appear (see FIG. 3C).
The six peaks are derived from crystal planes equivalent to the (110) plane.
Accordingly, from the structural analysis with the XRD apparatus, it can be confirmed
that the directions of a-axes and b-axes are different in the CAAC-OS film.

[0046] |

In a transmission electron microscope (TEM) image of the CAAC-OS film, a
boundar‘y between crystal regions, that is, a grain boundary is not clearly observed.
Thus, in the CAAC-OS film, a reduction in electron mobility due to the grain boundary

is less likely to occur.
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[0047]

In general, according to the TEM image of a polycrystalline zinc oxide film
observed in a direction substantially perpendicular to the sample surface (plan-view
TEM image), a clear grain boundary can be seen as shown in FIG. 4A. On the other
hand, according to the plan-view TEM image of the same measurement region in the
CAAC-OS film, a grain boundary cannot be seen as shown in FIG. 4B.

[0048]

Further, a combined analysis image of a bright-field image which is obtained
by plan-view TEM analysis and a diffraction pattern of the CAAC-OS film (also
referred to as a high-resolution plan-view TEM image) was obtained (see FIG. 5A1).
Even in the high-resolution plan-view TEM image, a clear grain boundary cannot be
seen in the CAAC-OS film.

[0049]

Here, FIG. 5A2 is an imége obtained in such a manner that the high-resolution
plan-view TEM image in FIG. 5A1 is transferred by the Fourier transform, filtered, and
then transferred by the inverse Fourier transform. By such image processing, a real
space image can be obtained in which noises are removed from the high-resolution
plan-view TEM image so that only periodic components are extracted. By the image
processing, a crystal region can be easily observed, and arrangement of metal atoms in a
triangular or hexagonal configuration becomes clear. Note that it is found that there is
no regularity of arrangement of metal atoms between different crystal regions.

[0050]

A further enlarged high-resolution plan-view TEM image of the CAAC-OS
film is obtained (see FIG. 5B1). Even in the enlarged high-resolution plan-view TEM
image, a clear grain boundary cannot be observed in the CAAC-OS film.

[0051]

Here, FIG. 5B2 is an ivmage obtained in such a manner that the enlarged
high-resolution plan-view TEM image in FIG. 5BI1 is transferred by the Fourier
transform, filtered, and then transferred by the inverse Fourier transform. The
enlarged high-resolution plan-view TEM image is subjected to the image processing;
thus, arrangement of metal atoms can be observed more clearly. As in FIG. 5B2,

metal atoms are arranged in a regular triangular configuration with interior angles of 60°
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or a regular hexagonal configuration with interior angles of 120°.
[0052]

Next, to find how crystal regions are connected in a plane direction in the
CAAC-OS film, nanobeam electron diffraction patterns in regions (1), (2), and (3) of a
high-resolution plan-view TEM image in FIG. 6A are obtained and shown in FIGS. 6B,
6C, and 6D, respectively. Note that an electron beam with a probe diameter of 1 nm is
used to obtain the nanobeam electron diffraction patterns.

[0053]

From the nanobeam electron diffraction patterns, it is found that the CAAC-OS
film has a crystal lattice with six-fold symmetry. Thus, it is also confirmed from the
nanobeam electron diffraction patterns in the regions of the high-resolution plan-view
TEM image that the CAAC-OS film has c-axis alignment. Further, it is confirmed that
the CAAC-OS film has extremely high crystallinity locally.

[0054] |

As in FIGS. 6A to 6D, when attention is focused on the nanobeam efectron
diffraction patterns in the regions (1), (2), and (3), the angle of the a-axis (indicated by a
white solid line) gradually changes in each of the diffraction patterns. Specifically,
when the angle of the a-axis in (1) is 0°, the angle of the a-axis in (2) is changed by 7.2°
with respect to the c-axis. Similarly, when the angle of the a-axis in (1) is 0°, the angle
of the a-axis in (3) is changed by 10.2° with respect to the c-axis. Thus, the CAAC-OS
film has a continuous structure in which different crystal regions are connected while
maintaining c-axis alignment.

[0055]

Note that according to a plan-view TEM image of an In-Ga-Zn oxide film
crystallized by a laser beam, a clear grain boundary can be seen as shown in FIG. 7A.
Thus, the In-Ga-Zn oxide film crystallized by a laser beam is a polycrystalline oxide
semiconductor film (polycrystalline OS film).

[0056] .

Next, to find how crystal regions are connected in a plane direction in the

polycrystalline OS film, nanobeam electron diffraction patterns in regions (1), (2), and

(3) of the plan-view TEM image in FIG. 7A are obtained and shown in FIGS. 7B, 7C,
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and 7D, respectively. Note that an electron beam with a probe diameter of 1 nm is
used to obtain the nanobeam electron diffraction patterns.
[0057]

As in FIGS. 7A to 7D, when attention is focused on the nanobeam electron
diffraction patterns in the regions (1), (2), and (3), the region (2) has a diffraction
pattern in which the diffraction patterns in the regions (1) and (3) are overlapped with
each other. Accordingly, the grain boundary in the polycrystalline OS film can be
confirmed from the electron diffraction patterns.

[0058] .

Next, the CAAC-OS film is observed with a TEM in a direction substantially
parallel to the sample surface (a cross-sectional TEM image is obtained) (see FIG. 8A).
A combined analysis image of a bright-field image which is obtained by cross-sectional
TEM analysis and a diffraction pattern of a region surrounded by a frame (also referred
to as a high-resolution cross-sectional TEM image) is obtained in the cross-sectional
TEM image shown in FIG. 8A (see FIG. §B).

[0059]

Here, FIG. 8C is an image obtained in such a manner that the high-resolution
cross-sectional TEM image in FIG. 8B is transferred by the Fourier transform, filtered,
and then transferred by the inverse Fourier transform. By such image processing, a
real space image can be obtained in which noises are removed from the high-resolution
cross-sectional TEM image so that only periodic components are extracted. By the
image processing, a crystal region can be easily observed, and arrangement of metal
atoms in a layered manner can be found. Each metal atom layer has a morphology
reflected by a surface over which the CAAC-OS film is formed (hereinafter, a surface
over which the CAAC-OS film is formed is referred to as a formation surface) or a top
surface of the CAAC-OS film, and is arranged in parallel to the formation surface or the
top surface of the CAAC-OS film.

[0060]

FIG. 8B can be divided into regions denoted by (1), (2), and (3) from the left.
When each of the regions is regarded as one large crystal region, the size of each of the
crystal regions is found to be approximately 50 nm. At this time, between (1) and (2)

and between (2) and (3), a clear grain boundary cannot be found. In FIG. 8C, crystal
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regions are connected between (1) and (2) and between (2) and (3).
[0061]

From the results of the cross-sectional TEM image and the plan-view TEM
image, alignment is found in the crystal regions in the CAAC-OS film.
[0062]

The CAAC-OS film is an oxide semiconductor film having a low impurity
concentration. The impurity is an elément other than the main components of the
oxide semiconductor ﬁlm., such as hydrogen, carbon, silicon, or a transition metal
element. In particular, an element (e.g., silicon) which has higher bonding strength
with oxygen than a metal element included in the oxide semiconductor film causes
disorder of atomic arrangement in the oxide semiconductor film because the element
deprives the oxide senﬂiconductor film of oxygen, thereby reducing crystallinity.
Further, a heavy metal such as iron or nickel, argon, carbon dioxide, and the like have‘a
large atomic radius (or molecular radius); therefore, when any of such elements . is
contained in the oxide semiconductor film, the element causes disorder of the atomic
arrangement of the oxide semiconductor film, thereby reducing crystallinity. Note that
the impurity contained in the oxide semiconductor film might become a carrier trap or a
source of carriers. |
[0063] }

The CAAC-OS film is an oxide semiconductor film having a low density of
defect states. For example, oxygen vacancies in the oxide semiconductor film serve as
carrier traps or serve as carrier generation sources when hydrogen is captured therein.
[0064]

The state in which impurity concentration is low and density of defect states is
low (the number of oxygen vacancies is small) is referred to as “highly purified intrinsic”
or “substantially highly purified intrinsic”. A highly purified intrinsic or substantially
highly purified intrinsic oxide semiconductor film has few carrier generation sources,
and thus has a low carrier density. Thus, a transistor including the oxide
semiconductor film rarely has a negative threshold voltage (rarely has normally-on
characteristics). A highly purified intrinsic or substantially highly purified intrinsic
oxide semiconductor film has few carrier traps. Accordingly, the transistor using the

oxide semiconductor film has little variation in electrical characteristics and high
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reliability. Note that charges trapped by the carrier traps in the oxide semiconductor
film take a long time to be released and may behave like fixed charges. Thus, the
transistor using the oxide semiconductor film with a high impurity concentration and a
high density of defect states has unstable electrical characteristics in some cases.

[0065]

<Model of CAAC-OS film>

FIGS. 1A and 1B are schematic diagrams of a CAAC-OS film which has the
above properties and is provided over a substrate.
[0066]

FIG. 1A is the cross-sectional schematic diagram of a CAAC-OS film 103a
provided over a surface of a substrate 150a which is flat at an atomic size level
(atomically flat surface). FIG. 1B is the cross-sectional schematic diagram of a
CAAC-OS film 103b provided over a substrate 150b having a convex surface. As
illustrated in FIGS. 1A and 1B, in the CAAC-OS film 103a and the CAAC-OS film
103b, a plurality of flat-plate-like particles denoted by pellets 100a and pellets 100b are
arranged to face upper surfaces of the substrate 150a and the substrate 150b. The side
surfaces of the pellets 100a are connected and the side surfaces of the pellets 100b are
connected; thus, it seems as if the pellets 100a form one large crystal region and the
pellets 100b form one large crystal region in some cases. Note that the pellets 100a
and the pellets 100b cannot be distinguished from each other. Therefore, the pellets
100a and the pellets 100b are collectively referred to as pellets in some cases for
convenience.

[0067]

FIG. 1C shows a cross-sectional structure of the pellet. The pellet is a single
crystal or a crystal including a damaged region which includes a first layer (also referred
to as a Ga-Zn-O layer) formed of gallium (Ga), zinc (Zn), and oxygen (O), a second
layer (also referred to as an In-O layer) which is over the first layer and formed of
indium (In) and oxygen (O), and a third layer (also referred to as a Ga-Zn-O layer)
which is over the second layer and formed of gallium (Ga), zinc (Zn), and oxygen (O).
The atomic ratio of Ga to Zn and O of each of the first layer and the third layer is
approximately 1:1:2. Further, the atomic ratio of In to O of the second layer is

approximately 1:2. Note that the height (longitudinal length) of the cross section of
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the pellet is greater than or equal to 0.5 nm and less than or equal to 0.9 nm in many
cases, and is approximately 0.67 nm in the structure shown in FIG. 1C. The width
(lateral length) of the cross section of the pellet is greater than or equal to 1 nm and less
than or equal to 3 nm in many cases. Accordingly, a crystal region in which 3 to 20
pellets are connected has a size of greater than or equal to 3 nm and less than or equal to
60 nm. One crystal region has a size of greater than or equal to 3 nm and less than or
equal to 20 nm in many cases. Note that in this specification, a size of an object
having a complicated shape may be represented as an equivalent circular diameter of a
cross section of the object. The term “equivalent circle diameter of a cross section of
the object” refers to the diameter of a perfect circle having the same area as that of the
cross section of the object. |

[0068]

FIG. 1D shows a structure of an upper surface of the pellet. The uppermost
layer of the pellet is a Ga-Zn-O layer. In an atomic arrangement of gallium or zinc in
the upper surface of the pellet, an atomic arrangement in which triangles (regular
triangles) are repeated can be seen and an atomic arrangement in which six triangles
form a hexagon (regular hexagon) also can be seen. Thus, the shape of the flat plane
of the pellet is a triangle (regular triangle) in many cases. In some cases, a shape
formed of two to six triangles is obtained. For example, two triangles (regular
triangles) form a quadrangle (diamond shape), and six triangles (regular triangles) form
a hexagon (regular hexagon).

[0069]

By arranging flat planes of the pellets shown in FIGS. 1C and 1D so that they
face the upper surface of the substrate 150a or the substrate 150b, the CAAC-OS film
103a and the CAAC-OS film 103b as illustrated in FIG. 1A and FIG. 1B are formed.
Thus, the c-axes of crystals included in the CAAC-OS film 103a and the CAAC-0S
film 103b are aligned in a direction parallel to normal vectors of the upper surfaces of
the substrate 150a and the substrate 150b.

[0070]

As illustrated in FIG. 1A, the CAAC-OS film 103a provided over the flat

surface of the substrate 150a has a structure in which five layers, in each of which the

pellets 100a are arranged, are stacked. Since the substrate 150a has the flat surface, a
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gap is less likely to be formed among the pellets 100a in the CAAC-OS film 103a.
Although FIG. 1A illustrates the CAAC-OS film 103a having the structure in which the
five layers, in each of which the pellets 100a are arranged, are stacked, the structure of
the CAAC-OS film 103a is not limited thereto. For example, the CAAC-OS film 103a
may have a structure in which » layers (» is a natural number), in each of which the
pellets 100a are arranged, are stacked.

[0071]

As illustrated in FIG. 1B, the CAAC-OS film 103b provided over the éonvex
surface of the substrate 150b has a structure in which five layers, in each of which the
pellets 100b are arranged along the convex surface, are stacked. Since the substrate
150b has the convex surface, as compared to FIG. 1A, a gap is easily formed among the
pellets 100b in the CAAC-OS film 103b in some cases. Note that owing to
intermolecular force, the pellets 100b are arranged so that a gap among the pellets 100b
is as small as possible even over the convex surface. Therefore, even in the case of the
convex surface, an oxide semiconductor film having high crystallinity can be formed.
The same applies to the case of an uneven surface, the case of a concave surface, and
the like. Although FIG. 1B illustrates the CAAC-OS film 103b having the structure in
which the five layers, in each of which the pellets 100b are arranged, are stacked, the
structure of the CAAC-OS film 103b is not limited thereto. For example, the
CAAC-OS film 103b may have a structure in which » layers (» is a natural number), in
éach of which the pellets 100b are arranged, are stacked.

[0072]

There is a possibility that a gap among the pellets is filled with zinc oxide.
The zinc oxide may be amorphous zinc oxide or crystalline zinc oxide.

[0073]

As described above, the CAAC-OS film has substantially the same density as a
single crystal OS film. For example, the density of the single crystal OS film having a
homologous structure of InGaZnOy is 6.36 g/cm’, and the density of the CAAC-OS film
having substantially the same atomic ratio is approximately 6.3 g/cm’.

[0074]
FIGS. 9A and 9B show atomic arrangements of cross sections of an In-Ga-Zn

oxide film (see FIG. 9A) that is a CAAC-OS film deposited by a sputtering method and
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a target thereof (see FIG. 9B). For observation of atomic arrangement, a high-angle
annular dark field scanning transmission electron microscopy (HAADF-STEM) was
used. The contrast of the image of each of the atoms in a HAADF-STEM image is
proportional to the square of its atomic number. Therefore, Zn (atomic number: 30)
and Ga (atomic number: 31), which have close atomic numbers, are difficult to
distinguish. A Hitachi scanning transmission electron microscope HD-2700 was used
for the HAADF-STEM.

[0075]

When FIG. 9A and FIG. 9B are compared, it is found that the CAAC-OS film
and the target each have a homologous structure and arrangements of atoms in the
CAAC-OS film correspond to those in the target.

[0076]
<Method for forming CAAC-OS film>

Reasons for forming such a complicated structure as if the structure is copied
from a target can be explained using a deposition model described later.
[0077]

Before the description of the model, a cleavage plane of the target is described
with reference to FIGS. 10A and 10B. FIGS. 10A and 10B show a structure of an
InGaZnO, crystal. Note that FIG. 10A shows a structure of the case where the
InGaZnO, crystal is observed from a direction parallel to the b-axis when the c-axis is
in an upward direction. Further, FIG. 10B shows a structure of the case where the
InGaZnO, crystal is observed from a direction parallel to the c-axis.

[0078]

Energy needed for cleavage at each of crystal planes of the InGaZnOy crystal
was calculated by the first principles calculation. Note that a pseudopotential and
density functional theory program (CASTEP) using the plane wave basis were used for
the calculation. Note that an ultrasoft type pseudopotential was used as the
pseudopotential. GGA/PBE was used as the functional. Cut-off energy was 400 eV.
[0079] _

Energy of a structure in an initial state was obtained after structural
optimization including a cell size was performed. Further, energy of a structure after

the cleavage at each plane was obtained after structural optimization of atomic
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arrangement was performed in a state where the cell size was fixed.
[0080]

On the basis of the structure of the InGaZnO, crystal shown in FIGS. 10A and
10B, a structure cleaved at any one of the first plane, the second plane, the third plane,
and the fourth plane was formed and subjected to structural optimization calculation in
which the cell size was fixed. Here, the first plane is a crystal plane between a
Ga-Zn-O layer and an In-O layer and is parallel to the (001) plane (or the a-b plane) (see
FIG. 10A). The second plane is a crystal plane between a Ga-Zn-O layer and a
Ga-Zn-O layer and is parallel to the (001) plane (or the a-b plane) (see FIG. 10A). The
third plane is a crystal plane parallel to the (110) plane (see FIG. 10B). The fourth
plane is a crystal plane parallel to the (100) plane (or the b-c plane) (see FIG. 10B).
[0081]

Under the above conditions, the energy of the structure after the cleavage at
each plane was calculated. Next, a difference between the energy of the structure after
the cleavage and the energy of the structure in the initial state was divided by the area of
the cleavage plane; thus, cleavage energy which served as a measure of easiness of
cleavage at each plane was calculated. Note that the energy of a structure is calculated
based on atoms and electrons included in the structure. That is, kinetic energy of the
electrons and interactions between the atoms, betweén the atom and the electron, and
between the electrons are considered in the calculation.

[0082]
As calculation results, the cleavage energy of the first plane was 2.60 J/m?, that

of the second plane was 0.68 J/m?, that of the third plane was 2.18 J/m?, and that of the

- fourth plane was 2.12 J/m? (see Table 1).

[0083]
" [Table 1]
Cleavage Energy [J/mz]
First Plane 2.60
Second Plane 0.68
Third Plane 2.18
Fourth Plane 2.12
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[0084]

From the calculations, in the structure of the IﬁGaZnO4 crystal shown in FIGS.
10A and 10B, the cleavage energy at the second plane is the lowest. In other words, a
plane between a Ga-Zn-O layer and a Ga-Zn-O layer is cleaved most easily (cleavage
plane). Therefore, in this specification, the cleavage plane indicates the second plane,
which is a plane where cleavage is performed most easily. |
[0085]

Since the cleavage plane is the second plane between a Ga-Zn-O layer and a
Ga-Zn-O layer, the InGaZnO, crystals shown in FIG. 10A can be separated at two
planes equivalent to the second planes. Thus, the minimum unit of the InGaZnQO,
crystal is c'onsidered to include three layers, i.e., a Ga-Zn-O layer, an In-O layer, and a
Ga-Zn-0 layer. Therefore, there is a high possibility that thercross section of the pellet
has the structure shown in FIG. 1C.  Separation occurs at two cleavage planes to obtain
the pellet. Therefore, the pellet can also be called a cleavage unit.

[0086] -
<Deposition model of CAAC-OS film>

The CAAC-OS film can be deposited using a cleavage plane in a crystal. A
deposition model of the CAAC-OS film using a sputtering method is described below.
[0087]

Here, through classical molecular dynamics calculation, on the assumption of
an InGaZnOy crystal having a homologous structure as a target, a cleavage plane in the
case where the target is sputtered using argon (Ar) or oxygen (O) was evaluated. FIG.
11A shows a cross-sectional structure of an InGaZnO, crystal (2688 atoms) used for the
calculation, and FIG. 11B shows a top structure thereof. Note that a fixed layer in FIG.
1A is a layer which prevents the positions of the atoms from moving. A temperature
control layer in FIG. 11A is a layer whose temperature is constantly set to a fixed
temperature (300 K).

[0088]

For the classical molecular dynamics calculation, Materials Explorer 5.0
manufactured by Fujitsu Limited. was used. Note that the initial temperature, the cell
size, the time step size, and the number of steps were set to be 300 K, a certain size,

0.01 fs, and ten million, respectively. In calculation, an atom to which an energy of
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300 eV was applied was made to enter a cell from a direction perpendicular to the a-b
plane of the InGaZn,O crystal under the conditions.
[0089]

FIG. 12A shows an atomic arrangement when 99.9 picoseconds have passed
after argon enters the cell including the InGaZnOjy crystal shown in FIGS. 11A and 11B.
FIG. 12B shows an atomic arrangement when 99.9 picoseconds have passed after
oxygen enters the cell. Note that in FIGS. 12A and 12B, part of the fixed layer in FIG.
11A is omitted.

[0090]

According to FIG. 12A, in a period from entry of argon into the cell to when
99.9 picoseconds have passed, a crack was formed from the cleavage plane
corresponding to the second plane shown in FIG. 10A. Thus, in the cése where argon
collides with the InGaZnO, crystal and the uppermost surface is the second plane (the
zero-th), a large crack was found to be formed in the second plane (the second).

[0091]

On the other hand, according to FIG. 12B, in a period from entry of oxygen
into the cell to when 99.9 picoseconds have passed, a crack was found to be formed
from the cleavage plane corresponding to the second plane shown in FIG. 10A. Note
that in the case where oxygen collides with the cell, a large crack was found to be
formed in the second plane (the first) of the InGaZnO; crystal.

[0092]

Accordingly, it is found that an atom (ion) collides with a target including an
InGaZnOy crystal having a homologous structure from the upper surface of the target,
the InGaZnO; crystal is cleaved along the second plane, and a pellet is separated. It is
also found that the pellet formed in the case where oxygen collides with the cell is
smaller than that formed in the case where argon collides with the cell.

[0093]

The above calculation suggests that the separated pellet includes a damaged
region. In some cases, the damaged region included in the pellet can be repaired in
such a manner that a defect caused by the damage reacts with oxygen. Repairing the
damaged portion included in the peliet is described later.

[0094]
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Here, difference in size of the pellet depending on atoms which are made to
collide was studied.
[0095]

FIG. 13A shows trajectories of the atoms from 0 picosecond to 0.3 picoseconds
after argon enters the cell including the InGaZnOj4 crystal shown in FIGS. 11A and 11B.
Accordingly, FIG. 13A corresponds to a period from FIGS. 11A and 11B to FIG. 12A.
[0096]

From FIG. 13A, when argon collides with gallium (Ga) of the first layer
(Ga-Zn-O layer) counted from the top, the gallium collides with zinc (Zn) of the third
layer (Ga-Zn-O layer) counted from the top and then, the zinc reaches the vicinity of the
sixth layer (Ga-Zn-O layer) counted from the top. Note that the argon which collides
with the gallium is sputtered to the outside. Accordingly, in the case where argon
collides with the target including the InGaZnO; crystal, a crack is thought to be formed
in the. second plane (the second) in FIG. 11A.

[0097]

FIG. 13B shows trajectories of the atoms from 0 picoesecond to 0.3 picoseconds
after oxygen enters the cell including the InGaZnOy crystal shown in FIGS. 11A and
11B. Accordingly, FIG. 13B corresponds to a period from FIGS. 11A and 11B to FIG.
12A.

[0098]

On the other hand, from FIG. 13B, when oxygen collides with gallium (Ga) of
the first layer (Ga-Z’n-O layer), the gallium collides with zinc (Zn) of the third layer
(Ga-Zn-O layer) counted from the top and then, the zinc does not reach the fifth layer
(In-O layer) counted from the top. Note that the oxygen which collides with the
gallium is sputtered to the outside. Accordingly, in the case where oxygen collides
with the target including the InGaZnQOy crystal, a crack is thought to be formed in the
second plane (the first) in FIG. 11A.

[0099]

This calculation also shows that the InGaZnQ, crystal with which an atom
(ion) collides is separated from the cleavage plane.

[0100] |

In addition, difference in depth of a crack is examined in view of conservation
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laws. The energy conservation law and the law of conservation of momentum can be

represented by the following formula (1) and the following formula (2). Here, E
represents energy of argon or oxygen before collision (300 eV), my represents mass of
argon or oxygen, vs represents the speed of argon or oxygen before collision, vy
represents the speed of argon or oxygen after collision, mg, represents mass of gallium,
vGa represents the speed of gallium before collision, and v'g, represents the speed of
gallium after collision. |

[0101]

[Formula 1]

1 2, 1 2
E= 5 MaVa” +5MGaVca (1)

[0102]
[Formula 2]

. ’ '
MpVp + MgaVea = MpVy + MaVg, (2)

[0103]

On the assumption vthét collision of argon or oxygen is elastic collision, the
relationship among va, v'a, VGa and v'ga can be represented by the following formula
3).

[0104]
[Formula 3]

Vp = Vga = —(Va ~ Vga) 3

[0105]
From the formulae (1), (2), (3), and vg,=0, the speed of gallium v'g, after
collision of argon or oxygen can be represented by the following formula (4).
[0106] |
(Formula 4]
Vg, = ——————mA‘/EGa - 2V2E “

[0107]
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In the formula (4), mass of argon or oxygen is substituted into m, whereby the
speeds after collision of the atoms are compared. In the case where the argon and the
oxygen have the same energy before collision, the speed of gallium in the case where
argon collides with the gallium was found to be 1.24 times as high as that in the case
where oxygen collides with the gallium. Thus, the energy of the gallium in the case
where argon collides with the gallium is higher than that in the case where oxygen
collides with the gallium by the square of the speed.

[0108]

The speed (energy) of gallium after collision in the case where argon collides
with the gallium was found to be higher than that in the case where oxygen collides
with the gallium. Accordingly, it is considered that a crack is formed at a deeper
position in the case where argon collides with the gallium than in the case where oxygen
collides with the gallium.

[0109]

The above calculation shows that when a target including the InGaZnOj crystal
having a homologous structure is sputtered, separation occurs from the cleavage plane
to form a pellet. - Next, a model in which sputtered pellets are deposited to form the
CAAC-OS film is described with reference to FIG. 14.

[or10}

FIG. 14 is a schematic diagram of a deposition chamber illustrating a state
where the CAAC-OS film is formed by a sputtering method.
[0111] ‘

A target 180 is attached to a backing plate 160. Under the target 180 and the
backing plate 160, a magnet 170a, a magnet 170b, and a magnet 170c are placed. The
magnet 170a, the magnet 170b, and the magnet 170c generate a magnetic field
represented by magnetic force lines 190 over the target 180. -Although the magnet
170a and the magnet 170c each have an S pole on the backing plate 160 side and the
magnet 170b has an N pole on the backing plate 160 side, one embodiment of the
present invention is not limited thereto. For example, the magnet 170a and the magnet
170c each may have an N pole on the backing plate 160 side and the magnet 170b may
have an S pole on the backing plate 160 side.

[0112]
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The target 180 has a cleavage plane 185. | Although the target 180 has a
plurality of cleavage planes 185, only one cleavage plane is shown here for easy
understanding.

[0113]

A substrate 150 is placed to face the target 180. The deposition chamber is
mostly filled with a deposition gas (e.g., an oxygen gas, an argon gas, or a mixed gas
containing oxygen at 50 vol% or higher) and controlled to a low pressure
(approximately 0.1 Pa to 10 Pa). Here, discharge starts by applying a voltage at a
constant value or higher to the target 180, and plasma is observed. Note that the
magnetic field over the target 180 makes the region 130 to be a high-density plasma
region. In the region 130, the deposition gas is ionized, so that an ion 120 is formed.
Examples of the ion 120 include an oxygen cation (O") and an argon cation (Ar").
[0114] |

The ion 120 is accelerated to the target 180 side by an electric field, and
coliides with the target 180 eventually. At this time, a pellet 100 which is a
flat-plate-like (pellet-like) sputtered particle is separated and sputtered from the
cleavage plane 185. '

[0115]

The thickness of the pellet 100 is determined depending on the kind of the
deposition gas and the like. Although the reasons are described later, the thicknesses
of the pellets 100 are preferably uniform. In addition, the sputtered particle preferably
has a pellet shape with a small thickness as compared to a dice shape with a large
thickness.

[0116]

The shape of a flat plane of the pellet 100 may be a triangle (regular triangle) or
a shape formed of two to six triangles. For example, a square (rhombus) is formed by
combining two triangles (regular triangles), and a hexagon (regular hexagon) is formed
by combining six triangles (regular triangles). FIG. 14 shows examples of the pellets
100 having a regular triangular flat plane, a rhombus flat plane, a flat plane formed of
two rhombuses, and a regular hexagonal flat plane as typical flat-plane shapes of the

pellet 100.
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(0117

The pellet 100 receives a charge from plasma when passing through the region
130, so that end portions thereof are negatively or positively charged in some cases.
F1G. 14 also illustrates an enlarged view showing the case where the flat plane of the
pellet 100 is a regular hexagon and an enlarged view showing the case where the flat
plane of the pellet 100 is a regular triangle. As illustrated in the enlarged views, the
end portions of the pellet 100 are terminated with oxygen and there is a possibility that
the oxygen is negatively charged. The end portions of the pellet 100 are charged in the
same polarity, so that charges repel each other; thus, the pellet 100 can maintain a
flat-plate shape.

[0118]

An assumed example of the movement of the sputtered pellet 100 until the
sputtered pellet 100 reaches the substrate 150 is described. For example, the pellet 100
flies linearly in plasma. When the pellet 100 gets close to the substrate 150, repulsion
is rapidly generated between the pellet 100 and the substrate 150. The repulsion
between the pellet 100 and the substrate 150 is caused mainly because the pellet 100 is
charged. For example, when the pellet 100 gets close to a region where another pellet
100 has already been deposited, these pellets 100 repel each other to generate repulsion.
This repulsion makes the pellet 100 slightly float over the substrate 150. Here, in the
case where the substrate 150 is heated to a high temperature (e.g., approximately 150 °C
to 400 °C), the pellet 100 moves (migrates) over the substrate 150 with a gradually

decreasing height. After that, when the pellet 100 reaches a side surface of another

~ pellet 100 which has already been deposited, the side surfaces of the pellets 100 are

weakly bonded to each other by intermolecular force. It is considered that by such a
model, the pellets 100 are deposited over the substrate 150. Since the pellet 100 is
placed so that ‘its flat plane parallel to the a-b plane faces downward, a layer with a
uniform thickness, flatnéss, and high crystallinity is formed. By stacking n layers (n is
a natural number), a CAAC-OS film 103 can be obtained.
[0119]

Another assumed example of the movement of the sputtered pellet 100 until the

sputtered pellet 100 reaches the substrate 150 is described. For example, the pellet 100
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flies like a kite in plasma and then flutters down over the substrate 150. Since the
pellets 100 are charged, when the pellet 100 gets close to a region where another pellet
100 has already been deposited, repulsion is generated. Here, in the case where the
substrate 150 is heated to a high temperature (e.g., approximately 150 °C to 400 °C), the
pellet 100 glides (migrates) over the substrate 150 like a hang glider. After that, when
the pellet 100 reaches a side surface of another pellet 100 which has already been
deposited, the side surfaces of the pellets 100 are weakly bonded to each other by
intermolecular force. It is considered that by such a model, the pellets 100 are
deposited over the substrate 150. Since the pellet 100 is placed so that its flat plane
parallel to the a-b plane faces downward, a layer with a uniform thickness, flatness, and
high crystallinity is formed. By stacking » layers (n is a natural number), the
CAAC-OS film 103 can be obtained.

[0120]

Accordingly, the CAAC-OS film 103 does not need laser crystallization, and
deposition can be uniformly performed even in the case of a large-sized glass substrate.
[0121]

Since the CAAC-OS film 103 is deposited by such a model, the sputtered
particle preferably has a pellet shape with a small thickness. Note that in the case
where the sputtered particle has a dice shape with a large thickness, planes facing the
substrate 150 are not uniform and thus, the thickness and the orientation of the crystals
cannot be uniform in some cases.

[0122]

In consideration of formation energy of oxygen vacancies (Vo), a damaged
region might be formed in in the pellet 100 by releasing oxygen adjacent to indium in
sputtering. Therefore, in the case where the CAAC-OS film 103 having a high atomic
ratio of indium is deposited, repairing a damaged region (filling oxygen vacancies) is
important.

[0123]

When the CAAC-OS film 103 is deposited using oxygen, a damaged region
included in the pellet 100 is repaired over the substrate 150 in some cases by performing
heat treatment under an oxygen atmosphere at the same timing as the deposition of the

pellet 100. Further, a damaged region which is not repaired in the deposition of the
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pellet 100 can be repaired in some cases by performing heat treatment under an oxygen
atmosphere or an atmosphere containing oxygen after the CAAC-0OS film 103 is
deposited. Note that it is preferable to perform heat treatment under a nitrogen
atmosphere (higher than or equal to 250 °C and lower than or equal to 600 °C,
preferably higher than or equal to 400 °C and lower than or equal to 500 °C) before the
heat treatment (higher than or equal to 250 °C and lower than or equal to 600 °C,
preferably higher than or equal to 400 °C and lower than or equal to 500 °C) is
performed under an oxygen atmosphere or an atmosphere containing oxygen because a
damaged region can be repaired while the hydrogen concentration in the CAAC-OS
film 103 is decreased.

[0124]

A damaged region in the CAAC-OS film 103 can be repaired by the
above-described method. On the other hand, the CAAC-OS film 103 having good
quality can be deposited in some cases because the pellet 100 includes a damaged
region.

[0125]

In the case where the pellet 100 includes a damaged region, a side surface of
the pellet 100 might be stable In-O, or unstable In-Vo by releasing oxygen (O) from
In-O and thus forming oxygen vacancies (Vo). In the case where such pellets 100 are
bonded to each other, that is, Vo-In (the order of In and Vo is changed for convenience)
gets close to In-O, O in In-O enters a Vo site in In-Vo, so that a stable In-O-In bond is
obtained. Consequently, the pellets 100 are considered to be connected smoothly even
when positions of the side surfaces are misaligned slightly. In the above manner, the
CAAC-OS film 103 having good quality can be formed because the pellet 100 includes
a damaged region.

[0126]

Note that when the ion 120 collides with the target 180, there is a possibility
that in addition to the pellet 100, an atom included in the target is sputtered; however,
the mass of an atom is extremely lower than that of the pellet 100 and thus, it is
considered that the atoms are mostly exhausted to the outside of the deposition chamber

by a vacuum pump.
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[0127]

Although the deposition model of the CAAC-OS film 103 in the case where the
target 180 includes an InGaZnO, crystal having a homologous structure is described
above, the target 180 may have two or more structures. For example, a deposition
model of the CAAC-OS film 103 in the case where the target 180 includes an
InGaZnOy crystal having a homologous structure and ZnO is described below.

[0128]

In the case where the target 180 includes an InGaZnOs crystal having a
homologous structure and zinc oxide, a particle of zinc oxide reaches the substrate 150
first. The particle of zinc oxide which has reached the subsfrate 150 is crystallized by
heating the substrate. Note that the crystal of zinc oxide becomes a hexagonal crystal.
Thus, the crystallized zinc oxide forms a thin layer in which atoms are arranged in a
hexagonal configuration (at least one atomic layer, preferably having a thickness of
greater than or equal to 0.1 nm and less than or equal to 10 nm). The zinc oxide layer
is sufficiently thin, and thus, a grain boundary is hardly observed.

[0129]

Next, the pellet 100 of InGaZnO; is deposited on the thin zinc oxide layer. At
this time, the zinc oxide layer has a hexagonal atomic arrangement so that the pellets
100 are exactly arranged on the hexagon. In other words, the zinc oxide layer serves
as a lubricant for the CAAC-OS film 103. After that, the pellets 100 are deposited
while a zinc oxide layer is formed by in-situ, so that a CAAC-OS film having high
crystallinity (low DOS) can be deposited.

[0130]

Note that in the case where the target 180 includes zinc oxide, there is a
possibility that zinc oxide exists in a gap among the pellets illustrated in FIGS. 1A and
1B. At this time, the zinc oxide which exists in the gap among the pellets probably
includes amorphous zinc oxide although it depends on the shape of the gap.

[0131]

Further, a deposition model of the CAAC-OS film 103 in the case where the
target 180 includes an InGaZnOs crystal having a homologous structure and an
InGaZnOs crystal having a homologous structure is described below, for example.

Note that the InGaZn,Os crystal having a homologous structure has a structure in which
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one layer of Zn-O is added to the InGaZnO, crystal having a homologous structure.
[0132] .

In the case where the target 180 includes the InGaZnO, crystal having a
homologous structure and the InGaZn,Os crystal having a homologous structure, the
pellet 100 formed of the InGaZnO; crystal and the pellet 100 formed of the InGaZn,Os
crystal reach the substrate 150. The pellet 100 of InGaZnOs which reaches the
substrate 150 is considered to be deposited as in the above-described model.

[0133]

v On the other hand, the pellet 100 of InGaZn;Os has a shape in which a Zn-O
layer, a Ga-Zn-O layer, an In-O layer, and a Ga-Zn-O layer are stacked in this order.
Although the pellet 100 of InGaZn,Os reaches the substrate 150 as in the case of the
pellet 100 of InGaZnO,, the Zn-O layer is gasified and exhausted because the substrate
150 is at a high temperature. Thus, the pellet 100 of InGaZn,Os also has a shape
similar to that of the pellet 100 of InGaZnO4 (shape in which a Ga-Zn-O layer, an In-O
layer, and a Ga-Zn-O layer are stacked in this order) when deposited on the substrate
150.

[0134]

In other words, also in the case where the target 180 inpludes the InGaZnO,
crystal and the InGaZn,Os crystal, it is possible to deposit the CAAC-OS film 103
which is similar to that formed in the case where the target 180 includes the InGaZnO,
crystal.

[0135]

Note that in the case where the target 180 has a structure of an In-Ga-Zn oxide
which does not have a homologous structure (e.g., a spinel structure in which indium
substitutes for part of gallium), the CAAC-OS film 103 cannot be deposited in some
cases.

[0136]

For example, in the case where not only the pellet 100 but also a crystalline
particle separated from a spinel structure is deposited on the substrate 150, the spinel
structure is included in a film to be deposited. Consequently, properties might not be
uniform in the film, and favorable electrical characteristics cannot be obtained in some

cases even when the film is used as a semiconductor film of a transistor.
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[0137]

Accordingly, it is preferable that the target 180 do not have a structure of an
In-Ga-Zn oxide which is not a homologous structure (e.g., a spinel structure) or have the
structure at a low proportion. For example, it is preferable that the proportion of the
structure of the In-Ga-Zn oxide which is not a homologous structure (e.g., a spinel
structure) in the entire target 180 be lower than 10 vol%, preferably lower than 5 vol%,
more preferably lower than 2 vol%; still more preferably lower than 1 vol%.

[0138]

Further, the target 180 preferably contains a certain amount or more of indium.
As described above, the pellet 100 has the shape in which an In-O layer is sandwiched
between Ga-Zn-O layers or the like. In other words, the In-O layer serves as a core of
the pellet 100. Accordingly, in the case where there is no In-O layer, the pellet 100 is
difficult to maintain its shape and thus might become a deposition particle (deposition
dust). For example, the proportion of indium contained in the entire target 180 is 1
atomic% or higher, preferably 2 atomic% or higher, more preferably 5 atomic% or
higher, still more preferably 10 atomic% or higher.

[0139]

In the case where the CAAC-OS film is used as a semiconductor film of a
transistor and for example, the target 180 having the atomic ratio of metal elements of
In:Ga:Zn = x,:y;:zy is used, x,/y; is preferably greater than or equal to 1/3 and less than
or equal to 6, more preferably greater than or equal to 1 and less than or equal to 6, and
zi/y1 is preferably greater than or equal to 1/3 and less than or equal to 6, more
preferably greater than or equal to 1 and less than or equal to 6. Note that when z,/y, is
greater than or equal to I and less than or equal to 6, a CAAC-OS film is easily formed.
Typical examples of the atomic ratio of the metal elements of the target are In:Ga:Zn =
1:1:1, In:Ga:Zn = 3:1:2, and In:Ga:Zn = 5:5:6.

[0140]

Alternatively, in the case where the CAAC-OS film is used as an oxide
semiconductor film which protects a semiconductor film of a transistor and the target
180 having the atomic ratio of metal elements of In:Ga:Zn = x,:y,:z; is used, x»/y; is

preferably less than xi/y, and z»/y, is preferably greater than or equal to 1/3 and less
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than or equal to 6, more preferably greater than or equal to 1 and less than or equal to 6
Note that when z,/y, is greater than or equal to 1 and less than or equal to 6, a
CAAC-OS film is easily formed. Typical examples of the atomic ratio of the metal
elements of the target are In:Ga:Zn = 1:3:2, In:Ga:Zn = 1:3:3, In:Ga:Zn = 1:3:4,
In:Ga:Zn = 1:3:6, In:Ga:Zn = 1:3:8, and In:Ga:Zn = 1:6:4.

[0141]

Further, the target 180 preferably has high crystallinjty. Reducing the
impurity concentration in the target 180 is effective to obtain high crystallinity. For
example, the purity of the target 180 is preferably 3N or more, more preferably 4N or
more, still more preferably SN or more, further still more preferably 6N or more. In
particular, silicon is preferably reduced as much as possible because silicon decreases
the crystallinity of the target 180, and deteriorates electrical characteristics and
decreases reliability of a transistor in the case where an In-Ga-Zn oxide film is used as a
semiconductor film of the transistor. Specifically, the concentration of silicon in the
target 180 is preferably set to lower than 50 ppm by weight, more preferably lower than
20 ppm by weight, still more preferably lower than 10 ppm by weight, further still more
preferably lower than 5 ppm by weight.

[0142]

Note that the concentration of each of alkali metals in the target 180 is
preferably lower than 10 ppm by weight, more preferably lower than 5 ppm by weight,
still more preferably lower than 2 ppm by weight. The concentration of each of
alkaline earth metals is preferably lower than 5 ppm by weight, more preferably lower
than 2 ppm by weight, still more preferably lower than 1 ppm by weight. The
concentration of each of halogen elements is preferably lower than 10 ppm by weight,
more preferably lower than 5 ppm by weight, still more preferably lower than 2 ppm by
weight. The concentration of each of boron, magnesium, phosphorus, copper, and
germanium is preferably lower than 5 ppm by weight, more preferably lower than 2
ppm by weight, still more preferably lower than 1 ppm by weight. The concentration
of nitrogen is preferably lower than 20 ppm by weight, more preferably lower than 10
ppm by weight, still more preferably lower than 5 ppm by weight, further still more

preferably lower than 2 ppm by weight. Note that the concentration of impurities can
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be measured by secondary ion mass spectrometry (SIMS), glow discharge mass
spectrometry (GDMS), inductively coupled plasma mass spectrometry (ICP-MS), or the
like.

[0143]

According to the above-described deposition model, a CAAC-OS film having
high crystallinity can be obtained. Further, it is found that the CAAC-OS film can be
deposited not only on a flat surface at an atomic size level but also a convex surface in
principle.

[0144]
<Deposition apparatus>

A deposition apparatus with which the above-described CAAC-OS film can be
deposited is described below.
[0145]

First, a structure of a deposition apparatus which allows the entry of few
impurities into a film at the time of the deposition.is described with reference to FIG. 15
and FIGS. 16A to 16C.

[0146]

FIG. 15 is a top view schematically illustrating a single wafer multi-chamber
deposition apparatus 700. The deposition apparatus 700 includes an atmosphere-side
substrate supply chamber 701 including a cassette port 761 for holding a substrate and
an alignment port 762 for performing alignment of a substrate, an atmosphere-side
substrate transfer chamber 702 through which a substrate is transferred from the
atmosphere-side substrate supply chamber 701, a load lock chamber 703a where a
substrate is carried and the pressure inside the chamber is switched from atmospheric
pressure to reduced pressure or from reduced pressure to atmospheric pressure, an
unload lock chamber 703b where a substrate is carried out and the pressure inside the
chamber is switched from reduced pressur¢ to atmospheric pressure or from
atmospheric pressure to reduced pressure, a transfer chamber 704 through which a
substrate is transferred in a vacuum, a substrate heating chamber 705 where a substrate
is heated, and deposition chambers 706a, 706b, and 706¢ in each of which a target is
placed for deposition.

[0147]
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Note that a plurality of cassette ports 761 may be provided as illustrated in FIG.
15 (in FIG. 15, three cassette ports 761 are provided).

[0148)]

The atmosphere-side substrate transfer chamber 702 is connected to the load
lock chamber 703a and the unload lock chamber 703b, the load lock chamber 703a and
the unload lock chamber 703b are connected to the transfer chamber 704, and the
transfer chamber 704 is connected to the substrate heating chamber 705 and the
deposition chambers 706a, 706b, and 706¢.

[0149]

Gate valves 764 are provided for connecting portions between chambers so that
each chamber except the atmosphere-side substrate supply chamber 701 and the
atmosphere-side substrate transfer chamber 702 can be independently kept under
vacuum. Moreover, the atmosphere-side substrate transfer chamber 702 and the
transfer chamber 704 each include a transfer robot 763, with which a glass substrate can
be transferred.

[0150] ‘

Further, it is preferable that the substrate heating chamber 705 also serve as a
plasma treatment chamber. In the deposition apparatus 700, it is possible to transfer a
substrate without exposure to the air between treatment and treatment; therefore,
adsorption of impurities on a substrate can be suppressed. In addition, the order of
deposition, heat treatment, or the like can be freely determined. Note that the number
of the transfer chambers, the number of the deposition chambers, the number of the load
lock chambers, the number of the unload lock chambers, and the number of the
substrate heating chambers are not limited to the above, and the numbers thereof can be
set as appropriate depending on the space for placement or the process conditions.
[0151]

Next, FIG. 16A, FIG. 16B, and FIG. 16C are a cross-sectional view taken
along dashed-dotted line X1-X2, a cross-sectional view taken along dashed-dotted line
Y1-Y2, and a cross-sectional view taken along dashed-dotted line Y2-Y3, respectively,
in the deposition apparatus 700 illustrated in FIG. 15.

[0152]
FIG. 16A is a cross section of the substrate heating chamber 705 and the
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transfer chamber 704, and the substrate heating chamber 705 includes a plurality of
heating stages 765 which can hold a substrate. Note that although the number of
heating stages 765 illustrated in FIG. 16A is seven, it is not limited thereto and may be
greater than or equal to one and less than seven, or greater than or equal to eight. It is
preferable to increase the number of the heating stages 765 because a plurality of
substrates can be subjected to heat treatment at the same time, which leads to an
increase in productivity. Further, the substrate heating chamber 705 is connected to a
vacuum pump 770 through a valve. As the vacuum pump 770, a dry pump and a
mechanical booster pump can be used, for example.

[0153]

As heating mechanism which can be used for the substrate heating chamber
705, a resistance heater may be used for heating, for example. Alternatively, heat
conduction or heat radiation from a medium such as a heated gas may be used as the
heating mechanism. For example, rapid thermal annealing (RTA) such as gas rapid
thermal annealing (GRTA) or lamp rapid thermal annealing (LRTA) can be used. The
LRTA is a method for heating an object by radiation of light (an electromagnetic wave)
emitted from 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. In
the GRTA, heat treatment is performed using a high-temperature gas. An inert gas is
used as the gas.

[0154]

Moreover, the substrate heating chamber 705 is connected to a refiner 781
through a mass flow controller 780. Note that although the mass flow controller 780
and the refiner 781 can be provided for each of a plurality of kinds of gases, only one
mass flow controller 780 and one refiner 781 are provided for easy understanding. As
the gas introduced to the substrate heating chamber 705, a gas whose dew point is —80
°C or lower, preferably —100 °C or lower can be used; for example, an oxygen gas, a
nitrogen gas, and a rare gas (e.g., an argon gas) are used.

[0155]
The transfer chamber 704 includes the transfer robot 763. The transfer robot

763 includes a plurality of movable portions and an arm for holding a substrate and can
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transfer a substrate to each chamber. Further, the transfer chamber 704 is connected to
the vacuum pump 770 and a cryopump 771 through valves. With such a structure,
evacuation can be performed using the vacuum pump 770 when the pressure inside the
transfer chamber 704 is in the range of atmospheric pressure to low or medium vacuum
(about 0.1 Pa to several hundred Pa) and then, by switching the valves, evacuation can
be performed using the cryopump 771 when the pressure inside the transfer chamber
704 is in the range of middle vacuum to high or ultra-high vacuum (0.1 Pa to 1 x 10~
Pa).
[0156]

Alternatively, two or more cryopumps 771 may be connected in parallel to the -
transfer chamber 704. With such a structure, even when one of the cryopumps is in

regeneration, evacuation can be performed using any of the other cryopumps. Note

“that the above regeneration refers to treatment for discharging molecules (or atoms)

entrapped in the cryopump. When molecules (or atoms) are entrapped too much in a
cryopump, the evacuation capability of the cryopump is lowered; therefore, regeneration
is performed regularly.

[0157]

FIG. 16B is a cross section of the deposition chamber 706b, the transfer
chamber 704, and the load lock chamber 703a.
[0158]

Here, the details of the deposition chamber (sputtering chamber) are described
with reference to FIG. 16B. The deposition chamber 706b illustrated in FIG. 16B
includes a target 766, an attachment protection plate 767, and a substrate stage 768.
Note that here, a substrate 769 is provided on the substrate stage 768. Although not
illustrated, the substrate stage 768 may include a substrate holding mechanism which
holds the substrate 769, a rear heater which heats the substrate 769 from the back
surface, or the like.

[0159]

Note that the substrate stage 768 is held substantially vertically to a floor
during deposition and is held substantially parallel to the floor when the substrate is
delivered. In FIG. 16B, the position where the substrate stage 768 is held when the

substrate is delivered is denoted by a dashed line. With such a structure, the
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probability that dust or a particle which might be mixed in to a film during the
deposition is attached to the substrate 769 can be suppressed as compared with the case
where the substrate stage 768 is held parallel to the floor. However, there is a
possibility that the substrate 769 falls when the substrate stage 768 is held vertically
(90°) to the floor; therefore, the angle of the substrate stage 768 to the floor is preferably
wider than or equal to 80° and narrower than 90°.

[0160]

The attachment protection plate 767 can suppress deposition of a particle which
is sputtered from the target 766 on a region where deposition is not needed. Moreover,
the attachment protection plate 767 is preferably processed to prevent accumulated
sputtered particles from being separated. For example, blasting treatment which
increases surface roughness may be performed, or roughness may be formed on the
surface of the attachment protection plate 767.

[0161] (

The deposition chamber 706b is connected to a mass flow controller 780
through a gas heating system 782, and the gas heating system 782 is connected to a
refiner 781 through the mass flow controller 780. With the gas heating system 782, a
gas which is introduced to the deposition chamber 706b can be heated to a temperature
higher than or equal to 40 °C and lower than or equal to 400 °C, preferably higher than
or equal to 50 °C and lower than or equal to 200 °C. Note that although the gas
heating system 782, the mass flow controller 780, and the refiner 781 can be provided
for each of a plurality of kinds of gases, only one gas heating system 782, one mass
flow controller 780, and one refiner 781 are provid.ed’ for easy understanding. As the
gas introduced to the deposition chamber 706b, a gas whose dew point is =80 °C or
lower, preferably —100 °C or lower can be used; for example, an oxygen gas, a nitrogen
gas, and a rare gas (e.g., an argon gas) are used.

[0162] ,

A facing-target-type sputtering apparatus may be provided in the deposition
chamber 706b. In a facing-target-type sputtering apparatus, plasma is confined
between targets; therefore, plasma damage to a substrate can be reduced. Further, step

coverage can be improved because an incident angle of a sputtered particle to the
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substrate can be made smaller depending on the inclination of the target.
[0163]

Note that a parallel-plate-type sputtering apparatus or an ion beam sputtering
apparatus may be provided in the deposition chamber 706b.
[0164]

In the case where the refiner is provided just before the gas is introduced, the
length of a pipe between the refiner and the deposition chamber 706b is less than or
equal to 10 m, preferably less than or equal to 5 m, more preferably less than or equal to
I m.  When the length of the pipe is less than or equal to 10 m, less than or equal to 5m,
or less than or equal to 1-m, the effect of the release of gas from the pipe can be reduced
accordingly. As the pipe for the gas, a metal pipe the inside of which is covered with
iron fluoride, aluminum oxide, chromium oxide, or the like can be used. With the
above pipe, the amount of released gas containing impurities is made small and the
entry of impurities into the gas can be reduced as compared with a SUS316L-EP pipe,
for example. Further, a high-performance ultra-compact metal gasket joint (UPG
joint) may be used as a joint of the pipe. A structure where all the materials of the pipe
are metals is preferable because the effect of the generated released gas or the external
leakage can be reduced as compared with a structure where resin or the like is used.
[0165]

The deposition chamber 706b is connected to a turbo molecular pump 772 and
a vacuum pump 770 through valves.

[0166]

In addition, the deposition chamber 706b is provided with a cryotrap 751.
[0167]

The cryotrap 751 is a mechanism which can adsorb a molecule (or an atom)
having a relatively high melting point, such as water. The turbo molecular pump 772
is capable of stably evacuating a large-sized molecule (or atom), needs low frequency of
maintenance, and thus enables high productivity, whereas it has a low capability in
evacuating hydrogen and water. Hence, the cryotrap 751 is connected to the
deposition chamber 706b so as to have a high capability in evacuating water or the like.
The temperature of a refrigerator of the cryotrap 751 is set to be lower than or equal to

100 K, preferably lower than or equal to 80 K. In the case where the cryotrap 751
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includes a plurality of refrigerators, it is preferable to set the temperature of each
refrigerator at a different temperature because efficient evacuation is possible. For
example, the temperature of a first-stage refrigerator may be set to be lower than or
equal to 100 K and the temperature of a second-stage refrigerator may be set to be lower
than or equal to 20 K. |

[0168]

Note that the evacuation method of the deposition chamber 706b is not limited
to the above, and a structure similar to that in the evacuation method described in the
transfer chamber 704 (the evacuation method using the cryopump and the vacuum
pump) may be employed. Needless to say, the evacuation method of the transfer
chamber 704 may have a structure similar to that of the deposition chamber 706b (the
evacuation method using the turbo molecular pump and the vacuum pump).

[0169)

" Note that in each of the transfer chamber 704, the substrate heating chamber
705, and the deposition chamber 706b which are described above, the back pressure
(total pressure) and the partial pressure of each gas molecule (atom) are preferably set as
follows. In particular, the back pressure and the partial pressure of each gas molecule
(atom) in the deposition chamber 706b need to be noted because impurities might enter
a film to be formed.
[0170]

[n each of the above chambers, the back pressure (total pressure) is less than or
equal to 1 x 107 Pa, preferably less than or equal to 3 x 10~ Pa, more preferably less
than or equal to 1 x 107° Pa. In each of the above chambers, the partial pressure of a
gas molecule (atom) having a mass-to-charge ratio (m/z) of 18 is less than or equal to 3
x 107 Pa, preferably less than or equal to 1 x 107> Pa, more preferably less than or
equal to 3 x 107 Pa. Moreover, in each of the above chambers, the partial pressure of
a gas molecule (atom) having a mass-to-charge ratio (m/z) of 28 is less than or equal to
3 x 107 Pa, preferably less than or equal to 1 x 107 Pa, more preferably less than or
equal to 3 x 10 Pa.  Further, in each of the above chambers, the partial pressure of a
gas molecule (atom) having a mass-to-charge ratio (m/z) of 44 is less than or equal to 3

x 107° Pa, preferably less than or equal to 1 x 107 Pa, more preferably less than or
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equal to 3 x 107 Pa.
[0171]

Note that a total pressure and a partial pressure in a vacuum chamber can be
measured using a mass analyzer. For example, Qulee CGM-051, a quadrupole mass
analyzer (also referred to as Q-mass) manufactured by ULVAC, Inc. may be used.
[0172]

Moreover, the transfer chamber 704, the substrate heating chamber 705, and
the deposition chamber 706b which are described above preferably have a small amount
of external leakage or internal leakage.

[0173]

For example, in each of the transfer chamber 704, the substrate heating
chamber 705, and the deposition chamber 706b which are described above, the leakage
rate is less than or equal to 3 x 107 Pa-m’/s, preferably less than or equal to 1 x 107¢
Pa-m’/s. The leakage rate of a gas molecule (atom) having a mass-to-charge ratio
(m/z) of 18 is leés than or equal to 1 x 1077 Pa-m*/s, preferably less than or equal to 3 x
107 Pa-m’/s.  The leakage rate of a gas molecule (atom) having a mass-to-charge ratio
(m/z) of 28 is less than or equal to 1 x 107> Pa-m’/s, preferably less than or equal to 1 x
107 Pa-m®/s. The leakage rate of a gas molecule (atom) having a mass-to-charge ratio
(m/z) of 44 is less than or equal to 3 x 107 Pa-m’/s, preferably less than or equal to | x
107° Pa-m’/s.

[0174]

Note that a leakage rate can be derived from the total pressure and partial
pressure measured using the mass analyzer.
[0175]

The leakage rate depends on external leakage and internal leakage. The
external leakage refers to inflow of gas from the outside of a vacuum system through a
minute hole, a sealing defect, or the like. The internal leakage is due to leakage
through a partition, such as a valve, in a vacuum system or due to released gas from an
internal member. Measures need to be taken from both aspects of external leakage and
internal leakage in order that the leakage rate is set to be less than or equal to the above

value.
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[0176]

For example, an open/close portion of the deposition chamber 706b can be
sealed with a metal gasket. For the metal gasket, metal covered with iron fluoride,
aluminum- oxide, or chromium oxide is preferably used. The metal gasket realizes
higher adhesion than an O-ring, and can reduce the external leakage. Further, with the
use of the metal covered with iron fluoride, aluminum oxide, chromium oxide, or the
like, which is in the passive state, the release of gas containing impurities released from
the metal gasket is suppressed, so that the internal leakage can be reduced.

[0177]

For a member of the deposition apparatus 700, aluminum, chromium, titanium,
zirconium, nickel, or vanadium, which releases a smaller amount of gas containing
impurities, is used. Alternatively, for the above member, an alloy containing iron,
chromium, nickel, and the like covered with the above material may be used. The
alloy‘containing iron, chromium, nickel, and the like is rigid, resistant to heat, and
suitable for processing. Here, when surface unevenness of the member is decreased by
polishing or the like to reduce the surface area, the release of gas can be reduced.

[0178]

Alternatively, the above member of the deposition apparatus 700 may be
covered with iron fluoride, aluminum oxide, chromium oxide, or the like.
[0179]

The member of the deposition apparatus 700 is preferably formed with only
metal as much as possible. For example, in the case where a viewing window formed
with quartz or the like is provided, it is preferable that the surface of the viewing
window be thinly covered with iron fluoride, aluminum oxide, chromium oxide, or the
like so as to suppress release of gas.

[0180]

When an adsorbed substance is present in the deposition chamber, the adsorbed
substance does not affect the pressure in the deposition chamber because it is adsorbed
onto an inner wall or the like; however, the adsorbed substance causes gas to be released
when the inside of the deposition chamber is evacuated. Therefore, although there is
no correlation between the leakage rate and the evacuation rate, it is important that the

adsorbed substance present in the deposition chamber be desorbed as much as possible
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and evacuation be performed in advance with the use of a pump with high evacuation
capability. Note that the deposition chamber may be subjected to baking to promote
desorption of the adsorbed substance. By the baking, the desorption rate of the
adsorbed substance can be increased about tenfold. The baking can be performed at a
temperature in the range of 100 °C to 450 °C. At this time, when the adsorbed
substance is removed while an inert gas is introduced to the deposition chamber, the
desorption rate of water or the like, which is difficult to be desorbed simply by
evacuation, can be further increased. Note that when the inert gas which is introduced
is heated to substantially the same temperature as the baking temperature of the
deposition chamber, the desorption rate of the adsorbed substance can be further
increased. Here, a rare gas is preferably used as an inert gas. Depending on the kind
of a film to be deposited, oxygen or the like may be used instead of an inert gas. For
example, in the case of depositing an oxide, the use of oxygen which is the main
component of the oxide is preferable in some cases.
[0181] |

Alternatively, treatment for evacuating the inside of the deposition chamber is
preferably performed a certain period of time after heated oxygen, a heated inert gas
such as a heated rare gas, or the like is introduced to increase a pressure in the
deposition chamber. The introduction of the heated gas can desorb the adsorbed
substance in the deposition chamber, and the impurities present in the deposition
chamber can be reduced. Note that an advantageous effect can be achieved when this
treatment is repeated more than or equal to 2 times and less than or equal to 30 times,
preferably more than or equal to 5 times and less than or equal to 15 times.

Specifically, an inert gas, oxygen, or the like with a temperature higher than or equal to

‘40 °C and lower than or equal to 400 °C, preferably higher than or equal to 50 °C and

lower than or equal to 200 °C is introduced to the deposition chamber, so that the
pressure therein can be kept to be greater than or equal to 0.1 Pa and less than or equal
to 10 kPa, preferably greater than or equal to 1 Pa and less than or equal to 1 kPa, more
preferably greater than or equal to 5 Pa and less than or equal to 100 Pa in the time
range of 1 minute to 300 minutes, preferably 5 minutes to 120 minutes. After that, the

inside of the deposition chamber is evacuated in the time range of 5 minutes to 300
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minutes, preferably 10 minutes to 120 minutes.
[0182]

The desorption rate of the adsorbed substance can be further increased also by
dummy deposition. Here, the dummy deposition refers to deposition on a dummy
substrate by a sputtering method or the like, in which a film is deposited on the dummy
substrate and the inner wall of the deposition chamber so that impurities in the
deposition chamber and an adsorbed substance on the inner wall of the deposition
chamber are confined in the film. For a dummy substrate, a substrate which releases a
smaller amount of gas is preferably used. By performing dummy deposition, the
concentration of impurities in a film which will be deposited later can be reduced.
Note that the dummy deposition may be performed at the same time as the baking of the
deposition chamber.

[0183] .

Next, the details of the transfer chamber 704 and the load lock chamber 703a
illustrated in FIG. 16B and the atmosphere-side substrate transfer chamber 702 and the
atmosphere-side substrate supply chamber 701 illustrated in FIG. 16C are described.
Note that FIG. 16C is a cross section of the atmosphere-side substrate transfer chamber
702 and the atmosphere-side substrate supply chamber 701.

[0184]
For the transfer chamber 704 illustrated in FIG. 16B, the description of the

- transfer chamber 704 illustrated in FIG. 1_6A can be referred to.

[0185]

The load lock chamber 703a includes a substrate delivery stage 752. When a
pressure in the load lock chamber 703a becomes atmospheric pressure by being
increased from reduced pressure, the substrate delivery stage 752 receives a substrate
from the transfer robot 763 provided in the atmosphere-side substrate transfer chamber
702. After that, the load lock chamber 703a is evacuated into vacuum so that the
pressure therein becomes reduced pressure and then the transfer robot 763 provided in
the transfer chamber 704 receives the substrate from the substrate delivery stage 752.
[0186]

Further, the load lock chamber 703a is connected to the vacuum pump 770 and

the cryopump 771 through valves. - For a method for connecting evacuation systems
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such as the vacuum pump 770 and the cryopump 771, the description of the method for
connecting the transfer chamber 704 can be referred to, and the description thereof is
omitted here. Note that the unload lock chamber 703b illustrated in FIG. 15 can have
a structure similar to that in the load lock chamber 703a.

[0187]

The atmosphere-side substrate transfer chamber 702 includes the transfer robot
763. The transfer robot 763 can deliver a substrate from the cassette port 761 to the
load lock chamber 703a or deliver a substrate from the load lock chamber 703a to the
cassette port 761. - Further, a mechanism for suppressing entry of dust or a particle,
such as high efficiency particulate air (HEPA) filter, may be provided above the
atmosphere-side substrate transfer chamber 702 and the atmosphere-side substrate
supply chamber 701.

[0188]

The atmosphere-side substrate supply chamber 701 includes a plurality of
cassette ports 761. The cassette port 761 can hold a plurality of substrates.
[0189]

The surface temperature of the target is set to be lower than or equal to 100 °C,
preferably lower than or equal to 50 °C, more preferably about room temperature
(typically, 25 °C). In a sputtering apparatus for a large substrate, a large target is often
used. However, it is difficult to form a target for a large substrate without a juncture.
In fact, a plurality of targets are arranged so that there is as little space as possible
therebetween to obtain a large shape; however, a slight space is inevitably generated.
When the surface temperature of the target increases, in some cases, zinc or the like is
volatilized from such a slight space and the space might be expanded gradually. When
the space expands, a metal of a backing plate or a metal used for adhesion might be
sputtered and might cause an increase in impurity concentration. Thus, it is preferable

that the target be cooled sufficiently.

~ [0190]

Specifically, for the backing plate, a metal having high conductivity and a high
heat dissipation property (specifically copper) is used. The target can be cooled

efficiently by making a sufficient amount of cooling water flow through a water channel
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which is formed in the backing plate.
[0191]

Note that in the case where the target includes zinc, plasma damage is
alleviated by the deposition in an oxygen gas atmosphere; thus, an oxide film in which
zinc is unlikely to be volatilized can be obtained.

[0192]
Specifically, the concentration of hydrogen in the CAAC-OS film, which is

measured by secondary ion mass spectrometry (SIMS), can be set to be lower than or
equal to 2 x 10% atoms/cm’, preferably lower than or equal to 5 x 10" atoms/cm’, more
preferably lower than or equal to 1 x 10'° atoms/cm?, still more preferably lower than or
equal to 5 x 10'® atoms/cm’.

[0193]
The concentration of nitrogen in the CAAC-OS film, which is measured by

SIMS, can be set to be lower than 5 x 10'° atoms/cm®, preferably lower than or equal to
5 x 10'® atoms/cm’, more preferably lower than or equal to 1 x 10'® atoms/em®, still
more preferably lower than or equal to 5 x 10" atoms/cm’.

[0194]
The concentration of carbon in the CAAC-OS film, which is measured by

SIMS, can be set to be lower than 5 x 10'? atoms/cm’, preferably lower than or equal to
5% 10" atoms/cm3,_more preferably lower than or equal to 1 x 10'® atoms/cm3, still
more preferably lower than or equal to 5 x 10'7 atoms/cm”>.

[0195]

The amount of each of the following gas molecules (atoms) released from the
CAAC-OS film can be less than or equal to 1 x 10"%/cm’, preferably less than or equal
to 1 x 10'%/cm’, which is measured by thermal desorption spectroscopy (TDS) analysis:
a gas molecule (atom) having a mass-to-charge ratio (m/z) of 2 (e.g., hydrogen
molecule), a gas molecule (atom) having a mass-to-charge ratio (m/z) of 18, a gas
molecule (atom) having a mass-to-charge ratio (m/z) of 28, and a gas molecule (atom)
having a mass-to-charge ratio (m/z) of 44.

[0196]
With the above deposition apparatus, entry of impurities into the CAAC-0S
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film can be suppressed. Further, when a film in contact with the CAAC-OS film is
formed with the use of the above deposition apparatus, the entry of impurities into the
CAAC-OS film from the film in contact therewith can be suppressed.

[Example 1]

[0197]
The CAAC-OS film is a semiconductor film suitable for a transistor and the

like. In this example, an example where the CAAC-OS film is used as a
semiconductor film of a transistor is shown.
[0198]

Note that for comparison, Comparison Sample in which a polycrystalline OS
film is used as the semiconductor film is provided over the same substrate as the
CAAC-OS film.

[0199] }

A method for fabricating Example Sample and Comparison Sample is
described below with reference to FIGS. 17A to 17D and FIGS. 18A to 18C.
[0200]

First, a 300-nm-thick silicon oxide film was formed over a glass substrate and
an upper surface thereof was planarized by a chemical mechanical polishing (CMP)
method. Next, a 10-nm-thick aluminum oxide film was deposited (see FIG. 17A).
Note that the aluminum oxide film was provided to prevent the silicon oxide film from
being melted and mixed with a semiconductor film (here, the CAAC-OS film) by laser
beam irradiation in a later step.

[0201]

Next, the CAAC-OS film was deposited by the method described in the
embodiment (see FIG. 17B).
[0202]

Next, part of the CAAC-OS film was irradiated with a laser beam having an
energy density of 391 mJ/m? so that part of the CAAC-OS film was changed into a
polycrystalline OS film (see FIG. 17C). Note that an excimer laser apparatus having
an emission wavelength of 308 nm was used for the laser beam irradiation.

[0203] _
Next, the CAAC-OS film and the polycrystalline OS film were processed to
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each have an island shape (see FIG. 17D).
[0204]

As a source electrode and a drain electrode, a 100-nm-thick tungsten film was
formed. Then, as a gate insulating film, a 100-nm-thick silicon oxide film was
deposited (see FIG. 18A).

[0205]

Next, as a gate electrode, a 35-nm-thick tantalum nitride film and a
135-nm-thick tungsten film were formed in this order (see FIG. 18B).
[0206]

Next, as a protective insulating film, a 50-nm-thick aluminum oxide film and a
300-nm-thick silicon oxide film were formed in this order. Through the above steps,
Example Sample and Comparison Sample were fabricated (see FIG. 18C).

[0207]

Using Example Sample and Comparison Sample which were fabricated
through the above steps, electrical characteristics (V,-/y characteristics) of transistors‘
with two sizes were measured (see FIG. 19). The measurement of the VI
characteristics was performed by measuring drain current (/3) when the drain voltage
was set to 0.1 V or 3 V and the gate voltage (V) was swept in the range from =20 V to
+20 V in increments of 0.25 V. Note that a first transistor had a channel length (L) of
3 pm and a channe!l width (/) of 10 um, and a second transistor had a channel length
(L) of 0.8 pm and a channel width (¥) of 10 um.

[0208]

From FIG. 19, it was found that Example Sample using the CAAC-OS film had
less variation in Vg-I4 characteristics than Comparison Sample using the polycrystalline
OS film. Variations in threshold voltage (36) in the Vg-Id characteristics of Example
Sample and Comparison Sample were as follows: 0.13 V for the first transistor (L: 3
um) of Example Sample and 2.83 V for that of Comparison Sample. Further, the
second transistor (L: 0.8 um) of Example Sample was 0.83 V and that of Comparison
Sample was 3.98 V (see FIG. 20).

[0209]

Variation in Vg-Iy characteristics of the transistors of Example Sample and
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Comparison Sample is considered to depend on whether a grain boundary exists in the
OS film (which of the CAAC-OS film and the polycrystalline OS film is used).
[0210]

According to Example, when a CAAC-OS film is used as a semiconductor film

of a transistor, the transistor can have less variation in electrical characteristics.

EXPLANATION OF REFERENCE

[0211]

100: pellet, 100a: pellet, 100b: pellet, 103: CAAC-OS film, 103a: CAAC-OS film,
103b: CAAC-OS film, 120: ion, 130: region, 150: substrate, 150a: substrate, 150b:
substrate, 160: backing plate, 170a: magnet, 170b: magnet,l 170c: magnet, 180: target,
185: cleavage plane, 190: magnetic force line, 700: deposition apparatus, 701:
atmosphere-side substrate supply chamber, 702: atmosphere-side substrate transfer
chamber, 703a: load lock chamber, 703b: unload lock chambet, 704: transfer chamber,
705: substrate heating chamber, 706a: deposition chamber, 706b: deposition chamber,
706c: deposition chamber, 751: cryotrap, 752: stage, 761: cassette port, 762: alignment
port, 763: transfer robot, 764: gate valve, 765: heating stage, 766: target, 767:
attachment protection plate, 768: substrate stage, 769: substrate, 770: vacuum pump,
771: cryopump, 772: turbo molecular pump, 780: mass flow controller, 781: refiner, and

782: gas heating system.

This application is based on Japanese Patent Application serial no.
2013-106735 filed with Japan Patent Office on May 21, 2013, the entire contents of

which are hereby incorporated by reference.
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CLAIMS

1. An oxide semiconductor film over a substrate, comprising a plurality of

flat-plate-like crystalline In-Ga-Zn oxides,

wherein flat planes of the plurality of flat-plate-like crystalline In-Ga-Zn oxides

face an upper surface of the substrate, and
wherein a grain boundary between the plurality of flat-plate-like crystalline

In-Ga-Zn oxides is not observed with a transmission electron microscope.

2. The oxide semiconductor film according to claim 1, wherein the plurality of

flat-plate-like crystalline In-Ga-Zn oxides are stacked.

3. The oxide semiconductor film according to claim 1, wherein an equivalent
circle diameter of the flat plane of one of the flat-plate-like crystalline In-Ga-Zn oxides

is greater than or equal to 1 nm and less than or equal to 3 nm.

4. The oxide semiconductor film according to claim 1, wherein a thickness of
one of the flat-plate-like crystalline In-Ga-Zn oxides is greater than or equal to 0.5 nm

and less than or equal to 0.9 nm.

5. The oxide semiconductor film according to claim 1, further comprising a
region which is not included in the flat-plate-like crystalline In-Ga-Zn oxide,

wherein the region contains zinc oxide.

6. The oxide semiconductor film according to claim 5, wherein the region has

an amorphous structure.

7. A method for forming an oxide semiconductor film comprising the steps of:

separating a flat-plate-like In-Ga-Zn oxide from a target including a crystalline
In-Ga-Zn oxide by an ion collision, the flat-plate-like In-Ga-Zn oxide comprising a first
layer, a second layer, a third layer, and a fourth layer in this order;

depositing the flat-plate-like In-Ga-Zn oxide over a substrate; and
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gasifying the second layer after the depositing,

wherein the flat-plate-like In-Ga-Zn oxide has crystallinity,
wherein the first layer containing gallium, zinc, and oxygen,
wherein the second layer containing zinc and oxygen,
wherein the third layer containing indium and oxygen, and

wherein the fourth layer containing gallium, zinc, and oxygen.

8. The method for forming an oxide semiconductor film according to claim 7,
wherein a composition formula of the crystalline In-Ga-Zn oxide included in the target

is InGaZn,Os.

9. The method for forming an oxide semiconductor film according to claim 7,

wherein an ion in the ion collision is an oxygen cation.

10. The method for forming an oxide semiconductor film according to claim 7,
further comprising the step of negatively charging an oxygen atom at an end portion of

the flat-plate-like In-Ga-Zn oxide in plasma.
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