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(57) Abstract: A new semiconductor device in which a met-
al film containing Cu is used for a transistor including an
oxide semiconductor film, and a method for manufacturing
the semiconductor device are provided. The semiconductor
device includes a transistor including a first gate electrode
layer, a first gate insulating film over the first gate electrode
layer, an oxide semiconductor film that is provided over the
first gate insulating film to overlap the first gate electrode
layer, a pair of electrode layers electrically connected to the
oxide semiconductor tilm, a second gate insulating film over
the oxide semiconductor film and the pair of electrode lay-
ers, and a second gate electrode layer that is over the second
gate insulating film to overlap the oxide semiconductor
film. The pair of electrode layers includes a Cu-X alloy film
(X is Mn, Ni, Cr, Fe, Co, Mo, Ta, or Ti).
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DESCRIPTION

SEMICONDUCTOR DEVICE, METHOD FOR MANUFACTURING THE
SAME, AND DISPLAY DEVICE

TECHNICAL FIELD
[0001]

One embodiment of the present invention relates to a semiconductor device
including an oxide semiconductor and a display device including the semiconductor
device. One embodiment of the present invention relates to a method for
manufacturing a semiconductor device including an oxide semiconductor.

[0002]

Note that one embodiment of the present invention is not limited to the above
technical field. The technical field of one embodiment of the invention disclosed in
this specification and the like relates to an object, a method, or a manufacturing method.
In addition, one embodiment of the present invention relates to a process, a machine,
manufacture, or a composition of matter. Specifically, examples of the technical field
of one embodiment of the present invention disclosed in this specification include a
semiconductor device, a display device, a light-emitting device, a power storage device,
a memory device, a method for driving any of them, and a method for manufacturing
any of them.

[0003]

Note that in this specification, a semiconductor device refers to a
semiconductor element itself or a device including a semiconductor element. As an
example of such a semiconductor element, for example, a transistor (a thin film
transistor and the like) can be given. In addition, a semiconductor device also refers to
a display device such as an EL display device. In addition, a display device such as a
liquid crystal panel or an organic EL panel includes a semiconductor device in some

casces.

BACKGROUND ART
[0004]
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Moreover, there is a trend in a display device using a transistor (e.g., a liquid
crystal panel and an organic EL panel) toward a larger screen. As the screen size
becomes larger, in the case of a display device using an active element such as a
transistor, a voltage applied to an element varies depending on the position of a wiring
which is connected to the element due to wiring resistance, which cause a problem of
deterioration of display quality such as display unevenness and a defect in grayscale.
[0005]

Conventionally, an aluminum film has been widely used as a material used for
the wiring, the signal line, or the like; moreover, research and development of using a
copper (Cu) film as a material is extensively conducted to further reduce resistance.
However, a Cu film is disadvantageous in that adhesion thereof to a base film is low and
that characteristics of a transistor easily deteriorate due to diffusion of Cu in the Cu film
into a semiconductor layer of the transistor. Note that a silicon-based semiconductor
material is widely known as a material for a semiconductor thin film applicable to a
transistor, and as another material, an oxide semiconductor has attracted attention (e.g.,
Patent Document 1).

[0006]

Furthermore, a Cu-Mn alloy is disclosed as a material for an ohmic electrode
formed over a semiconductor layer including an oxide semiconductor material
containing indium (see Patent Document 2).

[Reference]

[Patent Documents]

[0007]

[Patent Document 1] Japanese Published Patent Application No. 2007-123861
[Patent Document 2] PCT International Publication No. 2012/002573

DISCLOSURE OF INVENTION
[0008]

According to a structure disclosed in Patent Document 2, a Cu-Mn alloy film is
deposited over an oxide semiconductor film, and then heat treatment is performed on
the Cu-Mn alloy film to form an Mn oxide at the joint interface between the oxide

semiconductor film and the Cu-Mn alloy film. The Mn oxide is formed in such a



10

15

20

25

30

WO 2015/079360 PCT/IB2014/066146

manner that Mn in the Cu-Mn alloy film diffuses toward the oxide semiconductor film
and is preferentially bonded to oxygen included in the oxide semiconductor film. A
region of the oxide semiconductor film which is reduced by Mn becomes oxygen
vacancy, so that the region has a high carrier density and thus has high conductivity.
Furthermore, Mn diffuses toward the oxide semiconductor film and thus the Cu-Mn
alloy becomes pure Cu, whereby an ohmic electrode with a low electric resistance can
be obtained.

[0009]

However, in the above structure, an influence of Cu that diffuses from the
ohmic electrode after the ohmic electrode is formed is not considered. For example,
after an electrode including a Cu-Mn alloy film is formed over an oxide semiconductor
film, heat treatment is performed, whereby an Mn oxide is formed at the joint interface
between the oxide semiconductor film and the Cu-Mn alloy film. Because of
formation of the Mn oxide, even if the amount of Cu which can diffuse into the oxide
semiconductor film from the Cu-Mn alloy film in contact with the oxide semiconductor
film can be reduced, Cu which diffuses from a side surface of the Cu-Mn alloy film or a
side surface or a surface of a pure Cu film obtained by release of Mn from the Cu-Mn
alloy film is attached to the surface of the oxide semiconductor film.

[0010]

In the case where a bottom-gate structure is used for the transistor including an
oxide semiconductor film, part of a surface of the oxide semiconductor film serves as
what is called a back-channel side, and there is a problem in that the transistor
characteristics obtained in a gate BT stress test, which is one kind of reliability test of a
transistor, deteriorate when Cu 1s attached to the back-channel side.

[0011]

In the case where a copper film is used for a transistor including an oxide
semiconductor film and for a wiring or a signal line connected to the transistor, to
inhibit diffusion of copper from the copper film, a structure in which a barrier film is
provided over and/or below the copper film can be used. However, when the barrier
film is provided, there are problems in that the number of masks for forming the
semiconductor device is increased and the manufacturing cost of the semiconductor

device is increased.
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[0012]

In view of the aforementioned problems, an object of one embodiment of the
present invention is to provide a new semiconductor device in which a metal film
containing Cu is used for a transistor including an oxide semiconductor film, and
provide a method for manufacturing the semiconductor device. Another object of one
embodiment of the present invention is to provide a semiconductor device in which a
metal film containing Cu is used for a transistor including an oxide semiconductor film
to reduce a manufacturing cost of the semiconductor device, and provide a method for
manufacturing the semiconductor device. Another object of one embodiment of the
present invention is to provide a semiconductor device in which a metal film containing
Cu is used for a transistor including an oxide semiconductor film to improve the
productivity of the semiconductor device, and provide a method for manufacturing the
semiconductor device. Another object of one embodiment of the present invention is
to provide a semiconductor device in which a transistor using an oxide semiconductor
film includes a metal film containing Cu with a favorable shape. Another object of
one embodiment of the present invention is to provide a new semiconductor device in
which Cu is used for a wiring or a signal line connected to a transistor including an
oxide semiconductor film, and provide a method for manufacturing the semiconductor
device. Another object of one embodiment of the present invention is to provide a
new semiconductor device and a method for manufacturing the new semiconductor
device.

[0013]

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. Objects other than the above objects will be apparent from and can be
derived from the description of the specification, the drawings, the claims, and the like.
[0014]

One embodiment of the present invention is a semiconductor device including
a transistor which includes a first gate electrode layer, a first gate insulating film over
the first gate electrode layer, an oxide semiconductor film that is provided over the first
gate insulating film to overlap the first gate electrode layer, a pair of electrode layers

electrically connected to the oxide semiconductor film, a second gate insulating film
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over the oxide semiconductor film and the pair of electrode layers, and a second gate
electrode layer that is over the second gate insulating film to overlap the oxide
semiconductor film. In this structure, the pair of electrode layers comprises a Cu-X
alloy film, where X is Mn, Ni, Cr, Fe, Co, Mo, Ta, or Ti.

[0015]

Another embodiment of the present invention is a semiconductor device
including a transistor which includes a first gate electrode layer, a gate insulating film
over the first gate electrode layer, an oxide semiconductor film that is provided over the
gate insulating film to overlap the first gate electrode layer, a first insulating film over
the oxide semiconductor film, a pair of electrode layers electrically connected to the
oxide semiconductor film through the first insulating film, a second insulating film over
the first insulating film and the pair of electrode layers, and a second gate electrode
layer that is provided over the second gate insulating film to overlap the oxide
semiconductor film. In this structure, the pair of electrode layers comprises a Cu-X
alloy film, where X is Mn, Ni, Cr, Fe, Co, Mo, Ta, or Ti.

[0016]

Another embodiment of the present invention is a semiconductor device
including a transistor which includes a first gate electrode layer, a first gate insulating
film over the first gate electrode layer, an oxide semiconductor film that is provided
over the first gate insulating film to overlap the first gate electrode layer, a pair of
electrode layers electrically connected to the oxide semiconductor film, a second gate
insulating film over the oxide semiconductor film and the pair of electrode layers, and a
second gate electrode layer that is provided over the second gate insulating film to
overlap the oxide semiconductor film. In this structure, the pair of electrode layers
includes a Cu-X alloy film (X is Mn, Ni, Cr, Fe, Co, Mo, Ta, or Ti); in the channel width
direction of the transistor, the first gate electrode layer and the second gate electrode
layer are connected through an opening provided in the first gate insulating film and the
second gate insulating film, and surround the oxide semiconductor film with the first
gate insulating film and the second gate insulating film provided between the oxide
semiconductor film and each of the first gate electrode layer and the second gate
electrode layer.

[0017]
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Another embodiment of the present invention is a semiconductor device
including a transistor which includes a first gate electrode layer, a gate insulating film
over the first gate electrode layer, an oxide semiconductor film that is provided over the
gate insulating film to overlap the first gate electrode layer, a first insulating film over
the oxide semiconductor film, a pair of electrode layers electrically connected to the
oxide semiconductor film through the first insulating film, a second insulating film over
the first insulating film and the pair of electrode layers, and a second gate electrode
layer that is provided over the second insulating film to overlap the oxide
semiconductor film. In this structure, the pair of electrode layers includes a Cu-X alloy
film (X is Mn, Ni, Cr, Fe, Co, Mo, Ta, or Ti), in the channel width direction of the
transistor, the first gate electrode layer and the second gate electrode layer are connected
through an opening provided in the gate insulating film, the first gate insulating film,
and the second insulating film, and surround the oxide semiconductor film with the gate
insulating film, the first insulating film, and the second insulating film provided
between the oxide semiconductor film and each of the first gate electrode layer and the
second gate electrode layer.

[0018]

Another embodiment of the present invention is a semiconductor device
including a transistor which includes a first gate electrode layer, a first gate insulating
film over the first gate electrode layer, an oxide semiconductor film that is provided
over the first gate insulating film to overlap the first gate electrode layer, a metal oxide
film over the oxide semiconductor film, a pair of electrode layers electrically connected
to the oxide semiconductor film through the metal oxide film, a second gate insulating
film over the metal oxide film and the pair of electrode layers, and a second gate
electrode layer that is provided over the second gate insulating film to overlap the oxide
semiconductor film. In this structure, the pair of electrode layers includes a Cu-X alloy
film (X'is Mn, Ni, Cr, Fe, Co, Mo, Ta, or T1).

[0019]

Another embodiment of the present invention is a semiconductor device
including a transistor which includes a first gate electrode layer, a gate insulating film
over the first gate electrode layer, an oxide semiconductor film that is provided over the

gate insulating film to overlap the first gate electrode layer, a metal oxide film over the
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oxide semiconductor film, a first insulating film over the metal oxide film, a pair of
electrode layers electrically connected to the oxide semiconductor film through the
metal oxide film and the first insulating film, a second insulating film over the first
insulating film and the pair of electrode layers, and a second gate electrode layer that is
provided over the second gate insulating film to overlap the oxide semiconductor film.
In this structure, the pair of electrode layers includes a Cu-X alloy film (X'is Mn, Ni, Cr,
Fe, Co, Mo, Ta, or Ti).

[0020]

Another embodiment of the present invention is a semiconductor device
including a transistor which includes a first gate electrode layer, a first gate insulating
film over the first gate electrode layer, an oxide semiconductor film that is provided
over the first gate insulating film to overlap the first gate electrode layer, a metal oxide
film over the oxide semiconductor film, a pair of electrode layers electrically connected
to the oxide semiconductor film through the metal oxide film, a second gate insulating
film over the metal oxide film and the pair of electrode layers, and a second gate
electrode layer that is provided over the second gate insulating film to overlap the oxide
semiconductor film. In this structure, the pair of electrode layers includes a Cu-X alloy
film (X is Mn, Ni, Cr, Fe, Co, Mo, Ta, or Ti), in the channel width direction of the
transistor, the first gate electrode layer and the second gate electrode layer are connected
through an opening provided in the first gate insulating film and the second gate
insulating film, and surround the oxide semiconductor film with the first gate insulating
film and the second gate insulating film provided between the oxide semiconductor film
and each of the first gate electrode layer and the second gate electrode layer.

[0021]

Another embodiment of the present invention is a semiconductor device
including a transistor which includes a first gate electrode layer, a gate insulating film
over the first gate electrode layer, an oxide semiconductor film that is provided over the
gate insulating film to overlap the first gate electrode layer, a metal oxide film over the
oxide semiconductor film, a first insulating film over the metal oxide film, a pair of
electrode layers electrically connected to the oxide semiconductor film through the
metal oxide film and the first insulating film, a second insulating film over the first

insulating film and the pair of electrode layers, and a second gate electrode layer that is
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provided over the second insulating film to overlap the oxide semiconductor film. In
this structure, the pair of electrode layers includes a Cu-X alloy film (X'is Mn, Ni, Cr, Fe,
Co, Mo, Ta, or Ti), in the channel width direction of the transistor, the first gate
electrode layer and the second gate electrode layer are connected through an opening
provided in the gate insulating film, the first gate insulating film, and the second
insulating film, and surround the oxide semiconductor film with the gate insulating film,
the first insulating film, and the second insulating film provided between the oxide
semiconductor film and each of the first gate electrode layer and the second gate
electrode layer.

[0022]

In any of the structures, the pair of electrode layers preferably includes a
Cu-Mn alloy film. In any of the structures, the pair of electrode layers preferably
includes a Cu-Mn alloy film and a Cu film over the Cu-Mn alloy film. In any of the
structures, the pair of electrode layers preferably includes a first Cu-Mn alloy film, a Cu
film over the first Cu-Mn alloy film, and a second Cu-Mn alloy film over the Cu film.
In any of the structures, it is preferable that the pair of electrode layers partly include an
Mn oxide. In any of the structures, at least one of top surfaces, bottom surfaces, and
side surfaces of the pair of electrode layers is preferably covered with an Mn oxide.
Alternatively, in any of the structures, the top surfaces, the bottom surfaces, and the side
surfaces of the pair of electrode layers are preferably covered with an Mn oxide.

[0023]

In any of the structures, the oxide semiconductor film is preferably an In-AM-Zn
oxide (M is Ti, Ga, Y, Zr, La, Ce, Nd, Sn, or Hf). In any of the structures, it is
preferable that the oxide semiconductor film include a crystal part, and that a c-axis of
the crystal part be aligned parallel to a normal vector of a surface where the oxide
semiconductor film is formed.

[0024]

In any of the structures, the metal oxide film is preferably an In-A-Zn oxide or
an In-M oxide (Mis Ti, Ga, Y, Zr, La, Ce, Nd, Sn, or Hf). In any of the structures, it is
preferable that the metal oxide film include a crystal part, and that a c-axis of the crystal
part be aligned parallel to a normal vector of a surface where the metal oxide film is

formed. In any of the structures, the energy level of the bottom of the conduction band
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of the metal oxide film be closer to the vacuum level than that of the oxide
semiconductor film is.
[0025]

Another embodiment of the present invention is a display device including the
semiconductor device having any of the above structures.
[0026]

Another embodiment of the present invention is a method for manufacturing a
semiconductor device, including the steps of: forming a first conductive film over a
substrate; processing the first conductive film using a first chemical solution to form a
gate electrode layer; forming a first insulating film over the gate electrode layer;
forming an oxide semiconductor film over the first insulating film; processing the oxide
semiconductor film using a second chemical solution to form an island-shaped oxide
semiconductor film; forming a second conductive film over the first insulating film and
the island-shaped oxide semiconductor film; processing the second conductive film
using a third chemical solution including the same chemical solution as the first
chemical solution to form a source electrode layer and a drain electrode layer; forming a
second insulating film over the island-shaped oxide semiconductor film, the source
electrode layer, and the drain electrode layer; processing the second insulating film to
form an opening reaching the drain electrode layer; forming a third conductive film over
the second insulating film to cover the opening; and processing the third conductive
film using a fourth chemical solution including the same chemical solution as the
second chemical solution to form a pixel electrode layer.

[0027]

Another embodiment of the present invention is a method for manufacturing a
semiconductor device, including the steps of: forming a first conductive film over a
substrate; processing the first conductive film using a first chemical solution to form a
gate electrode layer; forming a first insulating film over the gate electrode layer;
forming an oxide semiconductor film over the first insulating film; processing the oxide
semiconductor film using a second chemical solution to form an island-shaped oxide
semiconductor film; forming a second conductive film over the first insulating film and
the island-shaped oxide semiconductor film; processing the second conductive film

using a third chemical solution including the same chemical solution as the first
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chemical solution to form a source electrode layer and a drain electrode layer; forming a
second insulating film over the island-shaped oxide semiconductor film, the source
electrode layer, and the drain electrode layer; processing the second insulating film to
form a first opening reaching the drain electrode layer; processing the first insulating
film and the second insulating film to form a second opening reaching the gate electrode
layer; forming a third conductive film over the second insulating film to cover the first
opening and the second opening; and processing the third conductive film using a fourth
chemical solution including the same chemical solution as the second chemical solution
to form a pixel electrode layer and a second gate electrode layer.

[0028]

Another embodiment of the present invention is a method for manufacturing a
semiconductor device, including the steps of: forming a first conductive film over a
substrate; processing the first conductive film using a first chemical solution to form a
gate electrode layer; forming a first insulating film over the gate electrode layer;
forming a stacked-layer oxide film over the first insulating film; processing the
stacked-layer oxide film using a second chemical solution to form an island-shaped
stacked-layer oxide film; forming a second conductive film over the first insulating film
and the island-shaped stacked-layer oxide film; processing the second conductive film
using a third chemical solution including the same chemical solution as the first
chemical solution to form a source electrode layer and a drain electrode layer; forming a
second insulating film over the island-shaped stacked-layer oxide film, the source
electrode layer, and the drain electrode layer; processing the second insulating film to
form an opening reaching the drain electrode layer; forming a third conductive film over
the second insulating film to cover the opening; and processing the third conductive
film using a fourth chemical solution including the same chemical solution as the
second chemical solution to form a pixel electrode layer.

[0029]

Another embodiment of the present invention is a method for manufacturing a
semiconductor device, including the steps of: forming a first conductive film over a
substrate; processing the first conductive film using a first chemical solution to form a
gate electrode layer; forming a first insulating film over the gate electrode layer;

forming a stacked-layer oxide film over the first insulating film; processing the
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stacked-layer oxide film using a second chemical solution to form an island-shaped
stacked-layer oxide film; forming a second conductive film over the first insulating film
and the island-shaped stacked-layer oxide film; processing the second conductive film
using a third chemical solution including the chemical solution as the first chemical
solution to form a source electrode layer and a drain electrode layer; forming a second
insulating film over the island-shaped stacked-layer oxide film, the source electrode
layer, and the drain electrode layer; processing the second insulating film to form a first
opening reaching the drain electrode layer; processing the first insulating film and the
second insulating film to form a second opening reaching the gate electrode layer;
forming a third conductive film over the second insulating film to cover the first
opening and the second opening; and processing the third conductive film using a fourth
chemical solution including the same chemical solution as the second chemical solution
to form a pixel electrode layer and a second gate electrode layer.

[0030]

In any of the above structures, the stacked-layer oxide film preferably includes
an oxide semiconductor film and a metal oxide film. In any of the above structures,
the oxide semiconductor film is preferably an In-M-Zn oxide (M is Ti, Ga, Y, Zr, La,
Ce, Nd, Sn, or Hf). In any of the above structures, it is preferable that the oxide
semiconductor film include a crystal part, and that a c-axis of the crystal part be aligned
parallel to a normal vector of a surface where the oxide semiconductor film is formed.
In any of the above structures, the metal oxide film is preferably an In-M-Zn oxide (M
is Ti, Ga, Y, Zr, La, Ce, Nd, Sn, or Hf). In any of the above structures, it is preferable
that the metal oxide film include a crystal part, and that a c-axis of the crystal part be
aligned parallel to a normal vector of a surface where the metal oxide film is formed.
[0031]

In any of the above structure, one or both of the first conductive film and the
second conductive film preferably include a Cu-X alloy film (X is Mn, Ni, Cr, Fe, Co,
Mo, Ta, or Ti). In any of the above structure, it is preferable that one or both of the
first conductive film and the second conductive film partly include an Mn oxide.

[0032]
In any of the above structure, the first and third chemical solutions each

preferably contain an organic acid solution and a hydrogen peroxide solution. In any
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of the above structure, the second and fourth chemical solutions each preferably contain
oxalic acid.
[0033]

In any of the above structure, the second insulating film is preferably processed
using a fifth chemical solution. Furthermore, the fifth chemical solution preferably
contains one or both of ammonium hydrogen fluoride and ammonium fluoride.

[0034]

A semiconductor device, a display device, and an electronic appliance formed
by any of the methods for manufacturing a semiconductor device are also embodiments
of the present invention.

[0035]

According to one embodiment of the present invention, a new semiconductor
device in which a metal film containing Cu is used for a transistor including an oxide
semiconductor film can be provided. According to one embodiment of the present
invention, a method for manufacturing the semiconductor device in which a metal film
containing Cu is used for a transistor including an oxide semiconductor film can be
provided. According to one embodiment of the present invention, a method for
manufacturing a semiconductor device in which a metal film containing Cu is used for a
transistor including an oxide semiconductor film to reduce a manufacturing cost of the
semiconductor device can be provided. According to one embodiment of the present
invention, a method for manufacturing a semiconductor device in which a metal film
containing Cu is used for a transistor including an oxide semiconductor film to improve
the productivity of the semiconductor device can be provided. According to one
embodiment of the present invention, a semiconductor device in which a transistor
including an oxide semiconductor film includes a metal film containing Cu with a
favorable shape, and a method for manufacturing the semiconductor device can be
provided.  According to one embodiment of the present invention, a new
semiconductor device with high productivity can be provided. According to one
embodiment of the present invention, a new semiconductor device and a method for
manufacturing the new semiconductor device can be provided.

[0036]

Note that the description of these effects does not disturb the existence of other
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effects. One embodiment of the present invention does not necessarily achieve all the
objects listed above. Other effects will be apparent from and can be derived from the
description of the specification, the drawings, the claims, and the like.
BRIEF DESCRIPTION OF DRAWINGS
[0037]

FIG. 1A is a top view of a semiconductor device, and FIGS. 1B and 1C are
cross-sectional views thereof.

FIGS. 2A and 2B are cross-sectional views of a semiconductor device.

FIG. 3A is a top view of a semiconductor device, and FIGS. 3B and 3C are
cross-sectional views thereof.

FIG. 4 is a cross-sectional view of a semiconductor device.

FIG. 5A is a top view of a semiconductor device, and FIGS. 5B and 5C are
cross-sectional views thereof.

FIG. 6A is a top view of a semiconductor device, and FIGS. 6B and 6C are
cross-sectional views thereof.

FIGS. 7A and 7B are cross-sectional views of semiconductor devices.

FIG. 8A is a top view of a semiconductor device, and FIGS. 8B and 8C are
cross-sectional views thereof.

FIG. 9A is a top view of a semiconductor device, and FIGS. 9B and 9C are
cross-sectional views thereof.

FIGS. 10A and 10B each illustrate an energy band of a stacked-layer film.

FIGS. 11A and 11B are cross-sectional views of semiconductor devices.

FIGS. 12A and 12B are cross-sectional views of semiconductor devices.

FIGS. 13A to 13D are cross-sectional views illustrating a method for

manufacturing a semiconductor device.

FIGS. 14A to 14C are cross-sectional views illustrating a method for
manufacturing a semiconductor device.

FIGS. 15A to 15C are cross-sectional views illustrating a method for
manufacturing a semiconductor device.

FIGS. 16A to 16D are cross-sectional views illustrating a method for
manufacturing a semiconductor device.

FIGS. 17A to 17C are cross-sectional views illustrating a method for
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manufacturing a semiconductor device.

FIGS. 18A and 18B are cross-sectional views illustrating a method for
manufacturing a semiconductor device.

FIG. 19A is a top view of a semiconductor device, and FIGS. 19B and 19C are
cross-sectional views thereof.

FIGS. 20A and 20B are cross-sectional views of semiconductor devices.

FIGS. 21A and 21B are cross-sectional views of semiconductor devices.

FIGS. 22A to 22C are cross-sectional views illustrating a method for

manufacturing a semiconductor device.

FIGS. 23A to 23C are cross-sectional views illustrating a method for
manufacturing a semiconductor device.

FIGS. 24A to 24C are cross-sectional views illustrating a method for
manufacturing a semiconductor device.

FIGS. 25A to 25C are cross-sectional views illustrating a method for
manufacturing a semiconductor device.

FIGS. 26A to 26C are cross-sectional views illustrating a method for

manufacturing a semiconductor device.
FIGS. 27A and 27B are cross-sectional views illustrating a method for
manufacturing a semiconductor device.

FIGS. 28A to 28C are cross-sectional views illustrating method for

o

manufacturing a semiconductor device.

FIGS. 29A and 29B are cross-sectional views illustrating a method for
manufacturing a semiconductor device.

FIG. 30A is a top view of a semiconductor device, and FIGS. 30B and 30C are
cross-sectional views thereof.

FIG. 31A is a top view of a semiconductor device, and FIGS. 31B and 31C are
cross-sectional views thereof.

FIGS. 32A to 32C are cross-sectional views illustrating a method for
manufacturing a semiconductor device.

FIGS. 33A and 33B are cross-sectional views of semiconductor devices.

FIGS. 34A and 34B are cross-sectional views of semiconductor devices.

FIGS. 35A to 35C are cross-sectional views illustrating a method for
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manufacturing a semiconductor device.

FIGS. 36A to 36C are cross-sectional views illustrating a method for
manufacturing a semiconductor device.

FIGS. 37A to 37D are Cs-corrected high-resolution TEM images of a cross
section of a CAAC-OS and a cross-sectional schematic view of a CAAC-OS.

FIGS. 38A to 38D are Cs-corrected high-resolution TEM images of a plane of
a CAAC-OS.

FIGS. 39A to 39C show structural analysis of a CAAC-OS and a single crystal
oxide semiconductor by XRD.

FIGS. 40A and 40B show electron diffraction patterns of a CAAC-OS.

FIG. 41 shows a change in crystal part of an In-Ga-Zn oxide induced by
electron irradiation.

FIGS. 42A and 42B are schematic views showing deposition models of a
CAAC-OS and an nc-OS.

FIGS. 43A to 43C illustrate an InGaZnQO, crystal and a pellet.

FIGS. 44A to 44D are schematic views showing a deposition model of a
CAAC-0OS.

FIGS. 45A and 45B are top views of display devices.

FIG. 46 is a cross-sectional view of a display device.

FIG. 47 is a cross-sectional view of a display device.

FIG. 48 is a cross-sectional view of a display device.

FIG. 49 is a cross-sectional view of a display device.

FIGS. 50A to 50D are cross-sectional views illustrating a method for
manufacturing a display device.

FIGS. 51A and 51B are cross-sectional views illustrating a method for
manufacturing a display device.

FIGS. 52A to 52D are cross-sectional views illustrating a method for
manufacturing a display device.

FIG. 53 is a cross-sectional view of a display device.

FIG. 54 is a cross-sectional view of a display device.

FIGS. 55A to 55C are a block diagram and circuit diagrams illustrating a
display device.
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FIG. 56 illustrates a display module.

FIGS. 57A to 57H illustrate electronic appliances.

FIG. 58 is a cross-sectional STEM image in an example.

FIG. 59 shows EDX analysis results of conductive films in an example.

FIG. 60 is a cross-sectional view illustrating a sample structure in an example.

FIG. 61 shows XPS analysis results of a conductive film in an example.

BEST MODE FOR CARRYING OUT THE INVENTION
[0038]

Hereinafter, embodiments will be described with reference to drawings.
However, the embodiments can be implemented with various modes. It will be readily
appreciated by those skilled in the art that modes and details can be changed in various
ways without departing from the spirit and scope of the present invention. Thus, the
present invention should not be interpreted as being limited to the following description
of the embodiments.

[0039]

In the drawings, the size, the layer thickness, or the region is exaggerated for
clarity in some cases. Therefore, embodiments of the present invention are not limited
to such a scale. Note that the drawings are schematic views showing ideal examples,
and embodiments of the present invention are not limited to shapes or values shown in
the drawings.

[0040]

Note that the ordinal numbers such as “first” and “second” in this specification
and the like are used for 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 those which
specify one embodiment of the present invention.

[0041]
Note that in this specification, terms for describing arrangement, such as “over”

29 (13

“above”, “under”, and “below”, are used for convenience in describing a positional

relation between components with reference to drawings. Further, the positional
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relation between components is changed as appropriate in accordance with a direction in
which each component is described. Thus, there is no limitation on terms used in this
specification, and description can be made appropriately depending on the situation.
[0042]

In this specification and the like, a transistor is an element having at least three
terminals of a gate, a drain, and a source. In addition, the transistor has a channel
region between a drain (a drain terminal, a drain region, or a drain electrode layer) and a
source (a source terminal, a source region, or a source electrode layer), and current can
flow through the drain, the channel region, and the source. Note that in this
specification and the like, a channel region refers to a region through which current
mainly flows.

[0043]

Further, functions of a source and a drain might be switched when transistors
having different polarities are employed or a direction of current flow is changed in
circuit operation, for example. Therefore, the terms “source” and “drain” can be
switched in this specification and the like.

[0044]

Note that in this specification and the like, the expression “electrically
connected” includes the case where components are connected through an “object
having any electric function”. There is no particular limitation on an “object having
any electric function” as long as electric signals can be transmitted and received
between components that are connected through the object. Examples of an “object
having any electric function” are a switching element such as a transistor, a resistor, an
inductor, a capacitor, and elements with a variety of functions as well as an electrode
and a wiring.

[0045]

Note that in this specification, a silicon oxynitride film refers to a film that
contains oxygen at a higher proportion than nitrogen, and a silicon nitride oxide film
refers to a film that contains nitrogen at a higher proportion than oxygen.

[0046]
In this specification, the 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°,
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and accordingly also includes the case where the angle is greater than or equal to —5°
and less than or equal to 5°. A term “substantially parallel” indicates that the angle
formed between two straight lines is greater than or equal to —30° and less than or equal
to 30°. 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°. A term “substantially perpendicular” indicates that the angle
formed between two straight lines is greater than or equal to 60° and less than or equal
to 120°.

[0047]

(Embodiment 1)

In this embodiment, a semiconductor device of one embodiment of the present
invention is described with reference to FIGS. 1A to 1C, FIGS. 2A and 2B, FIGS. 3A to
3C, FIG. 4, FIGS. 5A to 5C, FIGS. 6A to 6C, FIGS. 7A and 7B, FIGS. 8A to 8C, FIGS.
9A to 9C, FIGS. 10A and 10B, FIGS. 11A and 11B, FIGS. 12A and 12B, FIGS. 13A to
13D, FIGS. 14A to 14C, FIGS. 15A to 15C, FIGS. 16A to 16D, FIGS. 17A to 17C, and
FIGS. 18A and 18B.

[0048]
<Structure example 1 of semiconductor device>

FIG. 1A is a top view of a transistor 150 that is a semiconductor device of one
embodiment of the present invention. FIG. 1B is a cross-sectional view taken along
dashed dotted line Y1-Y2 in FIG. 1A. FIG. 1C is a cross-sectional view taken along
dashed dotted line X1-X2 in FIG. 1A. Note that in FIG. 1A, some components of the
transistor 150 (a gate insulating film and the like) are not illustrated for simplification.
In a manner similar to that of the transistor 150, some components are not illustrated in
some cases in top views of transistors described below. Furthermore, the direction of
the dashed dotted line X1-X1 may be called a channel length direction, and the direction
of the dashed dotted line Y1-Y2 may be called a channel width direction.

[0049]
The transistor 150 includes a conductive film 104 functioning as a gate

electrode layer over a substrate 102; an insulating film 106 functioning as a gate
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insulating film over the substrate 102 and the conductive film 104; an oxide
semiconductor film 108 provided over the insulating film 106 to overlap the conductive
film 104; a pair of electrode layers 112a and 112b electrically connected to the oxide
semiconductor film 108; insulating films 114, 116, and 118 over the pair of electrode
layers 112a and 112b and the oxide semiconductor film 108; and conductive films 120a
and 120b over the insulating film 118.

[0050]

The conductive film 120a is connected to the electrode layer 112b through an
opening 142¢ provided in the insulating films 114, 116, and 118. The conductive film
120b is formed over the insulating film 118 to overlap the oxide semiconductor film
108.

[0051]

The insulating film 106 functioning as a gate insulating film in the transistor
150 has a two-layer structure of an insulating film 106a and an insulating film 106b.
Note that the structure of the insulating film 106 is not limited thereto, and for example,
the insulating film 106 may have a single-layer structure or a stacked-layer structure of
three or more layers. Also in the transistors described below, the insulating film 106
functioning as a gate insulating film can have a structure similar to that of the gate
insulating film of the transistor 150.

[0052]

The insulating films 114, 116, and 118 in the transistor 150 function as second
gate insulating films of the transistor 150. The conductive film 120a in the transistor
150 functions as, for example, a pixel electrode layer used for a display device. The
conductive film 120b in the transistor 150 functions as a second gate electrode layer
(also referred to as a back gate electrode layer).

[0053]

The pair of electrode layers 112a and 112b in the transistor 150 functions as a
source electrode layer and a drain electrode layer. Note that the pair of electrode
layers 112a and 112b includes at least a Cu-X alloy film (X is Mn, Ni, Cr, Fe, Co, Mo,
Ta, or Ti), for example, it is preferable that the pair of electrode layers 112a and 112b
have a single-layer structure of a Cu-X alloy film or a stacked-layer structure of a Cu-X

alloy film and a conductive film containing a low-resistance material such as copper
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(Cu), aluminum (Al), gold (Au), or silver (Ag), an alloy containing any of these
materials, or a compound containing any of these materials as a main component.
[0054]

The pair of electrode layers 112a and 112b also functions as lead wirings or the
like. Therefore, the pair of electrode layers 112a and 112b is formed to include a Cu-X
alloy film, or a Cu-X alloy film and a conductive film containing a low-resistance
material such as copper, aluminum, gold, or silver, whereby a semiconductor device
with reduced wiring delay can be manufactured even when a large-sized substrate is
used as the substrate 102.

[0055]

In addition, a Cu-X alloy film is used for the pair of electrode layers 112a and
112b in contact with the oxide semiconductor film 108, whereby X in the Cu-X alloy
film (X is Mn, Ni, Cr, Fe, Co, Mo, Ta, or Ti) might form an oxide film of X at the
interface between the Cu-X alloy film and the oxide semiconductor film. The oxide
film can inhibit Cu in the Cu-X alloy film from entering the oxide semiconductor film
108.

[0056]

For example, as the Cu-X alloy film (X is Mn, Ni, Cr, Fe, Co, Mo, Ta, or Ti)
used for the pair of electrode layers 112a and 112b, a Cu-Mn alloy film can be selected.
When the Cu-Mn alloy film is used for the pair of electrode layers 112a and 112b, a
coating film containing Mn is formed at the interface with a base film (here, the
insulating film 106b and the oxide semiconductor film 108), which can improves
adhesion. Furthermore, the use of the Cu-Mn alloy film enables a favorable ohmic
contact with the oxide semiconductor film 108.

[0057]

Here, FIGS. 2A and 2B are enlarged cross-sectional views of some components
in the semiconductor device illustrated in FIGS. 1A to 1C.
[0058]

FIG. 2A is a cross-sectional view of the insulating film 106, the oxide
semiconductor film 108, the pair of electrode layers 112a and 112b, the insulating films
114, 116, and 118, and the conductive film 120b that are included in the transistor 150.
[0059]
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As illustrated in FIG. 2A, coating films 113a and 113b might be formed at the
interfaces between the oxide semiconductor film 108 and the pair of electrode layers
112a and 112b, the interfaces between the insulating film 106b and the pair of electrode
layers 112a and 112b, and the interfaces between the insulating film 114 and the pair of
electrode layers 112a and 112b.

[0060]

For example, in the case where the oxide semiconductor film 108 and the pair
of electrode layers 112a and 112b are heated in the state where they are in contact with
each other, the coating films 113a and 113b can be formed in the vicinity of the
interface with the oxide semiconductor film 108 in such a manner that Mn in the Cu-Mn
alloy film used for the pair of electrode layers 112a and 112b is segregated. Note that
the coating films 113a and 113b are formed of, for example, Mn oxide, In-Mn oxide,
Ga-Mn oxide, In-Ga-Mn oxide, or In-Ga-Zn-Mn oxide which can be formed by a
reaction with a constituent element in the oxide semiconductor film 108.

[0061]

For example, in the case where the insulating films 106b and 114 and the pair
of electrode layers 112a and 112b are heated in the state where they are in contact with
each other, the coating films 113a and 113b can be formed in the vicinities of the
interfaces between the insulating film 106b and the pair of electrode layers 112a and
112b and in the vicinities of the interfaces between the insulating film 114 and the pair
of electrode layers 112a and 112b in such a manner that Mn in the Cu-Mn alloy film
used for the pair of electrode layers 112a and 112b is segregated. Note that in addition
to the above oxides, the coating films 113a and 113b can be formed of, for example, Mn
hydride, Mn carbide, Mn oxide, Mn nitride, or Mn silicide when the insulating films
106b and 114 contain hydrogen, carbon, oxygen, nitrogen, silicon, or the like.

[0062]

The above structure of the pair of electrode layers 112a and 112b inhibits a Cu
from entering the oxide semiconductor film 108 and enables the semiconductor device
to have a conductive film with high conductivity.

[0063]
Next, details of the pair of electrode layers 112a and 112b are described below

with reference to FIG. 2B. Note that FIG. 2B is a cross-sectional view taken along
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dashed dotted line A-B in FIG. 1A.
[0064]

As illustrated in FIG. 2B, the coating film 113a might be formed at the
interface between the insulating film 106b and the pair of electrode layers 112a and
112b, the interface between the insulating film 114 and the pair of electrode layers 112a
and 112b (the electrode layer 112a in FIG. 2B). As illustrated in FIG. 2B, the
periphery (the top surface, the bottom surface, and the side surface) of the electrode
layer 112a is covered with the coating film 113a. In other words, at least one of the
top surfaces, the bottom surfaces, and the side surfaces of the pair of electrode layers
112a and 112b is covered with the coating film 113a or 113b.

[0065]

For example, in the case where a single-layer film of a Cu-Mn alloy film or a
stacked-layer film of a first Cu-Mn alloy film, a Cu film, and a second Cu-Mn alloy
film is used for the pair of electrode layers 112a and 112b, an Mn oxide can be formed
as the coating film 113a. The structure in which the Mn oxide covers the pair of
electrode layers 112a and 112b can inhibit Cu in the Cu-Mn alloy film or Cu in the Cu
film from diffusing to the outside. Therefore, a new semiconductor device in which
Cu can be inhibited from entering the oxide semiconductor film 108 can be achieved.
Note that in the case where a Cu-Mn alloy film is used for the pair of electrode layers
112a and 112b, at least part of the pair of electrode layers 112a and 112b includes Mn
oxide.

[0066]

An In-Ga oxide, an In-Zn oxide, an In-AM-Zn oxide (M is Ti, Ga, Y, Zr, La, Ce,
Nd, Sn, or Hf) can be used for the oxide semiconductor film 108. In addition, it is
preferable that the oxide semiconductor film 108 include a crystal part and that the
c-axis of the crystal part be aligned in a direction parallel to a normal vector of a surface
where the oxide semiconductor film 108 is formed. When the oxide semiconductor
film 108 includes a crystal part, Cu contained in the pair of electrode layers 112a and
112b can be further inhibited from entering the oxide semiconductor film 108. Note
that it is preferable that a c-axis aligned crystalline oxide semiconductor (CAAC-OS)
described later be used for the oxide semiconductor film 108 including a crystal part.

[0067]
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The conductive film 120b is connected to the conductive film 104 functioning
a gate electrode layer through openings 142a and 142b provided in the insulating films
106a, 106b, 114, 116, and 118. Therefore, the same potential is applied to the
conductive film 120b and the conductive film 104,

[0068]

As illustrated in the cross-sectional view of FIG. 1B, the oxide semiconductor
film 108 is positioned to face each of the conductive film 104 functioning as a gate
electrode layer and the conductive film 120b functioning as a second gate electrode
layer, and is sandwiched between the two conductive layers functioning as gate
electrode layers. The lengths in the channel length direction and the channel width
direction of the conductive film 120b functioning as a second gate electrode layer are
longer than those in the channel length direction and the channel width direction of the
oxide semiconductor film 108. The whole oxide semiconductor film 108 is covered
with the conductive film 120b with the insulating films 114, 116, and 118 positioned
therebetween. Since the conductive film 120b functioning as a second gate electrode
layer is connected to the conductive film 104 functioning as a gate electrode layer
through the opening 142a and 142b provided in the insulating films 106a, 106b, 114,
116, and 118, a side surface of the oxide semiconductor film 108 in the channel width
direction faces the conductive film 120b functioning as a second gate electrode layer
with the insulating films 114, 116, and 118 positioned therebetween.

[0069]

In other words, in the channel width direction of the transistor 150, the
conductive film 104 functioning as a gate electrode layer and the conductive film 120b
functioning as a second gate electrode layer are connected to each other through the
openings provided in the insulating film 106 functioning as a gate insulating film and
the insulating films 114, 116, and 118 functioning as a gate insulating film; and the
conductive film 104 and the conductive film 120b surround the oxide semiconductor
film 108 with the insulating film 106 functioning as a gate insulating film and the
insulating films 114, 116, and 118 functioning as a gate insulating film positioned
therebetween.

[0070]

Such a structure makes it possible that the oxide semiconductor film 108
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included in the transistor 150 is electrically surrounded by electric fields of the
conductive film 104 functioning as a gate electrode layer and the conductive film 120b
functioning as a second gate electrode layer. A device structure of a transistor, like
that of the transistor 150, in which electric fields of a gate electrode layer and a second
gate electrode layer electrically surround an oxide semiconductor film where a channel
region is formed can be referred to as a surrounded channel (s-channel) structure.

[0071]

Since the transistor 150 has the s-channel structure, an electric field for
inducing a channel can be effectively applied to the oxide semiconductor film 108 by
the conductive film 104 functioning as a gate electrode layer; therefore, the current
drive capability of the transistor 150 can be improved and high on-state current
characteristics can be obtained. Since the on-state current can be increased, it is
possible to reduce the size of the transistor 150. In addition, since the transistor 150 is
surrounded by the conductive film 104 functioning as a gate electrode layer and the
conductive film 120b functioning as a second gate electrode layer, the mechanical
strength of the transistor 150 can be increased.

[0072]

Note that in the transistor 150, one of the openings 142a and 142b may be
provided, and the conductive film 120b and the conductive film 104 may be connected
through the opening.

[0073]

As described above, in the semiconductor device of one embodiment of the
present invention, a Cu-X alloy film is used for the pair of electrode layers used as a
source electrode layer and a drain electrode layer of the transistor. Furthermore, the
transistor has an s-channel structure. Therefore, it is possible to obtain a new
semiconductor device having reduced wiring delay and high current drive capability of
a transistor.

[0074]

Other constituent elements of the semiconductor device of this embodiment are
described below in detail.
[0075]

<Substrate>
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There is no particular limitation on the property of a material and the like of the
substrate 102 as long as the material has heat resistance enough to withstand at least
heat treatment to be performed later. For example, a glass substrate, a ceramic
substrate, a quartz substrate, a sapphire substrate, or the like may be used as the
substrate 102.  Alternatively, a single crystal semiconductor substrate or a
polycrystalline semiconductor substrate made of silicon, silicon carbide, or the like, a
compound semiconductor substrate made of silicon germanium or the like, an SOI
substrate, or the like may be used as the substrate 102.  Still alternatively, any of these
substrates provided with a semiconductor element may be used as the substrate 102.
In the case where a glass substrate is used as the substrate 102, a glass substrate having
any of the following sizes can be used: the 6th generation (1500 mm x 1850 mm), the
7th generation (1870 mm x 2200 mm), the 8th generation (2200 mm x 2400 mm), the
9th generation (2400 mm x 2800 mm), and the 10th generation (2950 mm x 3400 mm).
Thus, a large-sized display device can be manufactured.

[0076]

Still further alternatively, a flexible substrate may be used as the substrate 102,
and the transistor 150 may be provided directly on the flexible substrate. Further
alternatively, a separation layer may be provided between the substrate 102 and the
transistor 150. The separation layer can be used when part or the whole of a
semiconductor device formed over the separation layer is separated from the substrate
102 and transferred to another substrate. In such a case, the transistor 150 can be
transferred to a substrate having low heat resistance or a flexible substrate as well.
[0077]
<Conductive film>

The conductive film 104 functioning as a gate electrode layer can be formed
using a metal element selected from chromium (Cr), copper (Cu), aluminum (Al), gold
(Au), silver (Ag), zinc (Zn), molybdenum (Mo), tantalum (Ta), titanium (Ti), tungsten
(W), manganese (Mn), nickel (N1), iron (Fe), and cobalt (Co); an alloy containing any of
these metal element as its component; an alloy containing a combination of any of these
elements; or the like. The conductive film 104 may have a single-layer structure or a

stacked-layer structure of two or more layers. For example, a single-layer structure of

25



10

15

20

25

30

WO 2015/079360 PCT/IB2014/066146

an aluminum film containing silicon, a two-layer structure in which a titanium film is
stacked over an aluminum film, a two-layer structure in which a titanium film is stacked
over a titanium nitride film, a two-layer structure in which a tungsten film is stacked
over a titanium nitride film, a two-layer structure in which a tungsten film is stacked
over a tantalum nitride film or a tungsten nitride film, a three-layer structure in which a
titanium film, an aluminum film, and a titanium film are stacked in this order, and the
like can be given. Alternatively, an alloy film or a nitride film which contains
aluminum and one or more elements selected from titanium, tantalum, tungsten,
molybdenum, chromium, neodymium, and scandium may be used.

[0078]

The conductive film 104 can be formed using a light-transmitting conductive
material such as indium tin oxide, indium oxide containing tungsten oxide, indium zinc
oxide containing tungsten oxide, indium oxide containing titanium oxide, indium tin
oxide containing titanium oxide, indium zinc¢ oxide, or indium tin oxide to which silicon
oxide is added. It is also possible to have a stacked-layer structure formed using the
above light-transmitting conductive material and the above metal element.

[0079]

The Cu-X alloy film (X is Mn, Ni, Cr, Fe, Co, Mo, Ta, or Ti) included in the
pair of electrode layers 112a and 112b may be used for the conductive film 104. The
use of the Cu-X alloy film enables the manufacturing cost to be reduced because wet
etching process can be used in the processing.  Alternatively, the conductive film 104
can be formed using a Cu-X alloy film and a film containing a metal element selected
from chromium (Cr), copper (Cu), aluminum (Al), gold (Au), silver (Ag), zinc (Zn),
molybdenum (Mo), tantalum (Ta), titanium (Ti1), tungsten (W), manganese (Mn), nickel
(N1), iron (Fe), and cobalt (Co); an alloy film containing any of these metal element as
its main component; or an alloy film containing a combination of any of these elements.
[0080]

The conductive film 104 functioning as a gate electrode layer may have a
single-layer structure or a stacked-layer structure of two or more layers. For example,
a single-layer structure of a Cu-Mn alloy film, a two-layer structure in which a Cu film
is stacked over a Cu-Mn alloy film, a three-layer structure in which a Cu film is stacked

over a Cu-Mn alloy film and a Cu-Mn alloy film is stacked over the Cu film, or the like
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can be used.
[0081]

Furthermore, an In-Ga-Zn-based oxynitride semiconductor film, an
In-Sn-based oxynitride semiconductor film, an In-Ga-based oxynitride semiconductor
film, an In-Zn-based oxynitride semiconductor film, a Sn-based oxynitride
semiconductor film, an In-based oxynitride semiconductor film, or a film of a metal
nitride (e.g., InN or ZnN), or the like may be provided between the conductive film 104
and the insulating film 106a. These films each have a work function higher than or
equal to 5 eV, preferably higher than or equal to 5.5 eV, which is higher than the
electron affinity of the oxide semiconductor. Thus, the threshold voltage of the
transistor including an oxide semiconductor can be shifted in the positive direction, and
what is called a normally-off switching element can be achieved. For example, in the
case of using an In-Ga-Zn-based oxynitride semiconductor film, an In-Ga-Zn-based
oxynitride semiconductor film having a higher nitrogen concentration than at least the

oxide semiconductor film 108, specifically, an In-Ga-Zn-based oxynitride

semiconductor film having a nitrogen concentration higher than or equal to 7 at.%, is
used.
[0082]
<QGate insulating film>

As each of the insulating films 106a and 106b functioning as a gate insulating
film of the transistor 150, an insulating layer including at least one of the following
films formed by a plasma enhanced chemical vapor deposition (PE-CVD) method, a
sputtering method, or the like can be used: a silicon oxide film, a silicon oxynitride film,
a silicon nitride oxide film, a silicon nitride film, an aluminum oxide film, a hafnium
oxide film, an yttrium oxide film, a zirconium oxide film, a gallium oxide film, a
tantalum oxide film, a magnesium oxide film, a lanthanum oxide film, a cerium oxide
film, and a neodymium oxide film. Note that the stacked-layer structure of the
insulating films 106a and 106b is not necessarily employed, and an insulating film
having a single-layer structure or a three or more insulating films including any of the
above materials may be used.

[0083]

It is preferable that the insulating film 106a be a nitride film containing at least
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nitrogen and silicon, and that the insulating film 106b be an oxide film containing at
least oxygen and silicon. Examples of the insulating film 106a include a silicon
oxynitride film, a silicon nitride oxide film, and silicon nitride film. Examples of the
insulating film 106b include a silicon oxynitride film, a silicon nitride oxide film, and a
silicon oxide film.

[0084]

Note that the insulating film 106b that is in contact with the oxide
semiconductor film 108 functioning as a channel region of the transistor 150 is
preferably an oxide insulating film and preferably has a region (oxygen-excess region)
containing oxygen in excess of the stoichiometric composition. In other words, the
insulating film 106b is an insulating film capable of releasing oxygen. In order to
provide the oxygen-excess region in the insulating film 106b, the insulating film 106b is
formed in an oxygen atmosphere, for example. Alternatively, oxygen may be
introduced into the deposited insulating film 106b to provide the oxygen-excess region
therein. As a method for introducing oxygen, an ion implantation method, an ion
doping method, a plasma immersion ion implantation method, plasma treatment, or the
like may be employed.

[0085]

Using hafnium oxide for the insulating films 106a and 106b has the following
effects. Hafnium oxide has higher dielectric constant than silicon oxide and silicon
oxynitride. Therefore, by using hafnium oxide or aluminum oxide, a physical
thickness can be made larger than an equivalent oxide thickness; thus, even in the case
where the equivalent oxide thickness is less than or equal to 10 nm or less than or equal
to 5 nm, leakage current due to tunnel current can be low. That is, it is possible to
provide a transistor with a low off-state current. Moreover, hafnium oxide with a
crystalline structure has higher dielectric constant than hafnium oxide with an
amorphous structure. Therefore, it is preferable to use hafnium oxide with a
crystalline structure in order to provide a transistor with a low off-state current.
Examples of the crystalline structure include a monoclinic crystal structure and a cubic
crystal structure. Note that one embodiment of the present invention is not limited
thereto.

[0086]
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In this embodiment, a silicon nitride film is formed as the insulating film 106a,
and a silicon oxide film is formed as the insulating film 106b. A silicon nitride film
has a higher dielectric constant than a silicon oxide film and needs a larger thickness for
capacitance equivalent to that of the silicon oxide. Thus, when the gate insulating film
of the transistor 150 includes a silicon nitride film, the physical thickness of the gate
insulating film can be increased. This makes it possible to reduce a decrease in the
withstand voltage of the transistor 150 and furthermore increase the withstand voltage,
thereby preventing electrostatic breakdown of the transistor 150.

[0087]
<Oxide semiconductor film>

The oxide semiconductor film 108 is typically In-Ga oxide film, In-Zn oxide
film, or In-M-Zn oxide film (M is Ti, Ga, Y, Zr, La, Ce, Nd, Sn, or Hf). It is
particularly preferable to use an In-A/-Zn oxide for the semiconductor film 108.

[0088]

In the case where the oxide semiconductor film 108 includes In-A7-Zn oxide, it
is preferable that the atomic ratio of metal elements of a sputtering target used for
forming the In-M-Zn oxide satisfy In > M and Zn > M. As the atomic ratio of metal
elements of such a sputtering target, In':A/:Zn = 1:1:1, InM:Zn=1:1:1.2, and In:M:Zn =
3:1:2 are preferable. Note that the atomic ratio of metal elements of the deposited
oxide semiconductor film 108 vary from the above atomic ratio of metal elements of the
sputtering target within a range of +40 % as an error.

[0089]

Note that when the oxide semiconductor film 108 includes In-AM-Zn oxide, the
proportion of In and the proportion of M, not taking Zn and O into consideration, are
preferably greater than or equal to 25 atomic% and less than 75 atomic%, respectively,
further preferably greater than or equal to 34 atomic% and less than 66 atomic%,
respectively.

[0090]

The energy gap of the oxide semiconductor film 108 is 2 eV or more,

preferably 2.5 eV or more, further preferably 3 eV or more. With the use of an oxide

semiconductor having such a wide energy gap, the off-state current of the transistor 150
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can be reduced.
[0091]

The thickness of the oxide semiconductor film 108 is greater than or equal to 3
nm and less than or equal to 200 nm, preferably greater than or equal to 3 nm and less
than or equal to 100 nm, further preferably greater than or equal to 3 nm and less than or
equal to 50 nm.

[0092]

An oxide semiconductor film with low carrier density is used as the oxide
semiconductor film 108. For example, the carrier density of the oxide semiconductor
film 108 is lower than or equal to 1 x 10'7 /em’, preferably lower than or equal to 1 x
10" /em’, further preferably lower than or equal to 1 x 10" /cm®, particularly preferably
lower than or equal to 8 x 10" /cm’, still further preferably lower than or equal to 1 x
10" /em’, yet further preferably higher than or equal to 1 x 10~ /em® and lower than or
equal to 1 x 10" /em’.

[0093]

Note that, without limitation to the compositions and materials described above,
a material with an appropriate composition may be used depending on required
semiconductor characteristics and electrical characteristics (e.g., field-effect mobility
and threshold voltage) of a transistor. Furthermore, in order to obtain required
semiconductor characteristics of a transistor, it is preferable that the carrier density, the
impurity concentration, the defect density, the atomic ratio of a metal element to oxygen,
the interatomic distance, the density, and the like of the oxide semiconductor film 108
be set to be appropriate.
[0094]

Note that it is preferable to use, as the oxide semiconductor film 108, an oxide
semiconductor film in which the impurity concentration is low and density of defect
states is low, in which case the transistor can have more excellent electrical
characteristics. Here, the state in which impurity concentration is low and density of
defect states is low (the amount of oxygen vacancy 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
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carrier generation sources, and thus can have a low carrier density. Thus, a transistor
including the oxide semiconductor film in which a channel region is formed rarely has a
negative threshold voltage (is rarely normally-on). A highly purified intrinsic or
substantially highly purified intrinsic oxide semiconductor film has a low density of
defect states and accordingly has few carrier traps in some cases. Furthermore, the
highly purified intrinsic or substantially highly purified intrinsic oxide semiconductor
film has an extremely low off-state current; even when an element has a channel width
of 1 x 10° um and a channel length L of 10 pm, the off-state current can be less than or
equal to the measurement limit of a semiconductor parameter analyzer, i.e., less than or
equal to 1 x 107 A, at a voltage (drain voltage) between a source electrode and a drain
electrode of from 1 Vto 10 V.

[0095]

Accordingly, the transistor in which the channel region is formed in the highly
purified intrinsic or substantially highly purified intrinsic oxide semiconductor film can
have a small variation in electrical characteristics and high reliability. Charges trapped
by the trap states in the oxide semiconductor film take a long time to be released and
may behave like fixed charges. Thus, the transistor whose channel region is formed in
the oxide semiconductor film having a high density of trap states has unstable electrical
characteristics in some cases. As examples of the impurities, hydrogen, nitrogen,
alkali metal, alkaline earth metal, and the like are given.

[0096]

Hydrogen contained in the oxide semiconductor film reacts with oxygen
bonded to a metal atom to be water, and also causes oxygen vacancy in a lattice from
which oxygen is released (or a portion from which oxygen is released). Due to entry
of hydrogen into the oxygen vacancy, an electron serving as a carrier is generated in
some cases. Furthermore, in some cases, bonding of part of hydrogen to oxygen
bonded to a metal element causes generation of an electron serving as a carrier. Thus,
a transistor including an oxide semiconductor film which contains hydrogen is likely to
be normally on. Accordingly, it is preferable that hydrogen be reduced as much as
possible in the oxide semiconductor film 108.  Specifically, the hydrogen

concentration of the oxide semiconductor film 108, which is measured by secondary ion
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mass spectrometry (SIMS), is 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’, even more preferably lower than 5 x 10" atoms/cm’, still more
preferably lower than or equal to 1 x 10'® atoms/cm’, yet still more preferably lower
than or equal to 5 x 10'7 atoms/cm’, even further more preferably lower than or equal to
1 x 10" atoms/cm”.

[0097]

When silicon or carbon that is one of elements belonging to Group 14 is
contained in the oxide semiconductor film 108, oxygen vacancy is increased in the
oxide semiconductor film 108, and the oxide semiconductor film 108 becomes an
n-type film. Thus, the concentration of silicon or carbon (the concentration is
measured by SIMS) in the oxide semiconductor film 108 or the concentration of silicon
or carbon (the concentration is measured by SIMS) in the vicinity of the interface with
the oxide semiconductor film 108 is set to be lower than or equal to 2 x 10" atoms/cm’,
preferably lower than or equal to 2 x 10" atoms/cm’.

[0098]

In addition, the concentration of alkali metal or alkaline earth metal of the
oxide semiconductor film 108, which is measured by SIMS, is lower than or equal to 1
x 10" atoms/cm’, preferably lower than or equal to 2 x 10" atoms/cm’.  Alkali metal
and alkaline earth metal might generate carriers when bonded to an oxide
semiconductor, in which case the off-state current of the transistor might be increased.
Therefore, it is preferable to reduce the concentration of alkali metal or alkaline earth
metal of the oxide semiconductor film 108.

[0099]

Furthermore, when containing nitrogen, the oxide semiconductor film 108
easily becomes n-type by generation of electrons serving as carriers and an increase of
carrier density. Thus, a transistor including an oxide semiconductor film which
contains nitrogen is likely to have normally-on characteristics. For this reason,
nitrogen in the oxide semiconductor film is preferably reduced as much as possible; the
concentration of nitrogen measured by SIMS is preferably, for example, lower than or

equal to 5 x 10'® atoms/cm’.

32



10

15

20

25

30

WO 2015/079360 PCT/IB2014/066146

[0100]

The oxide semiconductor film 108 may have a non-single-crystal structure, for
example. The non-single crystal structure includes, for example, a CAAC-OS
described later, a polycrystalline structure, a microcrystalline structure described later,
and an amorphous structure. Among the non-single crystal structure, the amorphous
structure has the highest density of defect levels, whereas CAAC-OS has the lowest
density of defect levels.

[0101]

The oxide semiconductor film 108 may have an amorphous structure, for
example. The oxide semiconductor films having the amorphous structure each have
disordered atomic arrangement and no crystalline component, for example.
Alternatively, the oxide films having an amorphous structure have, for example, an
absolutely amorphous structure and no crystal part.

[0102]

Note that the oxide semiconductor film 108 may be a mixed film including two
or more of the following: a region having an amorphous structure, a region having a
microcrystalline structure, a region having a polycrystalline structure, a CAAC-0OS
region, and a region having a single-crystal structure. The mixed film includes, for
example, two or more of a region having an amorphous structure, a region having a
microcrystalline structure, a region having a polycrystalline structure, a CAAC-0OS
region, and a region having a single-crystal structure in some cases. Furthermore, the
mixed film has a stacked-layer structure of two or more of a region having an
amorphous structure, a region having a microcrystalline structure, a region having a
polycrystalline structure, a CAAC-OS region, and a region having a single-crystal
structure in some cases.

[0103]
<Electrode layers>

It is preferable that the pair of electrode layers 112a and 112b functioning as a
source electrode and a drain electrode of the transistor 150 have a single-layer structure
of a Cu-X alloy film or a stacked-layer structure of a Cu-X alloy film and a conductive
film containing a low-resistance material such as copper (Cu), aluminum (Al), gold

(Au), or silver (Ag), an alloy containing any of these materials, or a compound

33



10

15

20

25

30

WO 2015/079360 PCT/IB2014/066146

containing any of these materials as a main component. The pair of electrode layers
112a and 112b can be formed with a sputtering apparatus, for example. For example, a
metal target containing Cu and Mn at a ratio of 90:10 [at.%] or the like can be used in
the sputtering apparatus.

[0104]

<Insulating films>

The insulating films 114, 116, and 118 function as a second gate insulating film
of the transistor 150 and also function as a protective insulating film for the oxide
semiconductor film 108. For example, the insulating film 114 is an insulating film
which is permeable to oxygen. Note that the insulating film 114 also functions as a
film which relieves damage to the oxide semiconductor film 108 at the time of forming
the insulating film 116 in a later step. Note that the insulating film 114 is not
necessarily provided.

[0105]

A silicon oxide film, a silicon oxynitride film, or the like with a thickness
greater than or equal to 5 nm and less than or equal to 150 nm, preferably greater than
or equal to 5 nm and less than or equal to 50 nm can be used as the insulating film 114.
[0106]

Furthermore, it is preferable that the number of defects in the insulating film
114 be small and typically, the spin density of a signal that appears at g =2.001 due to a
dangling bond of silicon be lower than or equal to 3 x 10" spins/cm’ by electron spin
resonance (ESR) measurement. This is because if the density of defects in the
insulating film 114 is high, oxygen is bonded to the defects and the amount of oxygen
that passes through the insulating film 114 is decreased.

[0107]

Note that all oxygen entering the insulating film 114 from the outside is not
moved to the outside of the insulating film 114 and some oxygen remains in the
insulating film 114 in some cases. In addition, oxygen enters the insulating film 114
and oxygen contained in the insulating film 114 is moved to the outside of the insulating
film 114, whereby movement of oxygen in the insulating film 114 occurs in some cases.

When the oxide insulating film which is permeable to oxygen is formed as the
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insulating film 114, oxygen released from the insulating film 116 provided over the
insulating film 114 can be moved to the oxide semiconductor film 108 through the
insulating film 114.

[0108]

The insulating film 116 is formed using an oxide insulating film containing
oxygen in excess of the stoichiometric composition. Part of oxygen is released by
heating from the oxide insulating film containing oxygen in excess of the stoichiometric
composition.  The oxide insulating film containing oxygen in excess of the
stoichiometric composition is an oxide insulating film of which the amount of released
oxygen converted into oxygen atoms is greater than or equal to 1.0 x 10'® atoms/cm’,
preferably greater than or equal to 3.0 x 10°° atoms/cm’ in TDS analysis. Note that the
temperature of the film surface in the TDS analysis is preferably higher than or equal to
100 °C and lower than or equal to 700 °C, or higher than or equal to 100 °C and lower
than or equal to 500 °C.

[0109]

A silicon oxide film, a silicon oxynitride film, or the like with a thickness
greater than or equal to 30 nm and less than or equal to 500 nm, preferably greater than
or equal to 50 nm and less than or equal to 400 nm can be used for the insulating film
116.

[0110]

Further, it is preferable that the amount of defects in the insulating film 116 be
small, and typically the spin density of a signal that appears at g = 2.001 due to a
dangling bond of silicon be lower than 1.5 x 10" spins/cm’, further preferably lower
than or equal to 1 x 10" spins/cm’ by ESR measurement. Note that the insulating film
116 is provided more apart from the oxide semiconductor film 108 than the insulating
film 114 is; thus, the insulating film 116 may have higher defect density than the
insulating film 114.

[0111]

Furthermore, the insulating films 114 and 116 can be formed using insulating

films formed of the same kinds of materials; thus, a boundary between the insulating

films 114 and 116 cannot be clearly observed in some cases. Thus, in this embodiment,
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the boundary between the insulating films 114 and 116 is shown by a dashed line.
Although a two-layer structure of the insulating films 114 and 116 is described in this
embodiment, one embodiment of the present invention is not limited thereto. For
example, a single-layer structure of the insulating film 114, a single-layer structure of
the insulating film 116, or a stacked-layer structure of three or more layers may be used.
[0112]

The insulating film 118 has a function of blocking oxygen, hydrogen, water, an
alkali metal, an alkaline earth metal, and the like. By providing the insulating film 118,
it is possible to prevent outward diffusion of oxygen from the oxide semiconductor film
108 and entry of hydrogen, water, or the like into the oxide semiconductor film 108
from the outside. The insulating film 118 can be formed using a nitride insulating film,
for example. The nitride insulating film is formed using silicon nitride, silicon nitride
oxide, aluminum nitride, aluminum nitride oxide, or the like. Note that instead of the
nitride insulating film having a blocking effect against oxygen, hydrogen, water, an
alkali metal, an alkaline earth metal, and the like, an oxide insulating film having a
blocking effect against oxygen, hydrogen, water, and the like, may be provided. As
the oxide insulating film having a blocking effect against oxygen, hydrogen, water, and
the like, an aluminum oxide film, an aluminum oxynitride film, a gallium oxide film, a
gallium oxynitride film, an yttrium oxide film, an yttrium oxynitride film, a hafnium
oxide film, and a hafthium oxynitride film can be given.
[0113]
<Conductive film>

For example, a material including one of indium (In), zinc (Zn), and tin (Sn)
can be used for the conductive films 120a and 120b used in the transistor 150. In
particular, a light-transmitting conductive material such as indium oxide containing
tungsten oxide, indium zinc oxide containing tungsten oxide, indium oxide containing
titanium oxide, indium tin oxide containing titanium oxide, indium tin oxide (ITO),
indium zinc oxide, or indium tin oxide to which silicon oxide is added can be used for
the conductive films 120a and 120b. The conductive films 120a and 120b can be
formed by a sputtering method, for example.
[0114]

Although the variety of films such as the conductive films, the insulating films,
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the oxide semiconductor films, and the metal oxide films which are described above can
be formed by a sputtering method or a PE-CVD method, such films may be formed by
another method, e.g, a thermal CVD method. A metal organic chemical vapor
deposition (MOCVD) method or an atomic layer deposition (ALD) method may be
employed as an example of a thermal CVD method.

[0115]

A thermal CVD method has an advantage that no defect due to plasma damage
is generated since it does not utilize plasma for forming a film.
[0116]

Deposition by a thermal CVD method may be performed in such a manner that
a source gas and an oxidizer are supplied to a chamber at a time so that the pressure in
the chamber is set to an atmospheric pressure or a reduced pressure, and react with each
other in the vicinity of the substrate or over the substrate.

[0117]

Deposition by an ALD method may be performed in such a manner that the
pressure in a chamber is set to an atmospheric pressure or a reduced pressure, a source
gas for reaction is sequentially introduced into the chamber, and then the sequence of
the gas introduction is repeated. For example, two or more kinds of source gases are
sequentially supplied to the chamber by switching respective switching valves (also
referred to as high-speed valves). For example, a first source gas is introduced, an
inert gas (e.g., argon or nitrogen) or the like is introduced at the same time as or after
the introduction of the first gas so that the source gases are not mixed, and then a second
source gas is introduced. Note that in the case where the first source gas and the inert
gas are introduced at a time, the inert gas serves as a carrier gas, and the inert gas may
also be introduced at the same time as the introduction of the second source gas.
Alternatively, the first source gas may be exhausted by vacuum evacuation instead of
the introduction of the inert gas, and then the second source gas may be introduced.
The first source gas is adsorbed on the surface of the substrate to form a first layer; then
the second source gas is introduced to react with the first layer; as a result, a second
layer is stacked over the first layer, so that a thin film is formed. The sequence of the
gas introduction is repeated plural times until a desired thickness is obtained, whereby a

thin film with excellent step coverage can be formed. The thickness of the thin film
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can be adjusted by the number of repetition times of the sequence of the gas
introduction; therefore, an ALD method makes it possible to accurately adjust a
thickness and thus is suitable for manufacturing a minute FET.

[0118]

The variety of films such as the conductive films, the insulating films, the
oxide semiconductor films, and the metal oxide films which are described in this
specification can be formed by a thermal CVD method such as a MOCVD method or an
ALD method. For example, in the case where an In-Ga-Zn-O film is formed,
trimethylindium, trimethylgallium, and dimethylzinc are used. Note that the chemical
formula of trimethylindium is In(CH3);. The chemical formula of trimethylgallium is
Ga(CH3;)s;. The chemical formula of dimethylzinc is Zn(CH3),. Without limitation to
the above combination, triethylgallium (chemical formula: Ga(C;Hs)s;) can be used
instead of trimethylgallium and diethylzinc (chemical formula: Zn(C,Hs),) can be used
instead of dimethylzinc.

[0119]

For example, in the case where a hafnium oxide film is formed using a
deposition apparatus using an ALD method, two kinds of gases, i.e., ozone (O3) as an
oxidizer and a source gas which is obtained by vaporizing liquid containing a solvent
and a hafnium precursor compound (a hafnium alkoxide solution, typically
tetrakis(dimethylamide)hafnium (TDMAH)) are used. Note that the chemical formula
of tetrakis(dimethylamide)hafnium is Hf[N(CHs),]s. Examples of another material
liquid include tetrakis(ethylmethylamide)hatnium.

[0120]

For example, in the case where an aluminum oxide film is formed using a
deposition apparatus using an ALD method, two kinds of gases, e.g., H,O as an oxidizer
and a source gas which is obtained by vaporizing liquid containing a solvent and an
aluminum precursor compound (e.g., trimethylaluminum (TMA)) are used. Note that
the chemical formula of trimethylaluminum is AI(CH;);. Examples of another
material liquid include tris(dimethylamide)aluminum, triisobutylaluminum, and
aluminum tris(2,2,6,6-tetramethyl-3,5-heptanedionate).

[0121]

For example, in the case where a silicon oxide film is formed using a
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deposition apparatus using an ALD method, hexachlorodisilane is adsorbed on a surface
where a film is to be formed, chlorine contained in the adsorbate is removed, and
radicals of an oxidizing gas (e.g., O, or dinitrogen monoxide) are supplied to react with
the adsorbate.

[0122]

For example, in the case where a tungsten film is formed using a deposition
apparatus employing an ALD method, a WFs gas and a B;H¢ gas are sequentially
introduced plural times to form an initial tungsten film, and then a WF¢ gas and an H,
gas are introduced at a time, so that a tungsten film is formed. Note that an SiH, gas
may be used instead of a B,Hg gas.

[0123]

For example, in the case where an oxide semiconductor film, e.g., an
In-Ga-Zn-O film is formed using a deposition apparatus employing an ALD method, an
In(CH3); gas and an O; gas are sequentially introduced plural times to form an InO,
layer, a Ga(CHj3); gas and an O; gas are introduced at a time to form a GaO layer, and
then a Zn(CHj3), gas and an O3 gas are introduced at a time to form a ZnO layer. Note
that the order of these layers is not limited to this example. A mixed compound layer
such as an In-Ga-O layer, an In-Zn-O layer or a Ga-Zn-O layer may be formed by
mixing of these gases. Note that although an H,O gas which is obtained by bubbling
with an inert gas such as Ar may be used instead of an O3 gas, it is preferable to use an
Os gas, which does not contain H. Furthermore, instead of an In(CHj3); gas, an
In(C,Hs); gas may be used. Instead of a Ga(CH3)s gas, a Ga(C,Hs); gas may be used.
In addition, instead of an In(CHj3); gas, an In(C;Hs); gas may be used. Moreover, a
Zn(CHs;), gas may be used.

[0124]
<Structure example 2 of semiconductor device>

A transistor 152 that is a semiconductor device of one embodiment of the
present invention is described FIGS. 3A to 3C.
[0125]

FIG. 3A is a top view of the transistor 152 that is a semiconductor device of
one embodiment of the present invention. FIG. 3B is a cross-sectional view taken

along dashed dotted line Y1-Y2 in FIG. 3A. FIG. 3C is a cross-sectional view taken
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along dashed dotted line X1-X2 in FIG. 3A.
[0126]

The transistor 152 includes the conductive film 104 functioning as a gate
electrode layer over the substrate 102; the insulating film 106 functioning as a gate
insulating film over the substrate 102 and the conductive film 104; the oxide
semiconductor film 108 provided over the insulating film 106 to overlap the conductive
film 104; a protective insulating film 109 over the insulating film 106 and the oxide
semiconductor film 108; the pair of electrode layers 112a and 112b that is electrically
connected to the oxide semiconductor film 108 through openings 140a and 140b
provided in the protective insulating film 109 and functions as a source electrode layer
and a drain electrode layer of the transistor 152; the insulating films 114, 116, and 118
over the pair of electrode layers 112a and 112b and the protective insulating film 109;
and the conductive films 120a and 120b over the insulating film 118.

[0127]

The conductive film 120a is connected to the electrode layer 112b through the
opening 142¢ provided in the insulating films 114, 116, and 118. The conductive film
120b is formed over the insulating film 118 to overlap the oxide semiconductor film
108.

[0128]

In the transistor 152, the protective insulating film 109 functions as a first
insulating film, and the insulating films 114, 116, and 118 functions as a second
insulating film. The first insulating film and the second insulating film function as a
second gate insulating film of the transistor 152.

[0129]

The pair of electrode layers 112a and 112b in the transistor 152 functions as a
source electrode layer and a drain electrode layer. Note that the pair of electrode
layers 112a and 112b includes at least a Cu-X alloy film; for example, it is preferable
that the pair of electrode layers 112a and 112b have a single-layer structure of a Cu-X
alloy film or a stacked-layer structure of a Cu-X alloy film and a conductive film
containing a low-resistance material such as copper (Cu), aluminum (Al), gold (Au), or
silver (Ag), an alloy containing any of these materials, or a compound containing any of

these materials as a main component.
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[0130]

The pair of electrode layers 112a and 112b also functions as lead wirings or the
like. Therefore, the pair of electrode layers 112a and 112b is formed to include a Cu-X
alloy film, or a Cu-X alloy film and a conductive film containing a low-resistance
material such as copper, aluminum, gold, or silver, whereby a semiconductor device
with reduced wiring delay can be manufactured even when a large-sized substrate is
used as the substrate 102.

[0131]

In addition, a Cu-X alloy film is used for the pair of electrode layers 112a and
112b in contact with the oxide semiconductor film 108, whereby X in the Cu-X alloy
film (X is Mn, Ni, Cr, Fe, Co, Mo, Ta, or Ti) might form a coating film of X at the
interface between the Cu-X alloy film and the oxide semiconductor film. The coating
film can inhibit Cu in the Cu-X alloy film from entering the oxide semiconductor film
108.

[0132]

For example, as the Cu-X alloy film (X is Mn, Ni, Cr, Fe, Co, Mo, Ta, or Ti)
used for the pair of electrode layers 112a and 112b, a Cu-Mn alloy film can be selected.
When the Cu-Mn alloy film is used for the pair of electrode layers 112a and 112b, a
coating film containing Mn is formed at the interface with a base film (here, the
protective insulating film 109 and the oxide semiconductor film 108), which can
improves adhesion. Furthermore, the use of the Cu-Mn alloy film enables a favorable
ohmic contact with the oxide semiconductor film 108.

[0133]

Here, FIG. 4 is an enlarged cross-sectional view of some components in the
semiconductor device illustrated in FIGS. 3A to 3C.
[0134]

FIG. 4 is a cross-sectional view of the insulating film 106, the oxide
semiconductor film 108, the protective insulating film 109, the pair of electrode layers
112a and 112b, the insulating films 114, 116, and 118, and the conductive film 120b
that are included in the transistor 152.

[0135]
As illustrated in FIG. 4, coating films 113a and 113b might be formed at the
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interfaces between the oxide semiconductor film 108 and the pair of electrode layers
112a and 112b, the interfaces between the protective insulating film 109 and the pair of
electrode layers 112a and 112b, and the interfaces between the insulating film 114 and
the pair of electrode layers 112a and 112b. The structure of the coating films 113a and
113b is similar to that of the above-described coating films 113a and 113b.

[0136]

As illustrated in FIGS. 3B and 3C, the protective insulating film 109 covers at
least a channel region and side surfaces of the oxide semiconductor film 108. In this
manner, the transistor 152 is different from the transistor 150 in FIGS. 1A to 1C in that
the protective insulating film 109 is provided over the oxide semiconductor film 108.
The other structures are the same as those of the transistor 150 and the effect similar to
that in the case of the transistor 150 can be obtained. Furthermore, in the transistor
152, the protective insulating film 109 can further inhibit an impurity (here, Cu
contained in the pair of electrode layers 112a and 112b) from entering the oxide
semiconductor film 108.

[0137]

As the protective insulating film 109 that can be used in the transistor 152, an
insulating film including at least one of the following films formed by a PE-CVD
method, a sputtering method, or the like can be used: a silicon oxide film, a silicon
oxynitride film, a silicon nitride oxide film, a silicon nitride film, an aluminum oxide
film, a hafnium oxide film, an yttrium oxide film, a zirconium oxide film, a gallium
oxide film, a tantalum oxide film, a magnesium oxide film, a lanthanum oxide film, a
cerium oxide film, and a neodymium oxide film. Note that the protective insulating
film 109 may have a stacked-layer structure of any of these films. To improve the
interface characteristics between the protective insulating film 109 and the oxide
semiconductor film 108, it is particularly preferable to use a silicon oxide film or a
silicon oxynitride film as the protective insulating film 109.

[0138]

Note that the protective insulating film 109 that is in contact with the oxide
semiconductor film 108 is preferably an oxide insulating film and preferably has a
region (oxygen-excess region) containing oxygen in excess of the stoichiometric

composition. In order to provide the oxygen-excess region in the protective insulating
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film 109, the protective insulating film 109 may be formed in an oxygen atmosphere,
for example. Alternatively, oxygen may be introduced into the formed protective
insulating film 109 to form the oxygen-excess region therein. As a method for
introducing oxygen, an ion implantation method, an ion doping method, a plasma
immersion ion implantation method, plasma treatment, or the like may be employed.
[0139]

The protective insulating film 109 preferably has a nitrogen concentration
measured by secondary ion mass spectrometry (SIMS) of lower than or equal to 6 x
10* atoms/cm’. In that case, nitrogen oxide is unlikely to be generated in protective
insulating film 109, so that the carrier trap at the interface between the protective
insulating film 109 and the oxide semiconductor film can be inhibited. Furthermore, a
shift in the threshold voltage of the transistor included in the semiconductor device can
be inhibited, which leads to a reduced change in the electrical characteristics of the
transistor.

[0140]

Like the transistor 150 described above, the transistor 152 has an s-channel
structure.
[0141]

Specifically, as illustrated in the cross-sectional view of FIG. 3B, the oxide
semiconductor film 108 is positioned to face each of the conductive film 104
functioning as a gate electrode layer and the conductive film 120b functioning as a back
gate electrode layer, and is sandwiched between the two conductive layers functioning
as gate electrode layers. The lengths in the channel length direction and the channel
width direction of the conductive film 120b functioning as a back gate electrode layer
are longer than those in the channel length direction and the channel width direction of
the oxide semiconductor film 108. The whole oxide semiconductor film 108 is
covered with the conductive film 120b with the protective insulating film 109 and the
insulating films 114, 116, and 118 positioned therebetween. Since the conductive film
120b functioning as a back gate electrode layer is connected to the conductive film 104
functioning as a gate electrode layer through the opening 142a and 142b provided in the
insulating films 106a, 106b, 114, 116, and 118 and the protective insulating film 109, a

side surface of the oxide semiconductor film 108 in the channel width direction faces
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the conductive film 120b functioning as a back gate electrode layer with the protective
insulating film 109 positioned therebetween.
[0142]

In other words, in the channel width direction of the transistor 152, the
conductive film 104 functioning as a gate electrode layer and the conductive film 120b
functioning as a back gate electrode layer are connected to each other through the
openings provided in the insulating film 106 functioning as a gate insulating film, the
protective insulating film 109, and the insulating films 114, 116, and 118; and the
conductive film 104 and the conductive film 120b surround the oxide semiconductor
film 108 with the insulating film 106 functioning as a gate insulating film, the protective
insulating film 109, and the insulating films 114, 116, and 118 positioned therebetween.
[0143]
<Structure example 3 of semiconductor device>

Transistors 154, 156, 158, and 160 that are semiconductor devices of one
embodiment of the present invention are described using FIGS. 5A to 5C, FIGS. 6A to
6C, FIGS. 7A and 7B, FIGS. 8A to 8C, FIGS. 9A to 9C, and FIGS. 10A and 10B.
[0144]

First, the transistor 154 illustrated in FIGS. 5A to 5C is described.

[0145]

FIG. 5A is a top view of the transistor 154 that is a semiconductor device of
one embodiment of the present invention. FIG. 5B is a cross-sectional view taken
along dashed dotted line Y1-Y2 in FIG. 5A. FIG. 5C is a cross-sectional view taken
along dashed dotted line X1-X2 in FIG. 5A.

[0146]

The transistor 154 includes the conductive film 104 functioning as a gate
electrode layer over the substrate 102; the insulating film 106 functioning as a gate
insulating film over the substrate 102 and the conductive film 104; the oxide
semiconductor film 108 provided over the insulating film 106 to overlap the conductive
film 104; a metal oxide film 108a over the oxide semiconductor film 108; a metal oxide
film 108b over the metal oxide film 108a; the pair of electrode layers 112a and 112b
electrically connected to the oxide semiconductor film 108 with the metal oxide film

108a and the metal oxide film 108b positioned therebetween; the insulating films 114,
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116, and 118 over the pair of electrode layers 112a and 112b, the metal oxide film 108a,
and the metal oxide film 108b; and the conductive films 120a and 120b over the
insulating film 118.

[0147]

The transistor 154 is different from the transistor 150 in FIGS. 1A to 1C in that
the metal oxide films 108a and 108b are provided over the oxide semiconductor film
108. The other structures are the same as those of the transistor 150 and the effect
similar to that in the case of the transistor 150 can be obtained. Note that the metal
oxide film 108a is provided over and in contact with the oxide semiconductor film 108.
The metal oxide film 108b is provided over and in contact with the metal oxide film
108a. The metal oxide films 108a and 108b function as barrier layers for preventing a
constituent element of the pair of electrode layers 112a and 112b from diffusing to the
oxide semiconductor film 108. Therefore, the metal oxide films 108a and 108b can
further inhibit an impurity (here, Cu contained in the pair of electrode layers 112a and
112b) from entering the oxide semiconductor film 108.

[0148]
Note that the details of the metal oxide films 108a and 108b are described later.

[0149]

Next, the transistor 156 illustrated in FIGS. 6A to 6C is described.
[0150]

FIG. 6A is a top view of the transistor 156 that is a semiconductor device of
one embodiment of the present invention. FIG. 6B is a cross-sectional view taken
along dashed dotted line Y1-Y2 in FIG. 6A. FIG. 6C is a cross-sectional view taken
along dashed dotted line X1-X2 in FIG. 6A.

[0151]

The transistor 156 includes the conductive film 104 functioning as a gate
electrode layer over the substrate 102; the insulating film 106 functioning as a gate
insulating film over the substrate 102 and the conductive film 104; the oxide
semiconductor film 108 provided over the insulating film 106 to overlap the conductive
film 104; the metal oxide film 108a over the oxide semiconductor film 108; the metal

oxide film 108b over the metal oxide film 108a; the protective insulating film 109 over
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the insulating film 106 and the metal oxide film 108b; the pair of electrode layers 112a
and 112b that is electrically connected to the oxide semiconductor film 108 through the
openings 140a and 140b provided in the protective insulating film 109 and functions as
a source electrode layer and a drain electrode layer of the transistor 156; the insulating
films 114, 116, and 118 over the pair of electrode layers 112a and 112b and the
protective insulating film 109; and the conductive films 120a and 120b over the
insulating film 118.

[0152]

The transistor 156 is different from the transistor 152 in FIGS. 3A to 3C in that
the metal oxide films 108a and 108b are provided over the oxide semiconductor film
108. The other structures are the same as those of the transistor 152 and the effect
similar to that in the case of the transistor 152 can be obtained. Note that the metal
oxide film 108a is provided over and in contact with the oxide semiconductor film 108.
The metal oxide film 108b is provided over and in contact with the metal oxide film
108a. The metal oxide films 108a and 108b function as barrier layers for preventing a
constituent element of the pair of electrode layers 112a and 112b from diffusing to the
oxide semiconductor film 108. Therefore, the metal oxide films 108a and 108b can
further inhibit an impurity (here, Cu contained in the pair of electrode layers 112a and
112b) from entering the oxide semiconductor film 108.

[0153]

The oxide semiconductor film 108, the metal oxide film 108a, and the metal
oxide film 108b that can be used for the transistor 154 in FIGS. SA to 5C and the
transistor 156 in FIGS. 6A to 6C are described below.

[0154]

Any of the above-described materials, such as a material formed of In-AM-Zn
oxide, is used for the oxide semiconductor film 108. A material which is formed of
In-M-Zn oxide or In-M oxide is used for the metal oxide film 108a. A material which
is formed of In-AM-Zn oxide or In-M oxide is used for the metal oxide film 108b.

[0155]

Note that in the case where the metal oxide film 108a and the metal oxide film

108b are formed using the same kinds of materials, the interface between the metal

oxide film 108a and the metal oxide film 108b cannot be observed in some cases.
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[0156]

To increase a blocking property against a constituent element of the pair of
electrode layers 112a and 112b, e.g., a copper element, it is preferable that the metal
oxide film 108b be formed of CAAC-OS described later.

[0157]

Here, FIGS. 7A and 7B are enlarged cross-sectional views of some components
in the semiconductor devices illustrated in FIGS. 5A to 5C and FIGS. 6A to 6C.
[0158]

FIG. 7A is a cross-sectional view of the insulating film 106, the oxide
semiconductor film 108, the metal oxide films 108a and 108b, the pair of electrode
layers 112a and 112b, the insulating films 114, 116, and 118, and the conductive film
120b that are included in the transistor 154.

[0159]

FIG. 7B is a cross-sectional view of the insulating film 106, the oxide
semiconductor film 108, the metal oxide films 108a and 108b, the protective insulating
film 109, the pair of electrode layers 112a and 112b, the insulating films 114, 116, and
118, and the conductive film 120b that are included in the transistor 156.

[0160]

As illustrated in FIG. 7A, coating films 115a and 115b might be formed at the
interfaces between the metal oxide film 108b and the pair of electrode layers 112a and
112b, the interfaces between the insulating film 106b and the pair of electrode layers
112a and 112b, and the interfaces between the insulating film 114 and the pair of
electrode layers 112a and 112b.  As illustrated in FIG. 7B, the coating films 115a and
115b might be formed at the interfaces between the metal oxide film 108b and the pair
of electrode layers 112a and 112b, the interfaces between the protective insulating film
109 and the pair of electrode layers 112a and 112b, and the interfaces between the
insulating film 114 and the pair of electrode layers 112a and 112b.

[0161]

For example, in the case where the metal oxide film 108b and the pair of
electrode layers 112a and 112b are heated in the state where they are in contact with
each other, the coating films 115a and 115b can be formed in the vicinity of the

interface with the metal oxide film 108b in such a manner that Mn in the Cu-Mn alloy
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film used for the pair of electrode layers 112a and 112b is segregated. Note that the
coating films 115a and 115b are formed of, for example, Mn oxide, In-Mn oxide,
Ga-Mn oxide, In-Ga-Mn oxide, or In-Ga-Zn-Mn oxide which can be formed by a
reaction with a constituent element in the metal oxide film 108b.

[0162]

For example, in the case where the insulating films 106 and 114 or the
protective insulating film 109 and the pair of electrode layers 112a and 112b are heated
in the state where they are in contact with each other, the coating films 115a and 115b
can be formed in the vicinities of the interfaces between the insulating films 106 and
114 and the pair of electrode layers 112a and 112b and in the vicinity of the interfaces
between the protective insulating film 109 and the pair of electrode layers 112a and
112b in such a manner that Mn in the Cu-Mn alloy film used for the pair of electrode
layers 112a and 112b is segregated. Note that in addition to the above oxides, the
coating films 115a and 115b can be formed of, for example, Mn hydride, Mn carbide,
Mn oxide, Mn nitride, or Mn silicide when the insulating films 106 and 114 or the
protective insulating film 109 contains hydrogen, carbon, oxygen, nitrogen, silicon, or
the like.

[0163]

Next, the transistor 158 illustrated in FIGS. 8A to 8C is described.
[0164]

FIG. 8A is a top view of the transistor 158 that is a semiconductor device of
one embodiment of the present invention. FIG. 8B is a cross-sectional view taken
along dashed dotted line Y1-Y2 in FIG. 8A. FIG. 8C is a cross-sectional view taken
along dashed dotted line X1-X2 in FIG. 8A.

[0165]

The transistor 158 includes the conductive film 104 functioning as a gate
electrode layer over the substrate 102; the insulating film 106 functioning as a gate
insulating film over the substrate 102 and the conductive film 104; the oxide
semiconductor film 108 provided over the insulating film 106 to overlap the conductive
film 104; the metal oxide film 108b over the oxide semiconductor film 108; the pair of
electrode layers 112a and 112b electrically connected to the oxide semiconductor film

108 with the metal oxide film 108b positioned therebetween; the insulating films 114,
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116, and 118 over the pair of electrode layers 112a and 112b and the metal oxide film
108b; and the conductive films 120a and 120b over the insulating film 118.
[0166]

The transistor 158 is different from the transistor 150 in FIGS. 1A to 1C in that
the metal oxide film 108b is provided over the oxide semiconductor film 108. The
other structures are the same as those of the transistor 150 and the effect similar to that
in the case of the transistor 150 can be obtained. Note that the metal oxide film 108b
is provided over and in contact with the oxide semiconductor film 108.

[0167]

Next, the transistor 160 illustrated in FIGS. 9A to 9C is described.
[0168]

FIG. 9A is a top view of the transistor 160 that is a semiconductor device of
one embodiment of the present invention. FIG. 9B is a cross-sectional view taken
along dashed dotted line Y1-Y2 in FIG. 9A. FIG. 9C is a cross-sectional view taken
along dashed dotted line X1-X2 in FIG. 9A.

[0169]

The transistor 160 includes the conductive film 104 functioning as a gate
electrode layer over the substrate 102; the insulating film 106 functioning as a gate
insulating film over the substrate 102 and the conductive film 104; the oxide
semiconductor film 108 provided over the insulating film 106 to overlap the conductive
film 104; the metal oxide film 108b over the oxide semiconductor film 108; the
protective insulating film 109 over the insulating film 106 and the metal oxide film
108b; the pair of electrode layers 112a and 112b that is electrically connected to the
oxide semiconductor film 108 through the openings 140a and 140b provided in the
protective insulating film 109 and functions as a source electrode layer and a drain
electrode layer of the transistor 160; the insulating films 114, 116, and 118 over the pair
of electrode layers 112a and 112b and the protective insulating film 109; and the
conductive films 120a and 120b over the insulating film 118.

[0170]

The transistor 160 is different from the transistor 152 in FIGS. 3A to 3C in that

the metal oxide film 108b is provided over the oxide semiconductor film 108. The

other structures are the same as those of the transistor 152 and the effect similar to that
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in the case of the transistor 152 can be obtained. Note that the metal oxide film 108b
is provided over and in contact with the oxide semiconductor film 108.
[0171]

Since the metal oxide film 108a, the metal oxide film 108b, or the protective
insulating film 109 is provided over the oxide semiconductor film 108 in the transistors
154, 156, 158, and 160, Cu can be further inhibited from entering the oxide
semiconductor film 108.

[0172]

Here, a band structure of the oxide semiconductor film 108 and the metal oxide
films 108a and 108b and a band structure of the oxide semiconductor film 108 and the
insulating film in contact with the metal oxide films 108a and 108b are described with
reference to FIGS. 10A and 10B.

[0173]

FIG. 10A shows an example of a band structure in the thickness direction of a
stacked-layer structure of the insulating film 106b, the oxide semiconductor film 108,
the metal oxide film 108a, the metal oxide film 108b, and the insulating film 114 (or the
protective insulating film 109). FIG. 10B shows an example of a band structure in the
thickness direction of a stacked-layer structure of the insulating film 106b, the oxide
semiconductor film 108, the metal oxide film 108b, and the insulating film 114 (or the
protective insulating film 109). For easy understanding, the energy level (Ec) of the
bottom of the conduction band of each of the insulating film 106b, the oxide
semiconductor film 108, the metal oxide films 108a and 108b, and the insulating film
114 (or the protective insulating film 109) is shown in the band structures.

[0174]

In the band structure of FIG. 10A, a silicon oxide film is used as each of the
insulating film 106b and the insulating film 114 (or the protective insulating film 109),
an oxide semiconductor film formed using a metal oxide target having an atomic ratio
of metal elements of In:Ga:Zn = 1:1:1 is used as the oxide semiconductor film 108, a
metal oxide film formed using a metal oxide target having an atomic ratio of metal
elements of In:Ga:Zn = 1:3:6 is used as the metal oxide film 108a, and a metal oxide

film formed using a metal oxide target having an atomic ratio of metal elements of
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In:Ga:Zn = 1:4:5 1s used as the metal oxide film 108b.
[0175]

In the band structure of FIG. 10B, a silicon oxide film is used as each of the
insulating film 106b and the insulating film 114 (or the protective insulating film 109),
an oxide semiconductor film formed using a metal oxide target having an atomic ratio
of metal elements of In:Ga:Zn = 1:1:1 is used as the oxide semiconductor film 108, and
a metal oxide film formed using a metal oxide target having an atomic ratio of metal
elements of In:Ga:Zn = 1:3:6 is used as the metal oxide film 108b.

[0176]

As illustrated in FIGS. 10A and 10B, the energy level of the bottom of the
conduction band smoothly varies between the oxide semiconductor film 108 and the
metal oxide film 108a or between the oxide semiconductor film 108 and the metal oxide
film 108b. In other words, the energy level of the bottom of the conduction band is
continuously varied, or a continuous junction is formed. To obtain such a band
structure, there exists no impurity, which forms a defect state such as a trap center or a
recombination center for the oxide semiconductor, at the interface between the oxide
semiconductor film 108 and the metal oxide film 108a or at the interface between the
oxide semiconductor film 108 and the metal oxide film 108b.

[0177]

To form a continuous junction between the oxide semiconductor film 108 and
the metal oxide film 108a and between the oxide semiconductor film 108 and the metal
oxide film 108b, it is necessary to form the films successively without exposure to the
air by using a multi-chamber deposition apparatus (sputtering apparatus) provided with
a load lock chamber.

[0178]

With the band structure of FIG. 10A or FIG. 10B, the oxide semiconductor
film 108 serves as a well, and a channel region is formed in the oxide semiconductor
film 108 in the transistor with the stacked-layer structure.

[0179]
Note that with the above stacked-layer structure, trap states, which may be

formed in the oxide semiconductor film 108 in the case where the metal oxide films
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108a and 108b are not formed, are formed in the metal oxide film 108a and/or the metal
oxide film 108b. Therefore, the trap states can be separated from the oxide
semiconductor film 108.

[0180]

In addition, the trap states might be more distant from the vacuum level than
the energy level (Ec) of the bottom of the conduction band of the oxide semiconductor
film 108 functioning as a channel region, so that electrons are likely to be accumulated
in the trap states. When the electrons are accumulated in the trap states, the electrons
become negative fixed electric charge, so that the threshold voltage of the transistor is
shifted in the positive direction. Therefore, it is preferable that the trap states be closer
to the vacuum level than the energy level (Ec) of the bottom of the conduction band of
the oxide semiconductor film 108. Such a structure inhibits accumulation of electrons
in the trap states. As a result, the on-state current and the field-effect mobility of the
transistor can be increased.

[0181]

In FIGS. 10A and 10B, the energy level of the bottom of the conduction band
of each of the metal oxide films 108a and 108b is closer to the vacuum level than that of
the oxide semiconductor film 108. Typically, an energy difference between the bottom
of the conduction band of the oxide semiconductor film 108 and the bottom of the
conduction band of each of the metal oxide films 108a and 108b is greater than or equal
to 0.15 eV or greater than or equal to 0.5 eV, and less than or equal to 2 eV or less than
or equal to 1 eV. That is, the difference between the electron affinity of each of the
metal oxide films 108a and 108b and the electron affinity of the oxide semiconductor
film 108 is greater than or equal to 0.15 eV or greater than or equal to 0.5 eV, and less
than or equal to 2 eV or less than or equal to 1 eV.

[0182]

In such a structure, the oxide semiconductor film 108 serves as a main path of
current and functions as a channel region. In addition, since the metal oxide films
108a and 108b each contain one or more metal elements contained in the oxide
semiconductor film 108 in which a channel region is formed, interface scattering is less
likely to occur at the interface between the oxide semiconductor film 108 and the metal

oxide film 108a or the interface between the oxide semiconductor film 108 and the
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metal oxide film 108b. Thus, the transistor can have high field-effect mobility because
the movement of carriers is not hindered at the interface.
[0183]

To prevent each of the metal oxide films 108a and 108b from functioning as
part of a channel region, a material having sufficiently low conductivity is used for the
metal oxide films 108a and 108b. Alternatively, a material which has a smaller
electron affinity (a difference in energy level between the vacuum level and the bottom
of the conduction band) than the oxide semiconductor film 108 and has a difference in
energy level of the bottom of the conduction band from the oxide semiconductor film
108 (band offset) is used for the metal oxide films 108a and 108b. Furthermore, to
inhibit generation of a difference between threshold voltages due to the value of the
drain voltage, it is preferable to form the metal oxide films 108a and 108b using a
material whose energy level of the bottom of the conduction band is closer to the
vacuum level than that of the oxide semiconductor film 108 is by more than 0.2 eV,
preferably 0.5 eV or more.

[0184]

It is preferable that the metal oxide films 108a and 108b not have a spinel
crystal structure. If the metal oxide film 108a or the metal oxide film 108b has a
spinel crystal structure, constituent elements of the pair of electrode layers 112a and
112b might be diffused into the oxide semiconductor film 108 at the interface between
the spinel structure and another region. Note that each of the metal oxide films 108a
and 108b is preferably a CAAC-OS, which is described later, in which case a higher
blocking property against constituent elements of the pair of electrode layers 112a and
112b, e.g., copper, is obtained.

[0185]

The thickness of each of the metal oxide films 108a and 108b is greater than or
equal to a thickness that is capable of inhibiting diffusion of the constituent element of
the pair of electrode layers 112a and 112b into the oxide semiconductor film 108, and
less than a thickness that inhibits supply of oxygen from the insulating film 114 to the
oxide semiconductor film 108. For example, when the thickness of each of the metal
oxide films 108a and 108b is greater than or equal to 10 nm, the constituent elements of

the pair of electrode layers 112a and 112b can be prevented from diffusing into the
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oxide semiconductor film 108. When the thickness of each of the metal oxide films
108a and 108b is less than or equal to 100 nm, oxygen can be effectively supplied from
the protective insulating film 109 or the insulating films 114 and 116 to the oxide
semiconductor film 108.

[0186]

When the metal oxide films 108a and 108b are each an In-AM-Zn oxide in which
the atomic ratio of the element M (M is Ti, Ga, Y, Zr, La, Ce, Nd, Sn, or Hf) is higher
than that of In, the energy gap of each of the metal oxide films 108a and 108b can be
large and the electron affinity thereof can be small. Therefore, a difference in electron
affinity between the oxide semiconductor film 108 and each of the metal oxide films
108a and 108b may be controlled by the proportion of the element A/. Furthermore,
oxygen vacancy is less likely to be generated in the metal oxide film in which the
atomic ratio of Ti, Ga, Y, Zr, La, Ce, Nd, Sn, or Hf is higher than that of In because Ti,
Ga, Y, Zr, La, Ce, Nd, Sn, and Hf are each a metal element that is strongly bonded to
oxygen.

[0187]

When the metal oxide films 108a and 108b are each an In-A/-Zn oxide, the
proportion of In and the proportion of M, not taking Zn and O into consideration, are
preferably less than 50 at.% and greater than or equal to 50 at.%, respectively, further
preferably less than 25 at.% and greater than or equal to 75 at.%, respectively.

[0188]

Furthermore, in the case where the oxide semiconductor film 108 and the metal
oxide films 108a and 108b are each an In-AM-Zn oxide, the proportion of M (M is Ti, Ga,
Y, Zr, La, Ce, Nd, Sn, or Hf) in each of the metal oxide films 108a and 108b is larger
than that in the oxide semiconductor film 108. Typically, the proportion of M in each
of the metal oxide films 108a and 108b is 1.5 or more times, preferably two or more
times, further preferably three or more times as large as that in the oxide semiconductor
film 108.

[0189]
Furthermore, in the case where the oxide semiconductor film 108 and the metal

oxide films 108a and 108b are each an In-A-Zn oxide, when the oxide semiconductor
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film 108 has an atomic ratio of In:M:Zn = x;:y1:2; and the metal oxide films 108a and
108b each have an atomic ratio of In:M:Zn = x;)»:z2, yo/xy is larger than yi/xy,
preferably y»/x; is 1.5 or more times as large as yi/x;, further preferably, y,/x; is two or
more times as large as y/x), still further preferably y,/x;, is three or more times or four or
more times as large as yi/x;. In that case, it is preferable that, in the oxide
semiconductor film 108, y; be larger than or equal to x; because the transistor including
the oxide semiconductor film 108 can have stable electric characteristics. However,
when y; is three or more times as large as xj, the field-effect mobility of the transistor
including the oxide semiconductor film 108 is reduced. Accordingly, y; is preferably
smaller than three times x;.

[0190]

In the case where the oxide semiconductor film 108 is an In-A/-Zn oxide and a
target having the atomic ratio of metal elements of In:M:Zn = x;:y1:z; 1s used for
depositing the oxide semiconductor film 108, x,/y; is preferably greater than or equal to
1/3 and less than or equal to 6, further preferably greater than or equal to 1 and less than
or equal to 6, and z,/y, is preferably greater than or equal to 1/3 and less than or equal to
6, further 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 to
be described later is easily formed as the oxide semiconductor film 108. Typical
examples of the atomic ratio of the metal elements of the target include In:AM:Zn = 1:1:1,
InMZn=1:1:12, InM:Zn=1:1:1.5, and In:A:Zn =3:1:2.

[0191]

In the case where the metal oxide films 108a and 108b are each an In-AM-Zn
oxide and a target having an atomic ratio of metal elements of In:A/:Zn = x»:)5:25 is used
for depositing the metal oxide films 108a and 108b, x,/y, is preferably less than x,/yy,
and z,/y, is preferably greater than or equal to 1/3 and less than or equal to 6, further
preferably greater than or equal to 1 and less than or equal to 6. When the atomic ratio
of M with respect to indium is high, the energy gap of each of the metal oxide films
108a and 108b can be large and the electron affinity thereof can be small; therefore,
yo/x; is preferably greater than or equal to 3 or greater than or equal to 4. Typical

examples of the atomic ratio of the metal elements of the target include In:AM:Zn = 1:3:2,
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InM:Zn = 1:3:4, InM:Zn = 1:3:5, In:M:Zn = 1:3:6, In:M:Zn = 1:4:2, In:M:Zn = 1:4:4,
InMZn = 1:4:5, InM:Zn = 1:4:6, InM:Zn = 1:4.7, InM:Zn = 1:4:8, and In:M:Zn =
1.5:5.
[0192]

Furthermore, in the case where the metal oxide films 108a and 108b are each
an In-M oxide, when a divalent metal element (e.g., zinc) is not contained as M, the
metal oxide films 108a and 108b which do not include a spinel crystal structure can be
formed. For the metal oxide films 108a and 108b, for example, an In-Ga oxide can be
used. The In-Ga oxide can be formed by a sputtering method using an In-Ga metal
oxide target (In:Ga = 7:93), for example. To deposit the metal oxide films 108a and
108b by a sputtering method using DC discharge, when an atomic ratio of In:M is x:y, it
is preferable that y/(x + y) be less than or equal to 0.96, further preferably less than or
equal to 0.95, for example, 0.93.

[0193]

Note that in each of the oxide semiconductor film 108 and the metal oxide
films 108a and 108b, the proportions of atoms in the atomic ratio vary within a range of
+40 % as an error.

[0194]
<Structure example 4 of semiconductor device>

Next, modification examples of the transistors 150 and 152 are described with
reference to FIGS. 11A and 11B and FIGS. 12A and 12B. Note that top views of the
transistors in FIG. 11A and FIG. 12A and cross-sectional views in the channel width
direction thereof are similar to the top view of FIG. 1A and the cross-sectional view in
the channel width direction in FIG. 1B. Furthermore, top views of the transistors in
FIG. 11B and FIG. 12B and cross-sectional views in the channel width direction thereof
are similar to the top view of FIG. 3A and the cross-sectional view in the channel width
direction in FIG. 3B.

[0195]

FIG. 11A is a cross-sectional view of a transistor 150A that is a modification

example of the transistor 150 in FIG. 1C. The transistor 150A is different from the

transistor 150 in the structure of the pair of electrode layers 112a and 112b.
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Specifically, the electrode layer 112a of the transistor 150A in FIG. 11A includes a
conductive film 110a in contact with the oxide semiconductor film 108, a conductive
film 111a over the conductive film 110a, and a conductive film 117a over the
conductive film 111a. The electrode layer 112b of the transistor 150A in FIG. 11A
includes a conductive film 110b in contact with the oxide semiconductor film 108, a
conductive film 111b over the conductive film 110b, and a conductive film 117b over
the conductive film 111b.

[0196]

FIG. 11B is a cross-sectional view of a transistor 152A that is a modification
example of the transistor 152 in FIG. 3C. The transistor 152A is different from the
transistor 152 in the structure of the pair of electrode layers 112a and 112b.
Specifically, the electrode layer 112a of the transistor 152A in FIG. 11B includes the
conductive film 110a in contact with the oxide semiconductor film 108, the conductive
film 111a over the conductive film 110a, and the conductive film 117a over the
conductive film 111a. The electrode layer 112b of the transistor 152A in FIG. 11B
includes the conductive film 110b in contact with the oxide semiconductor film 108, the
conductive film 111b over the conductive film 110b, and the conductive film 117b over
the conductive film 111b.

[0197]

FIG. 12A is a cross-sectional view of a transistor 150B that is a modification
example of the transistor 150 in FIG. 1C. The transistor 150B is different from the
transistor 150 in the structure of the pair of electrode layers 112a and 112b.
Specifically, the electrode layer 112a of the transistor 150B in FIG. 12A includes the
conductive film 110a in contact with the oxide semiconductor film 108, and the
conductive film 111a over the conductive film 110a. The electrode layer 112b of the
transistor 150B in FIG. 12A includes the conductive film 110b in contact with the oxide
semiconductor film 108, and the conductive film 111b over the conductive film 110b.
[0198]

FIG. 12B is a cross-sectional view of a transistor 152B that is a modification
example of the transistor 152 in FIG. 3C. The transistor 152B is different from the
transistor 152 in the structure of the pair of electrode layers 112a and 112b.

Specifically, the electrode layer 112a of the transistor 152B in FIG. 12B includes the
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conductive film 110a in contact with the oxide semiconductor film 108, and the
conductive film 111a over the conductive film 110a. The electrode layer 112b of the
transistor 152B in FIG. 12B includes the conductive film 110b in contact with the oxide
semiconductor film 108, and the conductive film 111b over the conductive film 110b.
[0199]

For the conductive films 110a and 110b used for the transistors 150A, 150B,
152A, and 152B, the above-described Cu-X alloy film (X is Mn, Ni, Cr, Fe, Co, Mo, Ta,
or Ti) can be used. For the conductive films 111la and 111b, a conductive film
containing a low-resistance material such as copper (Cu), aluminum (Al), gold (Au), or
silver (Ag), an alloy containing any of these materials, or a compound containing any of
these materials as a main component can be used. To increase the conductivity of the
pair of electrode layers 112a and 112b, it is preferable that the thicknesses of the
conductive films 111a and 111b be larger than those of the conductive films 110a and
110b. The conductive films 117a and 117b can be formed using, for example, a
material similar to that used for the conductive films 110a and 110b.

[0200]

A 30-nm-thick Cu-Mn alloy film is used as each of the conductive films 110a
and 110b in this embodiment. Furthermore, a 200-nm-thick Cu film is used as each of
the conductive films 111a and 111b. Moreover, a 50-nm-thick Cu-Mn alloy film is
used as each of the conductive films 117a and 117b.

[0201]

When the conductive films 110a and 110b are provided in contact with the
oxide semiconductor film 108 as in the structures of the transistors 150A, 150B, 152A,
and 152B, a metal element (e.g., Cu) contained in the conductive films 111a and 111b
can be inhibited from entering the oxide semiconductor film 108. Furthermore, when
the conductive films 117a and 117b are provided in contact with top surfaces of the
conductive films 111a and 111b as in the transistors 150A and 152A, heat resistance of
the pair of electrode layers 112a and 112b can be improved. That is, the conductive
films 117a and 117b function as barrier films for the conductive films 111a and 111b.
It is preferable that the conductive films 117a and 117b be provided because they
function as protective films for the conductive films 111a and 111b at the time of

forming the insulating film 114.
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[0202]

The other structures of the transistors 150A, 150B, 152A, and 152B are the
same as those of the transistors 150 and 152 and the effect similar to that in the case of
the transistors 150 and 152 can be obtained.

[0203]

The structures of the transistors of this embodiment can be freely combined

with each other.
[0204]
<Method 1 for manufacturing semiconductor device>

Next, a method for manufacturing the transistor 150 that is a semiconductor
device of one embodiment of the present invention is described below in detail using
FIGS. 13A to 13D, FIGS. 14A to 14C, and FIGS. 15A to 15C.

[0205]

First, a conductive film is formed over the substrate 102 and processed through
a photolithography process and an etching process, whereby the conductive film 104
functioning as a gate electrode layer is formed. Then, the insulating film 106
functioning as a gate insulating film is formed over the conductive film 104. The
insulating film 106 includes the insulating films 106a and 106b (see FIG. 13A).

[0206]

The conductive film 104 can be formed by a sputtering method, a chemical
vapor deposition (CVD) method, a vacuum evaporation method, or a pulsed laser
deposition (PLD) method. Alternatively, a coating method or a printing method can be
used. Although typical deposition methods are a sputtering method and a plasma
chemical vapor deposition (PE-CVD) method, a thermal CVD method such as an
MOCVD method, or an ALD method described above may be used.

[0207]

In this embodiment, a glass substrate is used as the substrate 102.
Furthermore, as the conductive film 104, a 100-nm-thick tungsten film is formed by a
sputtering method.  Note that instead of the 100-nm-thick tungsten film, a
200-nm-thick Cu-Mu alloy film may be used as the conductive film 104. The Cu-Mn

alloy film can be formed by a sputtering method using a Cu-Mn metal target (Cu:Mn =
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90:10 [at.%]).
[0208]

The insulating film 106 can be formed by a sputtering method, a PE-CVD
method, a thermal CVD method, a vacuum evaporation method, a PLD method, or the
like. 1In this embodiment, a 400-nm-thick silicon nitride film as the insulating film
106a and a 50-nm-thick silicon oxynitride film as the insulating film 106b are formed
by a PE-CVD method.

[0209]

Note that the insulating film 106a included in the insulating film 106 can have
a stacked-layer structure of silicon nitride films. Specifically, the insulating film 106a
can have a three-layer structure of a first silicon nitride film, a second silicon nitride
film, and a third silicon nitride film. An example of the three-layer structure is as
follows.

[0210]

For example, the first silicon nitride film can be formed to have a thickness of
50 nm under the condition where silane, nitrogen, and an ammonia gas are supplied at
flow rates of 200 sccm, 2000 sccm, and 100 scem, respectively, as a source gas to a
reaction chamber of a PE-CVD apparatus; the pressure in the reaction chamber is
controlled to 100 Pa, and a power of 2000 W is supplied using a 27.12 MHz
high-frequency power source.

[0211]

The second silicon nitride film can be formed to have a thickness of 300 nm
under the condition where silane, nitrogen, and an ammonia gas are supplied at flow
rates of 200 sccm, 2000 scem, and 2000 sccm, respectively, as a source gas to the
reaction chamber of the PE-CVD apparatus; the pressure in the reaction chamber is
controlled to 100 Pa, and a power of 2000 W is supplied using a 27.12 MHz
high-frequency power source.

[0212]

The third silicon nitride film can be formed to have a thickness of 50 nm under
the condition where silane and nitrogen are supplied at flow rates of 200 sccm and 5000
sccm, respectively, as a source gas to the reaction chamber of the PE-CVD apparatus;

the pressure in the reaction chamber is controlled to 100 Pa, and a power of 2000 W is
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supplied using a 27.12 MHz high-frequency power source.
[0213]

Note that the first silicon nitride film, the second silicon nitride film, and the
third silicon nitride film can be each formed at a substrate temperature of 350 °C.
[0214]

When the insulating film 106a has the three-layer structure of silicon nitride
films, for example, in the case where a conductive film containing Cu is used as the
conductive film 104, the following effect can be obtained.

[0215]

The first silicon nitride film can inhibit diffusion of Cu from the conductive
film 104. The second silicon nitride film has a function of releasing hydrogen and can
improve withstand voltage of the insulating film functioning as a gate insulating film.
The third silicon nitride film releases a small amount of hydrogen and can inhibit
diffusion of hydrogen released from the second silicon nitride film.

[0216]

Next, the oxide semiconductor film 108 is formed over the insulating film 106
functioning as a gate insulating film (see FIG. 13B).
[0217]

In this embodiment, the oxide semiconductor film 108 is formed by a
sputtering method using an In-Ga-Zn metal oxide target (In:Ga:Zn = 1:1:1).

[0218]

After the oxide semiconductor film 108 is formed, heat treatment may be
performed at a temperature higher than or equal to 150 °C and lower than the strain
point of the substrate, preferably higher than or equal to 200 °C and lower than or equal
to 450 °C, further preferably higher than or equal to 300 °C and lower than or equal to
450 °C. The heat treatment performed here serves as one kind of treatment for
increasing the purity of the oxide semiconductor film and can reduce hydrogen, water,
and the like contained in the oxide semiconductor film 108. Note that the heat
treatment for the purpose of reducing hydrogen, water, and the like may be performed
before the oxide semiconductor film 108 is processed into an island shape.

[0219]
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An electric furnace, an RTA apparatus, or the like can be used for the heat
treatment performed on the oxide semiconductor film 108. With the use of an RTA
apparatus, the heat treatment can be performed at a temperature higher than or equal to
the strain point of the substrate if the heating time is short. Therefore, the heat
treatment time can be shortened.

[0220]

Note that the heat treatment performed on the oxide semiconductor film 108
may be performed under an atmosphere of nitrogen, oxygen, ultra-dry air (air in which a
water content is 20 ppm or less, preferably 1 ppm or less, further preferably 10 ppb or
less), or a rare gas (argon, helium, or the like). The atmosphere of nitrogen, oxygen,
ultra-dry air, or a rare gas preferably does not contain hydrogen, water, and the like.
Furthermore, after heat treatment performed in a nitrogen atmosphere or a rare gas
atmosphere, heat treatment may be additionally performed in an oxygen atmosphere or
an ultra-dry air atmosphere. As a result, hydrogen, water, and the like can be released
from the oxide semiconductor film and oxygen can be supplied to the oxide
semiconductor film at the same time. Consequently, the amount of oxygen vacancies
in the oxide semiconductor film can be reduced.

[0221]

In the case where the oxide semiconductor film 108 is formed by a sputtering
method, as a sputtering gas, a rare gas (typically argon), oxygen, or a mixed gas of a
rare gas and oxygen is used as appropriate. In the case of using the mixed gas of a rare
gas and oxygen, the proportion of oxygen to a rare gas is preferably increased. In
addition, increasing the purity of a sputtering gas is necessary. For example, as an
oxygen gas or an argon gas used for a sputtering gas, a gas which is highly purified to
have a dew point of —40 °C or lower, preferably —80 °C or lower, further preferably
—100 °C or lower, still further preferably —120 °C or lower is used, whereby entry of
moisture or the like into the oxide semiconductor film 108 can be minimized.

[0222]

In the case where the oxide semiconductor film 108 is formed by a sputtering

method, a chamber in a sputtering apparatus is preferably evacuated to be a high

vacuum state (to the degree of approximately 5 x 107 Pa to 1 x 107" Pa) with an
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adsorption vacuum evacuation pump such as a cryopump in order to remove water or
the like, which serves as an impurity for the oxide semiconductor film 108, as much as
possible.  Alternatively, a turbo molecular pump and a cold trap are preferably
combined so as to prevent a backflow of a gas, especially a gas containing carbon or
hydrogen from an exhaust system to the inside of the chamber.

[0223]

Next, a conductive film 112 is deposited over the insulating film 106 and the
oxide semiconductor film 108 (see FIG. 13C).
[0224]

The conductive film 112 can be formed using a material selected from the
above-described materials that can be used for the pair of electrode layers 112a and
112b. In this embodiment, a stacked-layer film including a 30-nm-thick Cu-Mn alloy
film and a 200-nm-thick Cu film is used for the conductive film 112. The Cu-Mn
alloy film is formed by a sputtering method using a Cu-Mn metal target (Cu:Mn = 90:10
[at.%]). The Cu film is formed by a sputtering method.

[0225]

Next, a resist is applied to the conductive film 112 and is patterned to form
resist masks 145a and 145b in desired regions. After that a chemical solution 171 is
applied over the resist masks 145a and 145b (see FIG. 13D).

[0226]

The resist masks 145a and 145b can be formed in such a manner that a
photosensitive resin is applied and then is exposed and developed in desired regions.
Note that the photosensitive resin may be a negative-type or positive-type
photosensitive resin. The resist masks 145a and 145b can be formed by an inkjet
method, in which case manufacturing costs can be reduced because a photomask is not
used.

[0227]

An example of the chemical solution 171 for etching the conductive film 112
includes an etchant containing an organic acid solution and a hydrogen peroxide
solution.

[0228]
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Next, the resist masks 145a and 145b are removed to form the pair of electrode
layers 112a and 112b (see FIG. 14A).
[0229]

The resist masks 145a and 145b can be removed using, for example, a resist
peeling apparatus.
[0230]

Next, a chemical solution 173 is applied to the pair of electrode layers 112a and
112b and the oxide semiconductor film 108, and part of a surface of the oxide
semiconductor film 108 which is exposed from the pair of electrode layers 112a and
112b is etched (see FIG. 14B).

[0231]

As the chemical solution 173, for example, a dilution of an acid-based
chemical solution such as phosphoric acid, nitric acid, hydrofluoric acid, hydrochloric
acid, sulfuric acid, acetic acid, or oxalic acid can be used. Note that the chemical
solution 173 is not limited to the above acid-based chemical solutions. For example, a
chemical solution with which the etching rate of the pair of electrode layers 112a and
112b is lower than that of the oxide semiconductor film 108 may be used as the
chemical solution 173. Specifically, a mixed solution of phosphoric acid, a chelating
agent (e.g., ethylenediaminetetraacetic acid), and aromatic-compound-based
anticorrosive (e.g., benzotriazole (BTA)) can be used.

[0232]

The treatment using the chemical solution 173 can remove part of the
constituent elements of the conductive film 112 which are attached to the surface of the
oxide semiconductor film 108. Furthermore, the treatment using the chemical solution
173 might remove part of the oxide semiconductor film 108, so that the oxide
semiconductor film 108 has a recessed portion. Note that the treatment using the
chemical solution 173 is not necessarily performed.

[0233]

Next, the insulating films 114, 116, and 118 functioning as a second gate
insulating film and a protective insulating film are formed to cover the insulating film
106, the oxide semiconductor film 108, and the pair of electrode layers 112a and 112b
(see FIG. 14C).
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[0234]

Note that after the insulating film 114 is formed, the insulating film 116 is
preferably formed in succession without exposure to the air.  After the insulating film
114 is formed, the insulating film 116 is formed in succession by adjusting at least one
of the flow rate of a source gas, pressure, a high-frequency power, and a substrate
temperature without exposure to the air, whereby the concentration of impurities
attributed to the atmospheric component at the interface between the insulating film 114
and the insulating film 116 can be reduced and oxygen in the insulating film 116 can be
moved to the oxide semiconductor film 108; accordingly, the amount of oxygen
vacancy in the oxide semiconductor film 108 can be reduced.

[0235]

For example, as the insulating film 114, a silicon oxynitride film can be formed
by a PE-CVD method. In this case, a deposition gas containing silicon and an
oxidizing gas are preferably used as a source gas. Typical examples of the deposition
gas containing silicon include silane, disilane, trisilane, and silane fluoride. Examples
of the oxidizing gas include dinitrogen monoxide and nitrogen dioxide. An insulating
film containing nitrogen and having a small number of defects can be formed as the
insulating film 114 by a PE-CVD method under the condition where the ratio of the
oxidizing gas to the deposition gas is higher than 20 times and lower than 100 times,
preferably higher than or equal to 40 times and lower than or equal to 80 times and the
pressure in a treatment chamber is lower than 100 Pa, preferably lower than or equal to
50 Pa.

[0236]

In this embodiment, a silicon oxynitride film is formed as the insulating film
114 by a PE-CVD method under the condition where the substrate 102 is held at a
temperature of 220 °C, silane at a flow rate of 50 sccm and dinitrogen monoxide at a
flow rate of 2000 sccm are used as a source gas, the pressure in the treatment chamber is
20 Pa, and a high-frequency power of 100 W at 13.56 MHz (1.6 x 10~ W/cm” as the
power density) is supplied to parallel-plate electrodes.

[0237]

As the insulating film 116, a silicon oxide film or a silicon oxynitride film is
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formed under the following conditions: the substrate placed in a treatment chamber of
the PE-CVD apparatus that is vacuum-evacuated is held at a temperature higher than or
equal to 180 °C and lower than or equal to 280 °C, preferably higher than or equal to
200 °C and lower than or equal to 240 °C, the pressure is greater than or equal to 100 Pa
and less than or equal to 250 Pa, preferably greater than or equal to 100 Pa and less than
or equal to 200 Pa with introduction of a source gas into the treatment chamber, and a
high-frequency power of greater than or equal to 0.17 W/cm” and less than or equal to
0.5 W/cm®, preferably greater than or equal to 0.25 W/em” and less than or equal to 0.35
W/cm? is supplied to an electrode provided in the treatment chamber.

[0238]

As the deposition conditions of the insulating film 116, the high-frequency
power having the above power density is supplied to the reaction chamber having the
above pressure, whereby the decomposition efficiency of the source gas in plasma is
increased, oxygen radicals are increased, and oxidation of the source gas is promoted,
therefore, the oxygen content of the insulating film 116 becomes higher than that in the
stoichiometric composition. On the other hand, in the film formed at a substrate
temperature within the above temperature range, a bond between silicon and oxygen is
weak, and accordingly, part of oxygen in the film is released by heat treatment in a later
step. Thus, it is possible to form an oxide insulating film which contains oxygen at a
higher proportion than oxygen in the stoichiometric composition and from which part of
oxygen is released by heating.

[0239]

Note that the insulating film 114 functions as a protective film for the oxide
semiconductor film 108 in the step of forming the insulating film 116. Therefore, the
insulating film 116 can be formed using the high-frequency power having a high power
density while damage to the oxide semiconductor film 108 is reduced.

[0240]

Note that in the deposition conditions of the insulating film 116, when the flow
rate of the deposition gas containing silicon with respect to the oxidizing gas is
increased, the amount of defects in the insulating film 116 can be reduced. Typically,

it is possible to form an oxide insulating layer in which the amount of defects is small,
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i.e., the spin density corresponding to a signal which appears at g = 2.001 due to a
dangling bond of silicon is lower than 6 x 107 spins/cm’, preferably lower than or equal
to 3 x 10" spins/cm’, further preferably lower than or equal to 1.5 x 10" spins/cm’ by
ESR measurement. As a result, the reliability of the transistor can be improved.

[0241]

After the insulating films 114 and 116 are formed, heat treatment is performed.
By the heat treatment, part of oxygen contained in the insulating films 114 and 116 can
be moved to the oxide semiconductor film 108, so that the amount of oxygen vacancy
contained in the oxide semiconductor film 108 can be further reduced. After the heat
treatment, the insulating film 118 is formed.

[0242]

The temperature of the heat treatment performed on the insulating films 114
and 116 is typically higher than or equal to 150 °C and lower than or equal to 400 °C,
preferably higher than or equal to 300 °C and lower than or equal to 400 °C, further
preferably higher than or equal to 320 °C and lower than or equal to 370 °C. The heat
treatment may be performed under an atmosphere of nitrogen, oxygen, ultra-dry air (air
in which a water content is 20 ppm or less, preferably 1 ppm or less, more preferably 10
ppb or less), or a rare gas (argon, helium, or the like). Note that an electric furnace, an
RTA apparatus, or the like can be used for the heat treatment, in which it is preferable
that hydrogen, water, and the like not be contained in the nitrogen, oxygen, ultra-dry air,
or rare gas.

[0243]

In this embodiment, the heat treatment is performed at 350 °C for one hour in a
mixed atmosphere of nitrogen and oxygen.
[0244]

In the case where water, hydrogen, or the like is contained in the insulating
films 114 and 116, when the insulating film 118 having a function of blocking water,
hydrogen, and the like is formed and then heat treatment is performed, water, hydrogen,
or the like contained in the insulating films 114 and 116 might be moved to the oxide
semiconductor film 108, so that defects might be generated in the oxide semiconductor