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DESCRIPTION

INSULATING FILM, METHOD FOR MANUFACTURING SEMICONDUCTOR
DEVICE, AND SEMICONDUCTOR DEVICE

TECHNICAL FIELD
[0001]
The present invention relates to a method for forming an insulating film and a

method for manufacturing a semiconductor device including a field-effect transistor.

BACKGROUND ART
[0002]

Transistors used for most flat panel displays typified by a liquid crystal display
device and a light-emitting display device are formed using silicon semiconductors such
as amorphous silicon, single crystal silicon, and polycrystalline silicon provided over
glass substrates. Further, transistors formed using such silicon semiconductors are
used in integrated circuits (ICs) and the like.

[0003)

In recent years, attention has been drawn to a technique in which, instead of a
silicon semiconductor, a metal oxide exhibiting semiconductor characteristics is used
for transistors. Note that in this specification, a metal oxide exhibiting semiconductor
characteristics is referred to as an oxide semiconductor.

[0004]

For example, a technique is disclosed, in which a transistor is manufactured
using zinc oxide or an In-Ga-Zn-based oxide as an oxide semiconductor and the
transistor is used as a switching element or the like of a pixel of a display device (see
Patent Documents 1 and 2).

[Reference]

[Patent Document ]

[0005]

[Patent Document 1] Japanese Published Patent Application No. 2007-123861
[Patent Document 2] Japanese Published Patent Application No. 2007-096055
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DISCLOSURE OF INVENTION
[0006]

In a transistor using an oxide semiconductor, oxygen vacancies (oxygen
defects) in an oxide semiconductor film cause defects of electric characteristics of the
transistor.  For example, the threshold voltage of a transistor using an oxide
semiconductor film with oxygen vacancies easily shifts in the negative direction, and
such a transistor tends to be normally-on. This is because eclectric charges are
generated owing to oxygen vacancies in the oxide semiconductor, and the resistance is
reduced.

[0007]

In addition, a transistor using an oxide semiconductor film with oxygen
vacancies has such a problem that the electric characteristics, typically, the threshold
voltage, are changed with time or changed by a gate bias-temperature (BT) stress test
under light.

[0008]

Thus, an object of one embodiment of the present invention is to reduce the
amount of oxygen vacancies contained in an oxide semiconductor used in a
semiconductor device. Further, another object of one embodiment of the present
invention is to improve electric characteristics of a semiconductor device using an oxide
semiconductor.

[0009]

According to one embodiment of the present invention, an oxide insulating
film containing oxygen more than oxygen satisfying the stoichiometric composition (i.c.,
containing oxygen in excess of the stoichiometric composition) is formed by a plasma
CVD method.

(0010}

According to one embodiment of the present invention, in a semiconductor
device including a transistor including an oxide semiconductor film and a protective
film over the transistor, an oxide insulating film containing oxygen in excess of the
stoichiometric composition is formed as the protective film by a plasma CVD method.
[0011]



10

15

20

25

30

WO 2013/150927 PCT/IP2013/058888

According to one embodiment of the present invention, in a semiconductor
device including a transistor including an oxide semiconductor film and a protective
film over the transistor, an oxide insulating film containing oxygen in excess of the
stoichiometric' composition is formed as the protective film under conditions where a
substrate placed in a treatment chamber.evacuated to a vacuum level is held at a
temperature higher than or equal to 180 °C and lower than or equal to 260 °C, a source
gas is introduced into the treatment chamber to set a pressure in the treatment chamber
to be higher than or equal to 100 Pa and lower than or equal to 250 Pa, and a
high-frequency power higher than or equal to 0.17 W/cm? and lower than or equal to 0.5
W/cm? is supplied to an electrode provided in the treatment chamber.

[0012]

According to one embodiment of the present invention, in a semiconductor

"device including a transistor including an oxide semiconductor film and a protective

film over the transistor, an oxide insulating film containing oxygen in excess of the
stoichiometric composition is formed as the protective film under conditions where a
substrate placed in a treatment chamber evacuated to a vacuum level is held at a
temperature higher than or equal to 180 °C and lower than or equal to 260 °C, a source
gas is introduced into the treatment chamber to set a pressure in the treatment chamber
to be higher than or equal to 100 Pa and lower than or equal to 250 Pa, and a
high-frequency power higher than or equal to 0.17 W/cm? and lower than or equal to 0.5
W/em?® is supplied to an electrode provided in the treatment chamber; and then heat
treatment is performed so that oxygen contained in the protective film is diffused to the
oxide semiconductor film.

[0013]

Further, in one embodiment of the present invention, a transistor which
includes a gate electrode, an oxide semiconductor film overlapping with part of the gate
electrode with a gate insulating film interposed therebetween, and a pair of electrodes in
contact with the oxide semiconductor film, and a protective film is provided over the
oxide semiconductor film. The protective film is an oxide insulating film in which the

spin density of a signal at g = 2.001, measured by electron spin resonance, is lower than

1.5 x 10'® spins/cm’.
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[0014]

Note that the pair of electrodes is provided between the gate insulating film and
the oxide semiconductor film. Alternatively, the pair of electrodes is provided between
the oxide semiconductor film and the protective film.

[0015]

Further, one embodiment of the present invention is a semiconductor device
which includes a transistor including an oxide semiconductor film, a pair of electrodes
in contact with the oxide semiconductor film, a gate insulating film over the oxide
semiconductor film, and a gate electrode overlapping with part of the oxide
semiconductor film with the gate insulating film interposed therebetween and a
protective film covering the gate insulating film and the gate electrode. - The protective
film is an oxide insulating film in which the spin density of a signal at g = 2.001,
measured by electron spin resonance, is lower than 1.5 x 10% Spins/cm3 .

[0016]

In a transistor including an oxide semiconductor, an oxide insulating film
containing oxygen in excess of the stoichiometric composition is formed as a protective
film formed over the transistor, and the oxygen in the protective film is diffused to the
oxide semiconductor film, so that the amount of oxygen vacancies contained in the
oxide semiconductor film can be reduced. Therefore, according to one embodiment of
the present invention, a semiconductor device having excellent electric characteristics -

can be provided.

BRIEF DESCRIPTION OF DRAWINGS
[0017] ,
FIGS. 1A to 1C are a top view and cross-sectional views illustrating one
embodiment of a transistor. '
FIGS. 2A to 2D are cross-sectional views illustrating one embodiment of a
method for manufacturing a transistor.
FIG 3 is a cross-sectional view illustrating one embodiment of a transistor.
FIGS. 4A to 4E are cross-sectional views illustrating one embodiment of a

method for manufacturing a transistor.
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FIGS. 5A to 5C are a top view and cross-sectional views illustrating one

embodiment of a transistor.

FIGS. 6A to 6D are cross-sectional views illustrating one embodiment of a
method for manufacturing a transistor.

FIGS. 7A and 7B are a top view and a cross-sectional view illustrating one
embodiment of a transistor.

FIGS. 8A and 8B are a top view and a cross-sectional view illustrating one
embodiment of a transistor,

FIGS. 9A to 9C are cross-sectional views éach illustrating one embodiment of a
transistor.

FIG. 10 is a cross-sectional view illustrating one embodiment of a transistor.

FIGS. 11A and 11B are cross-sectional views each illustrating one embodiment
of a transistor.

FIG. 12 is a cross-sectional view illustrating one embodiment of a transistor.

FIG. 13 is a cross-sectional view illustrating one embodiment of a
semiconductor device. |

FIGS. 14A and 14B are circuit diagrams each illustrating one embodiment of a
semiconductor device.

FIG. 15 is a block diagram illustrating one embodiment of a semiconductor
device.

FIG. 16 is a block diagram illustrating one f:mbodiment of a semiconductor
device.

FIG. 17 is a block diagram illustrating one embodiment of a semiconductor
device.

FIG. 18isa graph showing results of TDS analysis of manufactuvred samples.

FIGS. 19A and 19B are graphs showing the number of released oxygen
molecules from manufactured samples.

FIGS. 20A and 20B are graphs showing results of TDS analysis of
manufactured samples.

FIG. 21 is a graph showing a relation between power and the number of spins
per unit area of manufactured samples.

FIG. 22 is a graph showing a relation between the flow rate of silane and the
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number of spins per unit area of manufactured samples.

FIG. 23 is a graph showing results of CPM measurement of manufactured
samples.

FIGS. 24A and 24B show initial characteristics of current-voltage
characteristics of manufactured samples.

FIGS. 25A to 25D show initial characteristics of current-voltage characteristics
of manufactured samples. |

FIG. 26 illustrates a MOS element used for C-V measurement.

FIGS. 27A to 27D show results of C-V measurement of manufactured samples.

FIGS. 28A to 28D show results of ESR measurement of manufactured samples.

FIG. 29 shows a relation between the defect density and the amount of

hysteresis of manufactured samples.

BEST MODE FOR CARRYING OUT THE INVENTION

. [0018]

Hereinafter, embodiments of the present invention will be described in detail
with reference to the accompanying drawings. However, the present invention is not
limited to the following description and it is easily understood by those skilled in the art
that the mode and details can be variously changed without departing from the scope
and spirit of the present invention. Therefore, the present invention should not be
interpreted as being limited to the description of the embodiments. In addition, in the
following embodiments and examples, the same portions or portions having similar
functiohs are denoted by the same reference numerals or the same hatching patterns in
different drawings, and descriptibn thereof will not be repeated.

[0019]

Note that in each drawing described in this specification, the size, the film
thickness, or the region of each component is exaggerated for clarity in some cases.
Therefore, embodiments of the present invention are not limited to such scales.

[0020]

Note that terms such as "first", "second", and "third" in this specification are |

used in order to avoid confusion among components, and the terms do not limit the

components numerically. Therefore, for example, the term "first" can be replaced with
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the term "second"”, "third", or the like as appfopriate.
[0021]

Functions of a "source" and a "drain" are sometimes replaced with each other
when the direction of current flowing is changed in circuit operation, for example.
[0022]

In this specification, in the case where an etching step is performed after a
photolithography step, a mask formed by the photolithography step is removed.

[0023]
(Embodiment 1)

In this embodiment, a semiconductor device which is one embodiment of the
present invention, and a method for manufacturing the semiconductor device will be
described with reference to drawings.

[0024]

FIGS. 1A to 1C are a top view and cross-sectional views of a transistor 10
included in a semiconductor devicé. FIG. 1A is a top view of the transistor 10, FIG. 1B
is a cross-sectional view taken along dashed-dotted line A-B in FIG. 1A, and FIG. 1C is
a cross-sectional view taken along dashed-dotted line C-D in FIG. 1A. Note that in
FIG. 1A, some components of the transistor 10 (e.g., a substrate 11, a base insulating
film 13, and a gate insulating film 17), a protective film 23, and the like are not
illustrated for simplicity.

[0025]

The transistor 10 illustrated in FIGS. 1B and 1C includes a gate electrode 15
over the base insulating film 13, the gate insuiating film 17 over the base insulating film
13 and the gate electrode 15, an oxide semiconductor film 19 overlapping with the gate
electrode 15 with the gate insulating film 17 interposed therebetween, and a pair of
electrodes 21 in contact with the oxide semiconductor film 19. In addition, the
protective film 23 covering the gate insulating film 17, the oxide semiconductor film 19,
and the pair of electrodes 21 is provided.

[0026]

The protective film 23 provided over the transistor 10 shown in this

embodiment is an oxide insulating film containing oxygen in excess of the

stoichiometric composition. It is preferable that the protective film 23 contain a lérger
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amount of oxygen than that of oxygen vacancies in the oxide semiconductor film 19.
Such an oxide insulating film containing oxygen in excess of the stoichiometric
composition is an oxide insulating film from which part of oxygen is released by
heaiing. Thus, when the oxide insulating film from which part of oxygen is released
by heating is provided as the protective film 23, oxygen is diffused into the oxide
semiconductor film 19 by performing heat treatment, so that oxygen vacancies in the
oxide semiconductor film 19 can be filled. As a result, the amount of oxygen
vacancies in the oxide semiconductor film 19 is reduced, the threshold voltage of the
transistor can be prevented from shifting in the negative direction. Further, a shift in

the threshold voltage with time or a shift in the threshold voltage due to a gate BT stress

“under light is small; thus, the transistor can have excellent electric characteristics.

[0027]

_ In the transistor 10, some oxygen contained in the protective film 23 directly
transfers to the oxide semiconductor film 19, and further some oxygen in a region where
the gate insulating film 17 is in contact with the protective film 23 transfers to the oxide
semiconductor film 19 through the gate insulating film 17.

[0028]

Further, as for the protective film 23, the spin density of a signal at g = 2,001,
measured by electron spin resonance, is preferably lowér than 1.5 x 10*® spins/em®,
further preferably lower than or equal to 1.0 x 10™® spins/cm®.  When the spin density
of the protective film 23 is within the above range, defects at the interface between the
oxide semiconductor film 19 and the protective film 23 and defects in the protective
film 23 can be reduced; electron traps in such regions can be reduced. As a result, as
electric éharacteristics of the transistor, the rising voltage of the on-state current is the
substantially same even when the drain voltage varies. In other words, a transistor
with excellent electric characteristics can be provided. Note that the above spin
density of the protective film 23 is a value obtained after heat treatment.

[0029] '

As the protective film 23, a silicon oxide film, a silicon oxynitride film, or the

like can be formed to have a thickness greater than or equal to 30 nm and less than or

equal to SO0 nm, preferably greater than or equal to 100 nm and less than or equal to
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400 nm.
[0030]

Other details of the transistor 10 are described below.
[0031] '

There is no particular limitation on the property of a material and the like of the
substrate 11 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 11.
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 11. Furthermore, any of these substrates further
provided with a semiconductor element may be used as the substrate 11.

[0032]

Still further alternatively, a flexible substrate may be used as the substrate 11,
and the base insulating film 13 and the transistor 10 may be provided directly on the
flexible substrate. Alternatively, a separation layer may be provided between the
substrate 11 and the base insulating film 13. 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 11 and transferred onto another substrate. In such a case,
the transistor 10 can be transferred to a substrate having low heat resistance or a flexible
substrate as well.

[0033] .

Typical examples of the base insulating film 13 are films of silicon oxide,
silicon oxynitride, silicon nitride, silicon nitride oxide, gallium oxide, hafnium oxide,
yttrium oxide, aluminum oxide, aluminum oxynitride, and the like. When silicon
nitride, gallium oxide, hafnium oxide, yttrium oxide, aluminum oxide, or the like is

used for the base insulating film 13, diffusion of impurities such as alkali metal, water,

"~ or hydrogen from the substrate 11 to the oxide semiconductor film 19 can be

suppressed.
[0034]

The gate electrode 15 can be formed using a metal element selected from
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aluminum, chromium, copper, tantalum, titanium, molybdenum, and tungsten; an alloy
containing any of these metal elements as a component; an alloy film containing these
metal elements in combination; or the like. Further, one or more metal elements
selected from manganese and zirconium may be used. Further, the gate electrode 15
may have a single-layer structure or a stacked structure of two or more layers. For
example, a single-layer structure of 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, a film,
an alloy film, or a nitride film which contains aluminum and one or more elements
selected from titanium, tantalum, tungsten, molybdenum, éhromium, neodymium, and
scandium may be used.
[0035]

The gate electrode 15 can also 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.

{0036]

Further, between the gate electrode 15 and the gate insulating film 17, 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, a film of a metal nitride (such as InN or ZnN), or the
like is preferably brovidcd. 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 a positive value, and a so-called
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normally-off switching element can be achieved. For example, in the case of using an
In-Ga-Zn-based oxynitride semiconductor film, the In-Ga-Zn-based oxynitride
semiconductor film preferably has a nitrogen concentration at least higher than that of
the oxide semiconductor film 19; specifically, the In-Ga-Zn-based oxynitride
semiconductor film preferably has a nitrogen concentration higher than or equal to 7
at.%.

[0037]

As the gate insulating film 17, a single layer or a stacked layer using one or
more of silicon oxide, silicon oxynitride, silicon nitride oxide, silicon nitridé, aluminum
oxide, hafnium oxide, gallium oxide, a Ga-Zn-based metal oxide, and the like can be
used. In the gate insulating film 17, an oxide insulating film from which oxygen is
released by heating may be used to be in contact with the oxide semiconductor film 19.
With use of a film from which oxygen is released by heating as the gate insulating film
17, the interface state density at the interface between the oxide semiconductor film 19
and the gate insulating film 17 can be reduced. Thus, a transistor with less
deterioration in electric characteristics can be obtained. Further, when an insulating
film which blocks oxygen, hydrogen, water, and the like is provided on the gate
electrode side in the gate insulating film 17, oxygen can be prevented from diffusing
from the oxide semiconductor film 19 to the outside, and hydrogen and water can be
prevented from entering the oxide semiconductor film 19 from the outside. As the
insulating film which can block oxygen, hydrogen, water, and the like, an aluminum
oxide fiim, an aluminum oxynitride film, a gallium oxide film, a gallium oxynitride film,
a yttrium oxide film, a yttrium oxynitride film, a hafnium oxide film, a hafnium
oxynitride film, or the like can be given.

[0038]

The gate insulating film 17 may be formed using a high-k material such as
hafnium silicate (HfSiO,), hafnium silicate to which nitrogen is added (HfSi,O,N,),
hafnium aluminate to which nitrogen is added (HfAL,O)N;,), hafnium oxide, or yttrium
oxide, so that gate leakage current of the transistor can Be reduced.

[0039]
The thickness of the gate insulating film 17 is greater than or equal to 5 nm and

less than or equal to 400 nm, preferably greater than or equal to 10 nm and less than or
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equal to 300 nm, further preferably greater than or equal to 50 nm and less than or equal
to 250 nm.
[0040]

The oxidé semiconductor film 19 preferably contains at least indium (In) or
zinc (Zn). Alternatively, the oxide semiconductor film 19 preferably contains both In
and Zn. In order to reduce variation in electrical characteristics of the transistors
including the oxide semiconductor film, the oxide semiconductor film 19 preferably
contains one or more of stabilizers in addition to In or Zn.

[0041]

' As a stabilizer, gallium (Ga), tin (Sn), hafnium (Hf), aluminum (Al), zirconium
(Zr), and the like can be given. As another stabilizer, lanthanoid such as lanthanum
(La), cerium (Ce), praseodymium (Pr), neodymium (Nd), samarium (Sm), europium'
(Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er),
thulium (Tm), ytterbium (Yb), or lutetium (Lu) can be given.

[0042]

As the oxide semiconductor, for example, a single-component ﬁletal oxide such
as an indium oxide, a tin oxide, or a zinc oxide; a two-component metal oxide such as
an In-Zn-based metal oxide, a Sn-Zn-based métal oxide, an Al-Zn-based metal oxide, a
Zn-Mg-based metal oxide, a Sn-Mg-based metal oxide, an In-Mg-based metal oxide, or
an In-Ga-based metal oxide; a three-component metal oxide such as an In-Ga-Zn-based
metal oxide (also referred to as IGZO), an In-Al-Zn-based metal oxide, an
In-Sn-Zn-based metal oxide, a Sn-Ga-Zn-based metal oxide, an Al-Ga-Zn-based metal

oxide, a Sn-Al-Zn-based metal oxide, an In-Hf-Zn-based metal oxide, an

" In-La-Zn-based metal oxide, an In-Ce-Zn-based metal oxide, an In-Pr-Zn-based metal

oxide, an In-Nd-Zn-based metal oxide, an In-Sm-Zn-based metal oxidé, an
In-Eu-Zn-based metal oxide, an In-Gd-Zn-based metal oxide, an In-Tb-Zn-based metal .
oxide, an In-Dy-Zn-based metal oxide, an Ih-Ho-Zn-based metal oxide, an
In-Er-Zn-based metal oxide, an In-Tm-Zn-based metal oxide, an In-Yb-Zn-based metal
oxide, or an In-Lu-Zn-based metal oxide; or a four-component metal oxide such as an
In-Sn-Ga-Zn-based metal oxide, an In-Hf-Ga-Zn-based metal oxide, an
In-Al-Ga-Zn-based metal oxide, an In-Sn-Al-Zn-based metal oxide, an

In-Sn-Hf-Zn-based metal oxide, or an In-Hf-Al-Zn-based metal oxide can be used.
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[0043]

For the above-listed metal oxides, an In-Ga-Zn-based metal oxide, for example,
is an oxide whose main components arc In, Ga, and Zn, and there is no particular
limitation on the ratio of In:Ga:Zn. The In-Ga-Zn-based oxide may contain a metal
element other than the In, Ga, and Zn.

[0044] .

Alternatively, a material represented by InMO3(Zn0O),, (m > 0 is satisfied, and
m is not an integer) may be used as an oxide semiconductor. Note that M represents
one or more metal elements selected from Ga, Fe, Mn, and Co. Alternatively, as the
oxide semiconductor, a material represented by a chemical formula, In2SnOs(Zn0O), (n >
0, n is a natural number) may be used. |

[0045)

For example, an In-Ga-Zn-based metal oxide with an atomic ratio of In:Ga:Zn
= 1:1:1 (= 1/3:1/3:1/3), In:Ga:Zn = 2:2:1 (= 2/5:2/5:1/5), Im:Ga:Zn = 3:1:1 (=
1/2:1/6:1/3), or an oxide with an atomic ratio close to the above atomic ratios can be
used.. Alternatively, an In-Sn-Zn-based metal oxide with an atomic ratio of In:Sn:Zn =
1:1:1 (= 1/3:1/3:1/3), In:Sn:Zn = 2:1:3 (= 1/3:1/6:1/2), or In:Sn:Zn = 2:1:5 (=
1/4:1/8:5/8), or an oxide with an atomic ratio close to the above atomic ratios may be
used. Note that a proportion of each atom in the atomic ratio of the metal oxide varies
within a range of +20 % as an error.

[0046]

However, without limitation to the materials given above, a material with an
appropriate composition may be used depending on needed semiconductor
characteristics and electric characteristics (e.g., field-effect mobility, the threshold
voltage, and the like). In order to obtain necessary semiconductor characteristics and
electric characteristics, 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 be set to be appropriate.

[0047] |
For example, high mobility can be obtained relatively easily in the case where

the In-Sn-Zn-based metal oxide is used. However, the mobility can be increased by
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reducing the defect density in the bulk also in the case where the In-Ga-Zn-based metal
oxide is used.
[(0048] -

Further, the energy gap of a metal oxide that can form the oxide semiconductor
film 19 is greater than or equal to 2 eV, preferably greater than or equal to 2.5 eV,
further preferably greater than or equal to 3 eV. In this manner, the off-state current of
a transistor can be reduced by using an oxide semiconductor having a wide energy gap.
[0049]

Note that the oxide semiconductor film 19 may have an amorphous structure, a
single crystal structure, or a polycrystalline structure.

[0050]

The oxide semiconductor film 19 may be in a non-single-crystal state, for
example. The non-single-crystal .staté is, for example, structured by at least one of
c-axis aligned crystal (CAAC), polycrystal, microcrystal, and an amorphous part. The
density of defect states of an amorphous part is higher than those of microcrystal and
CAAC. The density of defect states of microcrystal is higher than that of CAAC.
Note that an oxide semiconductor including CAAC is referred to as a CAAC-0S (c-axis
aligned crystal oxide semiconductdr). In the CAAC-0S, for example, c-axes are
aligned, and a-axes and/or b-axes are not macroscopically aligned.

[0051] .

For example, the oxide semiconductor film 19 may include microcrystal.
Note that an oxide semiconductor including microcrystal is referred to as a
microcrystalline oxide semiconductor. A microcrystalline oxide semiconductor film
includes microcrystal (also referred to as nanocrystal) with a size greater than or equal
to 1 nm and less than 10 nm, for example. |
[0052]

For example, an oxide semiconductor film 19 may include an amorphous part.
Note that an oxide semiconductor including an amorphous part is referred to as an
amorphous oxide semiconductor. An amorphous oxide semiconductor film, for
example, has disordered atomic arrangement and no crystalline component. -
Alternatively, an amorphous oxide semiconductor film is, for example, absolutely

amorphous and has no crystal part.
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[0053]

Note that the oxide semiconductor film 19 may be a mixed film including any
of a CAAC-0S, a microcrystalliné oxide semiconductor, and an amorphous oxide
semiconductor. The mixed film, for example, includes a region of an amorphous oxide
semiconductor, a region of a microcrystalline oxide semiconductor, and a region of a
CAAC-0OS. Further, the mixed film may have a stacked structure including a region of
an amorphous oxide semiconductor, a region of a microcrystalline oxide semiconductor,

and a region of a CAAC-OS, for example.

© [0054]

Note that the oxide semiconductor film 19 may be in a single-crystal state, for
example. An oxide semiconductor film preferably includes a plurality of crystal parts.
In each of the crystal parts, a c-axis is preferably aligned in a direction parallel to a
normal vector of a surface where the oxide semiconductor film is formed or a normal
vector of a surface of the oxide semiconductor film. Note that, among crystal parts,
the directions of the a-axis and the b-axis of one crystal part may be different from those
of another crystal part. An example of such an oxide semiconductor film is a

CAAC-OS film.

- [0055]

Details of the CAAC-OS film are described. Note that in most cases, a crystal
part in the CAAC-OS film fits inside a cube whose one side is less than 100 nm. In an
image obtained with a transmission electron microscope (TEM), a boundary between
crystal parts in the CAAC-OS film is not clearly detected. Further, with the TEM, a
grain boundary in the CAAC-OS film is not clearly found. Thus, in the CAAC-0OS
film, a reduction in electron mobility due to the grain boundary. is suppressed.

[0056]

In each of the crystal parts included in the CAAC-OS film, for example, a
c-axis is aligned in a direction parallel to a normal vector of a surface where the
CAAC-OS film is formed or a normal vector of a surface of the CAAC-OS film.
Further, in each of the crystal parts, metal atoms are arranged in a triangular or
hexagonal configuration when seen from the direction perpendicular to the a-b plane,
and metal atoms are arranged in a layered manner or metal atoms and oxygen atoms are

arranged in a layered manner when seen from the direction perpendicular to the c-axis.
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Note that, among crystal parts, the directions of the a-axis and the b-axis of one crystal
part may be different from those of another crystal part. In this specification, a term

"perpendiéular" includes a range from 80° to 100°, preferably from 85° to 95°. In

“addition, a term "parallel" includes a range from —10° to 10°, preferably from -5° to 5°.

[0057]

In the CAAC-OS film, distribution of crystal parts is not necessarily uniform.
For example, in the formation process of the CAAC-OS film, in the case where crystal
growth occurs from a surface side of the oxide semiconductor film, the prdpoftion of
crystal parts in the vicinity of the surface of the oxide semiconductor film is higher than
that in the vicinity of the surface where the oxide semiconductor film is formed in some
cases. Further, when an impurity is added to the CAAC-OS film, crystallinity of the
crystal part in a region to which the impurity is added is reduced in some cases.

[0058]

Since the c-axes of the crystal parts included in the CAAC-OS film are aligned
in the direction parallel to a normal vector of a surface where the CAAC-OS film is
formed or a normal vector of a surface of the CAAC-OS film, the directions of the
c-axes may be different from each other depending on the shape of the CAAC-OS film
(the cross-sectional shape of the surface where the CAAC-OS film is formed or the
cross-sectional shape of the surface of the CAAC-OS film). Note that the film
deposition is accompanied with the formation of the crystal parts or followed by the
formation of the crystal parts through crystallization treatment such as heat treatment.

Hence, the c-axes of the crystal parts are aligned in the direction parallel to a normal

~ vector of the surface where the CAAC-OS film is formed or a normal vector of the

surface of the CAAC-OS film.
[0059]

With the use of the CAAC-OS film in a transistor, change in electric
characteristics of the transistor due to irradiation with visible light or ultraviolet light is
small. Thus, the transistor has high reliability.

[0060]
Alternatively, the oxide semiconductor film 19 may have a stacked-layer

structure of a plurality of oxide semiconductor films. For example, the oxide
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semiconductor film 19 may be a stack of a first oxide semiconductor film and a second
oxide semiconductor film that are formed using metal oxides with different
compositions. For example, the first oxide semiconductor film may be formed using
any of two-component metal oxide, a three-component metal oxide, and a
four-component metal oxide, and the second oxide semiconductor film may be formed
using any of these which is different from the oxide for the first oxide semiconductor

film.

 [0061]

Further, the constituent elements of the first oxide semiconductor film and the
second oxide semiconductor film are made to be the same and the composition of the
constituent elements of the first oxide semiconductor film and the second oxide
semiconductor film .may be made to be different. For example, the first oxide
semiconductor film may have an atomic ratio of In:Ga:Zn = 1:1:1, and the second oxide
semiconductor film may have an atomic ratio of In:Ga:Zn = 3:1:2. Alternatively, the
first oxide semiconductor film may have an atomic ratio of In:Ga:Zn = 1:3:2, and the
second oxide semiconductor film may have an atomic ratio of In:Ga:Zn = 2:1:3. Note
that a proportion of each atom in the atomic ratio of the oxide semiconductor varies
within a range of +20 % as an error.

[0062]

At this time, one of the first oxide semiconductor film and the second oxide
semiconductor film which is closer to the gate electrode (i.e., which is on a channel
side) preferably contains In and Ga at a proportion of In > Ga. The other which is
farther from the gate electrode layer (i.e., which is on a back channel side) preferably
contains In and Ga at a proportion of In < Ga.

[0063]

In an oxide semiconductor, the s orbital of heavy metal mainly contributes to
carrier transfer, and when the In content in the oxide semiconductor is increased,
overlap of the s orbitals is likely to be increased. Therefore, an oxide having a
composition of In > Ga has higher mobility than an oxide having a composition of In s
Ga. Further, in Ga, the formation energy of oxygen vacancy is larger and thus oxygen

vacancy is less likely to occur, than in In; therefore, the oxide having a composition of
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In < Ga has more stable characteristics than the oxide having a composition of In > Ga.
[0064]

An oxide semiconductor containing In and Ga at a proportion of In > Ga is
used on a channel side, and an oxide semiconductor containing In and Ga at a
proportion of In < Ga is used on a back channel side; so that field-effect mobility and
reliability of a transistor can be further improved.

[0065]

Further, oxide semi_conductors having different crystallinities may be used for
the first oxide semiconductor film and the second oxide semiconductor film. That is,
the oxide semiconductor film may be formed using any of a single crystal oxide
semiconductor film, a polycrystalline oxide semiconductor film, a microcrystalline
oxide semiconductor film, an amorphous oxide semiconductor film, and a CAAC-0S
film, as appropriate. 'When an amorphous oxide semiconductor is used for at least one
of the first oxide semiconductor film and the second oxide semiconductor film, internal
stress or external stress of the oxide semiconductor film 19 is relieved, variation in
characteristics of a transistor is reduced, and reliability of the transistor can be further
improved.

[0066]

The thickness of the oxide semiconductor film 19 is greater than or equal to 1
nm and less than or equal to 100 nm, preferably greater than or equal to 1 nm and less
than or equal to 50 nm, further preferably, greater than or equal to 1 nm and less than or
equal to 30 nm, still further preferably greater than or equal to 3 nm and less than or
equal to 20 nm.

[0067]

The concentration of alkali metals or alkaline earth metals in the oxide
semiconductor film 19 is preferably lower than or equal to 1 x 10'® atoms/cm’, further
preferably lower than or equal to 2 x 10'® atoms/cm®, This is because an alkali metal
and an alkaline earth metal are bonded to an oxide semiconductor to generate carriers in
some cases, which causes an increase in off-state current of the transistor.

[0068]

The oxide semiconductor film 19 may contain nitrogen at a concentration
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lower than or equal to 5 x 10'® atoms/cm”.
[0069]

The pair of electrodes 21 are formed to have a single-layer structure or a
stacked-layer structure including, as a conductive material, any of metals such as
aluminum, titanium, chromium, nickel, copper, yttrium, zirconium, molybdenum, silver,
tantalum, and tungsten or an alloy containing any of these metals as a main component.
For example, a single-layer structure of an aluminum film containing silicon, a
twlo-laycr 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 tungsten film, a two-layer
structure in which a copper film is formed over a copper-magnesium-aluminum alloy
film, a three-layer structure in which a titanium film or a titanium nitride film, an
aluminum film or a copper film, and a. titanium film or a titanium nitride film are
stacked in this brder, a three-layer structure in which a molybdenum film or a
molybdenum nitride film, an aluminum film or a copper film, and a molybdenum film
or a molybdenum nitride film are stacked in this order, and the like can be given. Note
that a transparent conductive material containing indium oxide, tin oxide, or zinc oxide
may be used.

[0070]

Although the pair of electrodes 21 is provided between the oxide
semiconductor film 19 and the protective film 23 in this embodiment, the pair of
electrodes 21 may be provided betwee the gate insulating film 17 and the oxide
semiconductor film 19. |

[0071]

Next, a method for manufacturing the transistor illustrated in FIGS. 1A to 1C
will be described with reference to FIGS. 2A to 2D.
[0072]

As illustrated in FIG. 2A, the base insulating film 13 and the gate electrode 15
are formed over the substrate 11, and the gate insulating film 17 is formed over the gate
electrode 15. Next, an oxide semiconductor film 18 is formed over th.e gate insulating
film 17.

[0073]
The base insulating film 13 is formed by a sputtering method, a CVD method,
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or the like. Here, a 100-nm-thick silicon oxynitride film is formed by a CVD method.
[0074]

A method for forming the gate electrode 15 is described below. First, a
conductive film is formed by a sputtering method, a CVD method, an evaporation
method, or the like. A mask is formed by a photolithography step over the conductive
film. Next, with use of the mask, part of the conductive film is etched, so that the gate
electrode 15 is formed. After that, the mask is removed.

10075]

Note that the gate electrode 15 may be formed by an electrolytic plating
method, a printing method, an inkjet method, or the like, instead of the above formation
method.

[0076]

Here, a 100-nm-thick tungsten film is formed by a sputtering method. Next, a
mask is formed by a photolithography step, and the tungsten film is dry-etched with use
of the mask to form the gate electrode 15.

[0077] | | |
The gate inSulating film 17 is formed by a sputtering method, a CVD method,
an evaporation method, or the like. '

[0078]

Here, a 50-nm-thick silicbn nitride film is formed by a CVD method, and then
a 200-nm-thick silicon oxynitride film is formed by a CVD method, whereby the gate
insulating film 17 is formed.

[0079]

The oxide semiconductor film 18 is formed by a sputtering method, a coating
method, a pulsed laser deposition method, a laser ablation method, or the like.
10080}

In the case where the oxide semiconductor film 18 is formed by a sputtering
method, as a power supply device for generating plasma, an RF power supply device, an
AC power supply device, a DC power supply device, or the like can be used as
appropriate.

[0081]

As a sputtering gas, a rare gas (typically argon), an oxygen gas, or a mixed gas
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atmosphere 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 is preferably higher than

that of a rare gas.
{0082]

Further, a target may be selected as appropriate in accordance with composition
of the oxide semiconductor film 18 to be formed.

[0083]

For example, in the case where the oxide semiconductor film 18 is formed by a
sputtering method, deposition is performed at a substrate temperature higher than or
equal to 150 °C and 10w§r than or equal to 750 °C, preferably higher than or equal to
150 °C and lower than or equal to 450 °C, further preferably higher than or equal to 200
°C and lower than or equal to 350 °C to form the oxide semiconductor film 18, whereby
a CAAC-O0S film can be formed.

[0084]

The CAAC-OS film is formed by, for example, a sputtering method using an
oxide semiconductor sputtering target which is a polycrystal. When ions collide with
the sputtering target, a crystal region included in the sputtering target may be separated
from the target along an a-b plane; in other words, a sputtered particle having a plane
parallel to an a-b plane (ﬂat-platé-like sputtered particle or pellet-like sputtered particle)
may flake off from the sputtering target. In that case, the flat-plate-like sputtered
particle reaches a substrate while maintaining their crystal state, whereby the CAAC-OS
film can be formed.

[0085]

For the deposition of the CAAC-OS film, the following conditions are

preferably used.

[0086]
By reducing the amount of impurities entering the CAAC-OS film during the

deposition, the crystal state can be prevented from being broken by the impurities. For
example, the concentration of impurities (e.g., hydrogen, water, carbon dioxide, or
nitrogen) which exist in the deposition chamber may be reduced. Furthermore, the

concentration of impurities in a deposition gas may be reduced. Specifically, a
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deposition gas whose dew point is ~80 °C or lower, preferably -100 °C or lower is
used.
[0087]

By increasing the substrate heating temperature during the deposition,
migration of a sputtered particle is likely to occur after the sputtered particle reaches a
substrate surface. Specifically, the substrate heating temperature during the deposition
is higher than or equal to 100 °C and lower than a strain point of the substrate,
preferably higher than or equal to 200 °C and lower than or equal to 500 °C. By
increasing the substrate heating temperature during the deposition, when the
flat-plate-like sputtered particle reaches the substrate, migration occurs on the substrate
surface, so that a flat plane of the flat-plate-like sputtered particle is attached to the
substrate.

[0088]

Furthermore, it is preferable that the proportion of oxygen in the deposition gas
be increased and the power be optimized. in order to reduce plasma damage at the
deposition. The proportion of oxygen in the deposition gas is 30 vol% or higher,
preferably 100 vol%.

[0089] -

As an example of the sputtering target, an In-Ga-Zn-based metal oxide target is
described below.
[0090]

The In-Ga-Zn-based metal oxide target, which is polycrystalline, is made by
mixing InOy powder, GaOy powder, and ZnO;z powder in a predetermined molar ratio,
applying pressure, and performing heat treatment at a temperature higher than or equal
to 1000 °C and lower than or equal to 1500 °C. Note that X, Y, and Z are each a given
positive number. Here, the predetermined molar ratio of InOy powder to GaOy powder
and ZnOz powder is, for example, 2:2:1, 8:4:3, 3:1:1, 1:1:1., 4:2:3, or 3:1:2. 'The kinds
of powder and the molar ratio for mixing powder may be determined as appropriate

depending on the desired sputtering target.

10091]

Next, as illustrated in FIG .2B, the oxide semiconductor_ film 19 that is
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subjected to element isolation is formed to be over the gate insulating film 17 and
overlap with part of the gate electrode 15. The oxide semiconduétor film 19 that is
subjected to element isolation can be formed by forming a mask over the oxide
semiconductor film 18 through a photolithography step and etching part of the oxide
semiconductor film 18 with use of the mask.

[0092]

By using a printing method for forming the oxide semiconductor film 19, the

‘oxide semiconductor film 19 that is subjected to element isolation can be formed

directly.
[0093]

In this case, the oxide semiconductor film 18 is formed to a thickness of 35 nm
by a sputtering method, a mask is formed over the oxide semiconductor film 18, and
part of the oxide semiconductor film 18 is etched, so that the oxide semiconductor film
19 is formed. After that, the mask is removed.

[0094]

Next, as illustrated in FIG. 2C, the pair of electrodes 21 is formed.

[0095] ‘

A method for forming the pair of electrodes 21 is described below. First, a
conductive film is formed by a sputtering method, a CVD method, an evaporation
method, or the like. Then, a mask is formed over the conductive film by a
photolithography step. Next, the conductive film is etched with use of the mask to
form the pair of electrodes 21.  After that, the mask is removed.

[0096] | |

Here, a 50-nm-thick tungsten film, a 400-nm-thick aluminum film, and a
100-nm-thick titanium film are deposited by a sputtering method in this order to form a
stack. Next, a mask is formed over the titanium film by a photolithography step and
the tungsten film, the aluminum film, and the titanium film are dry-etched with use of
the mask to form the pair of electrodes 21.

[0097]

After the pair of electrodes 21 is formed, cleaning treatment is preferably

performed to remove an etching residue. A short circuit of the pair of electrodes 21

can be suppressed by this cleaning treatment. The cleaning treatment can be
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performed using an alkaline solution such as a tetramethylammonium hydroxide
(TMAH) solution, an -acidic solution such as a diluted hydrofluoric acid solution, an
oxalic acid solution, or a phosphorus acid solution, or water.
{0098}

Next, as illustrated in FIG. 2D, the protective film 23 is formed.
[0099]

After the pair of electrodes 21 is formed, as the protective film 23, a silicon
oxide film or a silicon oxynitride film is formed over the substrate 11 under the
following conditions: the substrate 11 placed in a treatment chamber evacuated to a
vacuum level in a plasma CVD apparatus is held at a temperature higher than or equal
to 180 °C and lower than or equal to 260 °C, preferably higher than or equal to 180 °C
and lower than or equal to 250 °C, further preferably higher than or equal to 180 °C and
Jower than or equal to 230 °C; a source gas is introduced into the treatment chamber to
set the pressure in the treatment chamber to be higher than or equal to 100 Pa and lower
than or equal to 250 Pa, preferably higher than or equal to 100 Pa and lower than or
equal to 200 Pa; and the high-frequency power supplied to an electrode provided in the
treatment chamber is greater than or equal to 0.17 W/cm? and less than or equal to 0.5
W/em?, preferably greater than or equal to 0.25 W/cm® and less than or equal to 0.40
W/cm?, further preferably greater than or equal to 0.26 W/cm® and less than or equal to

0.35 W/cm®.
[0100]

As a source gas of the protective film 23, a deposition gas containing silicon
and an oxidation gas is preferably used. Typical examples of the deposition gas
containing silicon include silane, disilane, trisilane, and silane fluoride. Examples of
the oxidation gas include oxygen, ozone, dinitrogen monoxide, and nitrogen dioxide,
(0101] |

As the deposition condition o_f the protective film 23, the high-frequency power
with the above power density is supplied in the treatment chamber under the above
pressure, whereby the decomposition efficiency of the source gas in plasma is promoted,
oxygen radicals are increased, and oxidation of the deposition gas containing silicon is

promoted; thus, the amount of oxygen contained in the protective film 23 exceeds the



10

15

20

25

30

WO 2013/150927 25 PCT/JP2013/058888

stoichiometric composition. However, in the case where the substrate temperature is
within the above temperature range, the bond between silicon and oxygen is weak, and
accordingly, part of oxygen is released by heating.  As a result, an oxide insulating film
containing oxygen in excess of the stoichiometric composition can be formed. In other
words, an oxide insulating film from which part of contained oxygen is released by
heating can be formed. |

[0102]

In the source gas of the protective film 23, the ratio of the deposition gas
containing silicon to the oxidation gas is increased, and the high-frequency power is set
to have the aBove power density. Thus, the deposition rate can be increased, and the
amount of oxygen contained in the protective film can be increased.

[0103]

Here, a 400-nm-thick silicon oxynitride film is formed as the protective film 23
by a plasma CVD method under the following conditions: silane with a flow rate of 160
sccm and dinitrogen monoxide with a flow rate of 4000 sccm are used as a source gas;
the pressure in the treatment chamber is 200 Pa; the substrate temperature is 220 °C;
and a high-frequency power of 1500 W is supplied to parallel pléte electrodes with a
high-frequency power supply of 27.12 MHz. Note that a plasma CVD apparatus used
here is a parallel plate plasma CVD apparatus in which the electrode area is 6000 cm’,
and the power per unit area (power density) into which the supplied power is converted
is 0.25 W/cm®.

[0104]

Next, heat treatment is performed, whereby oxygen contained in the protective
film 23 is diffused to the 6xide semiconductor film 19 to fill oxygen vacancies in the
oxide semiconductor film 19. Thus, thé amount of oxygen vacancies contained in the
oxide semiconductor film 19 can be reduced. In addition, by the heat treatment
performed after formation of the protective film 23, the spin density of a signal at g =
2.001 in the protective film 23, which is measured by electron spin resonance, is lower
than 1.5 x 10% spins/cm3, preferably lower than or equal to 1.0 x 10'® spins/cm®.  The
heat treatment is performed typically 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 250
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°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.
[0105]

Note that when the temperature in the heat treatment is higher than the
temperature in depositing the protective film 23, more oxygen contained in the
protective film 23 can be diffused to the oxide semiconductor film 19, and thus, oxygen
vacancies in the oxide semiconductor film 19 can be filled more. The temperature at
the heat treatment is higher than or equal to 250 °C and lower than the strain point of
the substrate, preferably higher than or equal to 250 °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.
[0106] '

An electric furnace, a rapid thermal annealing (RTA) apparatus, or the like can
be used for the heat treatment. 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. Thus, time for oxygen diffusion from the
protective film 23 to the oxide semiconductor film 19 can be shortened.

[0107]

The heat treatment may be performed in an atmosphere of nitrogen, oxygen,
ultra-dry air (air in which the 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).

[0108]

Here, the heat treatment is performed at 350 °C in an atmosphere of nitrogen
and oxygen for 1 hour, so that oxygen contained in the protective film 23 is diffused to
the oxide semiconductor film 19. In this embodiment, diffusion of oxygen from the
protective film 23 to the oxide semiconductor film 19 is solid-phase diffusion; thus,
oxygen can be supplied to the oxide semiconductor film 19 with less damage.

[0109]

Through the above steps, a transistor with excellent electric characteristics in
which a shift in the threshold voltage in the negative direction is suppressed can be
manufactured. In addition, a highly reliable transistor in which a variation in electric

characteristics with time or a variation in electric characteristics due to a gate BT stress
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test under light is small can be manufactured.
[0110]

Next, a transistor having a structure different from that in FIGS. 1A to 1C will
be described with reference to FIG. 3 and FIGS. 4A to 4E. In the transistor described
here, films provided in contact with the oxide semiconductor film are dense films and
have high film density as compared with those in the transistor 10. A structure of such
a transistor is described with reference to FIG. 3. |
[0111]

A transistor 30 illustrated in FIG. 3 includes the base insulating film 13 over the
substrate 11 and the gate electrode 15 over the base insulating film 13. In addition, a
gate insulating film 33 including an insulating film 31 and an insulating film 32 is
provided over the base insulating film 13 and the gate electrode 15. An oxide
semiconductor film 20 is provided to overlap with the gate electrode 15 with the gate
insulating film 33 interposed therebetween, and the pair of electrodes 21 is provided to
be in contact with the oxide semiconductor _film 20. Further, a protective film 37
including an insulating film 34 and an insulating film 36 is formed over the gate
insulating film 33, the oxide semiconductor film 20, and the pair of electrodes 21.
[0112]

In the transistor 30 shown in this embodiment, the oxide semiconductor film 20
is exposed to plasma generated in an oxidation atmosphere. As the oxidation
atmosphere, an atmosphere of oxygen, ozone, dinitrogen monoxide, or the like can be
given. As a preferable method of plasma treatment, a parallel plate plasma CVD
apparatus is used, plasma is generated under a condition where bias is applied to an
upper electrode but is not applied to a lower electrode on which the substrate 11 is
placed, and the oxide semiconductor film is exposed to the plasma. As a result,
oxygen can be supplied to the oxide semiconductor film 20 with less damage, and the
amount of oxygen vacancies in the oxide semiconductor film 20 can be reduced.

[0113]

In the transistor 30, the insulating film 32 and the insulating film 34 are formed
in contact with the oxide semiconductor film 20. The insulating film 32 and the
insulating film 34 are each a dense film and have high film density. Thus, in a later

step of forming the insulating film 36, damage on the oxide semiconductor film 20 can
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be reduced.
[0114]

As each of the insulating film 32 and the insulating film 34, a silicon oxide film,
a silicon oxynitride film, or the like can be formed to a thickness greater than or equal to
5 nm and less than or equal to 400 nm, preferably greater than or equal to 5 nm and less
than or equal to 50 nm, further preferably greater than or equal to 10 nm and less than or
equal to 30 nm.

[0115)

Further, the insulating film 36 included in the protective film 37 provided over
the transistor 30 is an oxide insulating film containing oxygen in excess of the
stoichiometric composition. It is preferable that the insulating film 36 contain a larger
amount of oxygen than the amount of oxygen vacancies in the oxide semiconductor film
20. The oxide insulating film containing oxygen in excess of the stoichiometric
composition is an oxide insulating film from which part of oxygen is released by
heating. Thus, when the oxide insulating film from which part of oxygen is released
by heating is provided as the protective film 37, oxygen can be diffused to the oxide
semiconductor film 20 by heat treatment. By the heat treatment, oxygen contained in
the insulating film 36 is diffused to the oxide semiconductor film 20, and thus, oxygen
vacancies in the oxide semiconductor film 20 can be filled. As a result, the amount of
oxygen vacancies in the oxide semiconductor film 20 is reduced, and accordingly, in the
transistor, a shift in the threshold voltage in the negative direction can be suppressed.
In addition, the transistor can have excellent electric characteristics in which a shift in
the threshold voltage with time or a shift in the threshold voltage due to a gate BT stress
test under light is small.

[0116]

Note that in the transistor 30, oxygen contained in the insulating film 36
transfers to the oxide semiconductor film 20 through at least one of the insulating film
31, the insulating film 32, and the insulating film 34.

[0117]

Next, a method for manufacturing the transistor in FIG. 3 will be described
with reference to FIGS. 4A to 4E. |
[0118]
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As illustrated in FIG. 4A, the base insulating film 13 and the gate electrode 15
are formed over the substrate 11, which is similar to Embodiment 1. Next, the
insulating films 31 and 32 functioning as the gate insulating film 33 are formed.

[0119]

As the insulating film 31, a silicon nitride film or a silicon nitride oxide film is
formed by a CVD method to a thickness greater than or equal to 5 nm and less than or
equal to 400 nm. Next, as the insulating film 32, a silicon oxide film or a silicon
oxynitride film is formed by a-CVD method to-a thickness greater than or equal to 5 nm
and less than or equal to 400 nm. Note that the thicknesses of the insulating film 31
and the insulating film 32 may be determined so that the sum of the thicknesses of the
two insulating films is within the range of the tﬁickness of the gate insulating film 17 in
the transistor 10 in FIGS. 1A to 1C. '

[0120] '

Here, a 50-nm-thick silicon nitride film is formed as the insulating film 31 by a
plasma CVD method under the following conditions: silane with a flow rate of 50 sccm
and dinitrogen monoxide with a flow rate of 5000 sccm are used as a source gas; the
pressure in the treatment chamber is 60 Pa; the substrate temperature is 350 °C; and a
high-frequency power of 1500 W is supplied to parallel plate electrodes with a
high-frequency power supply of 27.12 MHz.

[0121]

As the insulating film 32, a 200-nm-thick s.ilicon oxyni‘tride film is formed by a
plasma CVD method under the following conditions: silane with a flow rate of 20 sccm
and dinitrogen monoxide with a flow rate of 3000 sccm are used as a source gas; the
pressure in the treatment chamber is 40 Pa; the substrate temperature is 350 °C; and a
high-frequency power of 100 W is supplied to parallel plate electrodes with a
high-frequency power supply of 27.12 MHz. With the above conditions, a dense
silicon oxynitride film with higher film density than the insulating film 31 can be
formed.

[0122]
The gate insulating film 33 is formed to have a large thickness and preferably

has a stacked structure of a silicon nitride film with resistivity higher than or equal to 5
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x 10" Q-cm and lower than or equal to 1 x 10" Q-cm and a silicon oxynitride film,
whereby in a transistor formed later, electrostatic breakdown caused between the gate -
electrode 15 and the oxide semiconductor film 20 or between the gate electrode 15 and
the pair of electrodes 21 can be suppressed.

[0123]

Next, as illustrated in FIG. 4B, the oxide semiconductor film 19 is formed over
the gate insulating film 33, which is similar to Embodiment 1.

[0124]

Nexi, as illustrated in FIG. 4C, the pair of electrode 21 is formed. Then, the
oxide semiconductor film 19 is exposed to plasma generated in an Qxidation atmosphere,
and oxygen 22 is supplied to the oxide semiconductor film 19, so that the oxide
semiconductor film 20 shown in FIG. 4D is formed. As the oxidation atmosphere, an
atmosphere. of oxygen, ozone, dinitrogen monoxide, or the like can be given. As a
preferable method of plasma treatment, plasma is generated under a condition where
bias is not applied to a lower electrode on which the substrate 11 is placed, and the
oxide semiconductor film 19 is exposed to the pi\asma. As a result, oxygen can be
supplied to the oxide semiconductor film 19 without damage.

[0125] '

Here, the oxide semiconductor film 19 is exposed to oxygen plasma generated
in the following manner: dinitrogen monoxide is introduced into the treatment chamber
of the plasma CVD apparatus; and a high-frequency power of 150 W is supplied to an
upper electrode provided in the treatment chamber with a high-frequency power supply
of 27.12 MHz.

[0126]

Next, the insulating film 34 is formed over the oxide semiconductor film 20
and the pair of electrodes 21. Here, a 10-nm-thick silicon oxynitride film is formed by
a plasma CVD method under the following conditions: silane with a flow rate of 20
sccm and dinitrogen monoxide with a flow rate of 3000 sccm are used as a source gas;
the pressure in the treatment chamber is 200 Pa; the substrate temperature is 350 °C;
and a high-frequency power of 100 W is supplied to parallel plate electrodes with a
high-frequency power supply of 27.12 MHz. By the conditions, a dense silicon
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oxynitride film with higher film density than the insulating film 36 formed in a later
step can be formed.
[0127]

Next, oxygen 35 may be added to the insulating film 34. As a method for
adding the oxygen 35 to the insulating film 34, an ion implantation method, an jon
doping method, plasma treatment, or the like can be given. As a result, the insulating
film 34 can be an oxide insulating film containing oxygen in excess of the
stoichiometric composition.

(0128]

Next, the insulating film 36 is formed over the insulating film 34 as illustrated
in FIG. 4E. As the insulating film 34, a silicon oxide film or a silicon 'oxynitride film
is formed in a manner similar to that of the protective film 23 formed over the transistor
10. The formation conditions are as follows: the substrate 11 is placed in a treatment
chamber evacuated.to a vacuum level in a plasma CVD apparatus; the substrate is held
at a temperature higher than or equal to 180 °C and lower than or equal to 260 °C,

preferably higher than or equal to 180 °C and lower than or equal to 250 °C, further

preferably higher than or equal to 180 °C and lower than or equal to 230 °C; a source
gas is introduced into the treatment chamber to set a pressure in the treatment chamber
to be higher than or equal to 100 Pa and lower than or equal to 250 Pa, preferably higher
than or equal to 100 Pa and lower than or equal to 200 Pa; and a high-frequency power
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/cm® and less than or equal to 0.40 W/cm®, further
preferably greater than or equal to 0.26 W/cm® and less than or equal to 0.35 W/cm? is
supplied to an electrode provided in the treatment chamber.
[0129] |

Then, as in the case of the transistor 10, heat treatment is performed, whereby
oxygen contained in the insulating film 36 can be diffused to the oxide semiconductor
film 20 to fill oxygen vacancies in the oxide semiconductor film 20. Thus, the amount
of oxygen vacancies contained in the oxide semiconductor film 20 can be reduced.

[0130]

Through the above steps, a transistor with excellent electric characteristics in
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which a shift in the threshold voltage in the negative direction can be suppressed can be
manufactured. In addition, a highly reliable transistor in which a variation in electric
characteristics with time or a variation in electric characteristics due to a gate BT stress
test under light is small can bé manufactured.

[0131]

Note that the structures, methods, and the like described in this embodiment
can be used as appropriate in combination with any of the structures, methods, and the
like described in the other embodiments and examples.

[0132]
(Embodiment 2) _

In this embodiment, a transistor having a different structure from the transistor
in Embodiment 1 will be described with reference to FIGS. 5A to 5C. A transistor 100
shown in this embodiment is a top-gate transistor, which is different from the transistor
shown in Embodiment 1.

[0133]

FIG. 5A to 5C are a top view and cross-sectional views of the transistor 100.
FIG. 5A is a top view of the transistor 100, FIG. 5B is a cross-sectional view taken along
dashed-dotted line A-B in FIG. 5A, and FIG. 5C is a cross-sectional view taken along
dashed-dotted line C-D in FIG. 5A. Note that in FIG. 5A, some components of the
transistor 100 (e.g., a substrate 101, a base insulating film 103, and a gate insulating
film 109), a protective film 113, and the like are not illustrated for simplicity.

[0134]

The transistor 100 illustrated in FIGS. 5B and 5C includes an oxide
semiconductor film 105 over the base insulating film 103, a pair of electrodes 107 in
contact with the oxide semiconductor film 105, the gate insulating film 109 in contact
with the base insulating film 103, the oxide semiconductor film 105, and the pair of
electrodes 107, and a gate electrode 111 overlapping with the oxide semiconductor film
105 with the gate insulating film 109 interposed therebetween. In addition, the
protective film 113 covering the gate insulating film 109 and the gate electrode 111 and
a wiring 115 in contact with the pair of electrodes 107 in openings 110 formed in the
gate insulating film 109 and the protective film 113 (see FIG. 5A) may be provided.
[0135]
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The protective film 113 provided over the transistor 100 showﬁ in this
embodiment is an oxide insulating film containing oxygen in excess of the
stoichiometric composition. It is preferable that thei protective film 113 contain a
larger amount of oxygen than the amount of oxygen vacancies in the oxide
semiconductor film 105. The oxide insulating film containing oxygen in excess of the
stoichiometric composition is an oxide insulating film from which part of oxygen is
released by heating. - Thus, when the oxide insulating film from which part of oxygen
is released by heating is provided as the protective film 113, oxygen can be diffused to
the oxide semiconductor film 105 by heat treatment. With the oxygen, oxygen
vacancies in the oxide semiconductor film 105 can be filled. As a result, the amount
of oxygen vacancies in the oxide semiconductor film 105 is reduced, and accordingly, a
transistor in which a shift in the threshold voltage in the negative direction is suppressed
can be provided. In addition, a shift in the threshold voltage with time or a shift in the
threshold voltage due to a gate BT stress test under light is $mall; thus, a transistor with
excellent electric characteristics can be manufactured.

[0136]

Note that in the transistor 100, oxygen contained in the protective film 113
transfers to the oxide semiconductor film 105 through at least one of the base insulating
film 103 and the gate insulating film 109.

[0137]

Further, in the protective film 113, the spin density of a signal at g = 2.001, »
which is measured by electron spin resonance, is preferably lower than 1.5 x 10
spins/cm”, further preferably lower than or equal to 1.0 x 10*® spins/crh3. In that case,
a transistor has excellent electric characteristics. |
[0138]

As the protective film 113, a silicon oxide film, a silicon oxynitride filrh, or the
like can be formed to have a thickness greater than or equal to 30 nm and less than or
equal to 500 nm, preferably greater than or equal to 100 nm and less than or equal to
400 nm.

[0139]

Other details of the transistor 100 are described.
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[0140]

As the substrate 101, a substrate which is given as an example of the substrate
11 in Embodiment 1 can be used as appropriate.
[0141]

The base insulating film 103 is preferably formed using an oxide insulating
film from which part of oxygen is released by heating. As such an oxide insulating

film from which part of oxygen is released by heating, an oxide insulating film

-containing oxygen in excess of the stoichiometric:.composition is preferably used. The

oxide insulating film from which part of oxygen is released by heating can make
oxygen diffuse into the oxide semiconductor film by heat treatment. Typical examples
of the base insulating film 103 are films of silicon oxide, silicon oxynitride, silicon
nitride oxide, gallium oxide, hafnium oxide, yttrium oxide, aluminum oxide, aluminum
oxynitride, and the like.

[0142]

The thickness of the base insulating film 103 is greater than or equal to 50 nm,
preferably greater than or equal to 200 nm and less than or equal to 3000 nm, further
preferably greater than or equal to 300 nm and less than or equal to 1000 nm. With use
of the thick base insulating film 103, the amount of oxygen released from the base
insulating film 103 can be increased, and the interface state density at the interface
between the base insulating film 103 and an oxide semicondﬁctor film formed later can
be reduced.

[0143]

Here, "to release part of oxygen by heating" means that the amount of released
oxygen converted into oxygen atoms is greater than or cquél to 1.0 x 10*® atoms/cm®,
preferably greater than or equal to 3.0 x 10% atoms/cm® in thermal desorption
spectroscopy (TDS) analysis.

[0144]

In the above structure, the insulating film from which part of oxygen is
released by heating may be oxygen-excess silicon oxide (SiOy (X > 2)). In the
oxygen-excess silicon oxide (SiOx (X > 2)), the number of oxygen atoms per unit

volume is more than twice the number of silicon atoms per unit volume. The number
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of silicon atoms and the number of oxygen atoms per unit volume are measured by

- Rutherford backscattering spectrometry.

[0145]

Here, in TDS analysis, the measurement method of the amount of desorbed
oxygen at the oxygen atomic conversion is described below.

[0146]

The desorption amount of gas in the TDS analysis is proportional to an integral

‘value of spectrum. Therefore, the amount of a desorbed gas can be calculated from the

ratio between the integral value of a spectrum of an insulating film and the reference
value of a standard sample. The reference value of a standard sample refers to the
ratio of the density of a predetermined atom contained in a sample to the integral value
of a spectrum,

[0147)

For example, the number of the released oxygen molecules (No;) from an
insulating film can be calculated according to Formula 1 using the TDS analysis results
of a silicon wafer containing hydrogen at a predetermined density, which is the standard
sample, and the TDS analysis results of the insulating film. Here, all spectra having a
mass number of 32 which are obtained by the TDS analysis are assumed to originate
from an oxygen molecule. CH3;OH, which is given as a gas having a mass number of
32, is not taken into consideration on the assumption that it is unlikely to be present.
Further, an oxygen molecule including an oxygen atom having a mass number of 17 or
18 which is an isotope of an oxygen atom is not taken into consideration either because
the proportion of such a molecule in the natural world is minimal.

[0148]

No2 = Ngz/Suz x So2 x o (Formula 1)
[0149]

Ny is the value obtained by conversion of the number of hydrogen molecules
desorbed from the standard sample into densities. Sy is the integral value of a
spectrum when the standard sample is subjected to TDS analysis. Here, the reference
value of the standard sample is set to Nuo/Swo. S is the integral value of a spectrum

when the insulating film is subjected to TDS analysis. « is a coefficient affecting the
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intensity 0f the spectrum in the TDS analysis. Refer to Japanese Published Patent
Application No. H6-275697 for details of Formula 1. Note that the amount of released
oxygen from the above insulating film is measured with a thermal desorption
spectroscopy apparatus produced by ESCO Ltd., EMD-WA1000S/W using a silicon
wafer containing hydrogen atoms at 1 x 10'® atoms/cm? as the standard sample.

[0150] ’

Further, in the TDS analysis, oxygen is partly detected as an oxygen atom.
The ratio between oxygen molecules and oxygen atoms can be calculated from the
ionization rate of the oxygen molecules. Note that, since the above « includes the
ionization rate of oxygen molecules, the number of the released oxygen atoms can also
be estimated through the measurement of the number of the released oxygen molecules.
{0151}

Note that No; is the number of released oxygen molecules. For the insulating
film, the amount of released oxygen when converted into oxygen atoms is twice the
number of the released oxygen molecules.

[0152]

By supplying oxygen from the base insulating film 103 to the oxide
semiconductor film 105, an interface state density between the base insulating film 103
and the oxide semiconductor film 105 can be reduced. As a result, electric charge or
the like which may be generated due to an operation of the transistor or the like can be
prevented from being trapped at the interface between the base insulating film 103 and
the oxide semiconductor film 105, and thereby a transistor with less variation in electric
characteristics can be provided.

[0153] }

In other words, when oxygen vacancies are .generated in the oxide
semiconductor film 105, electric chérge is trapped at the interface between the base
insulating film 103 and the oxide semiconductor film 105, whereby the electric charge
affects the electric characteristics of the transistor. However, by providing an
insulating film from which oxygen is released by heating as the base insulating film 103,
the interface state density between the oxide semiconductor film 105 and the base

insulating film 103 can be reduced, and an influence of the trap of electric charge at the
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interface between the oxide semiconductor film 105 and the base insulating film 103
can be made small.
[0154]

The oxide semiconductor film 105 can be formed in a manner similar to that of
the oxide semiconductor film 19 in Embodiment 1.

[0155]

The pair of electrodes 107 can be formed in a manner similar to that of the pair
of electrodes 21 shown in Embodiment 1.  Note that the length of the pair of electrodes
107 in the channel width direction is larger than that of the oxide semiconductor film
105, and seen in the cross section in the channel length direction, the pair of electrodes
107 covers end portions of the oxide semiconductor film 105. With such a structure,
an area of contact between the pair of electrodes 107 and the oxide semiconductor film
105 is increased. Thus, the contact resistance between the oxide semiconductor film
105 and the pair of electrodes 107 can be reduced, and the on-state current of the
transistor can be increased. '

[0156]

Note that although the pair of electrodes 107 is provided between the oxide
semiconductor film 105 and the gate insulating film 109 in this embodiment, the pair of
electrodes 107 may be provided between the base insulating film 103 and the oxide
semiconductor film 105.

[0157]

The gate insulating film 109 can be formed in a manner similar to that of the
gate insulating film 17 in Embodiment 1.

[0158]

The gate electrode 111‘can be formed in a manner similar to that of the gate
electrode 15 in Embodiment 1.

[0159]

The wiring 115 can be formed using a material which can be used for the pair
of electrodes 107 as appropriate.
[0160]

Next, a method for manufacturing the transistor illustrated in FIGS. 5A to 5C
will be described with reference to FIGS. 6A to 6D.
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[0161]
As illustrated in FIG. 6A, the base insulating film 103 is formed over the

substrate 101. Next, the oxide semiconductor film 105 is formed over the base

-insulating film 103.

[0162]

The base insulating film 103 is formed by a sputtering method, a CVD method
or the like.
[0163]

When the oxide insulating film from which part of oxygen is released by
heating is formed by a sputtering method as the base insulating film 103, the amount of
oxygen in a deposition gas is preferably large, and oxygen, a mixed gas of oxygen and a
rare gas, or the like can be used. Typically, the oxygen concentration of a deposition
gas is preferably from 6 % to 100 %. |
[0164]

In the case where an oxide insulating film is formed by a CVD method as the
base insulating film 103, hydrogen or water derived from a source gas is sometimes
mixed in the oxide insulating film. Thus, after the oxide insulating film is formed by a
CVD method, heat treatment is preferably performed as dehydrogenation or
dehydration.

[0165]

In the case of adding oxygen to the oxide insulating film formed by a CVD
method, the amount of oxygen released by heating can be increased. As the method
for adding oxygen to the oxide insulating film, an ion implantation method, an ion
doping method, a plasma immersion ion implantation method, plasma treatment, or the
like can be used.

[0166]

The oxide semiconductor film 105 can be formed as appropriate by a formation
method similar to that of the oxide semiconductor film 19 described in Embodiment 1.
[0167]

In order to improve the orientation of the crystal parts in the CAAC-OS film,
planarity of the surface of the base iﬁsulating film 103 serving as a base insulating film

of the oxide semiconductor film is preferably improved. Typically, the average surface
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roughness (R,) of the base insulating film 103 is preferably 1 nm or less, further
preferably 0.3 nm or less, still preferably 0.1 nm or less. In this specification and the
like, average surface roughness (R,) is obtained by three-dimensional expansion of
arithmetic mean surface roughness- that is defined by JIS B 0601:2001 (IS04287:1997)
50 as to be applied to a curved surface, and is an average value of the absolute values of
deviations from a reference surface to a specific surface. As planarization treatment,
one or more can be selected from chemical mechanical polishing (CMP) treatment, dry
etching treatment, plasma treatment (reverse sputtering), and the like. TheAplasma
treatment is the one in which minute unevenness of the surface is reduced by
introducing an inert gas such as an argon gas into a vacuum chamber and applying an
electric field so that a surface to be processed serves as a cathode.

[0168]

Next, heat treatment is preferably performed. B}; this heat treatment, part of
oxygen contained in the base insulating film 103 can be diffused to the vicinity of the
interface between the base insulating film 103 and the oxide semiconductor film 105.
As a result, the interface state density in the vicinity of the interface between the base
insulating film 103 and the oxide semiconductor film 105 can be reduced.

[0169]

The temperature of the heat treatment is typically higher than or equal to 150

°C and lower than the strain point of the substrate, preferably higher than or equal to

250 °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,
[0170]

The heat treatment is performed under an inert gas atmosphere containing
nitrogen or a rare gas such as helium, neon, argon, xenon, or krypton.  Alternatively,
the heat treatment may be performed in an inert gas atmosphere first, and then in an
oxygen atmosphere. It is preferable that the above inert gas atmosphere and the above
oxygen atmosphere do not contain hydrogen, water, and the like. The treatment time is
3 minutes to 24 hours.

[0171]

Note that the oxide semiconductor film 105 may be formed in the following
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manner: an oxide semiconductor film that is to be the oxide semiconductor film 105 in a
later step is formed over the base insulating film 103; heat treatment is performed
thereon; and part of the oxide semiconductor film is etched. By the above steps,
oxygen contained in the base insulating film 103 can be diffused more in the vicinity of
the interface between the base insulating film 103 and the oxide Ssmiconductor film
105.

[0172]

Next, as illusirated in FIG. 6B, the pair of electrodes 107 is formed. The pair
of electrodes 107 can be formed as appropriate by a formation method similar to those
of the pair of electrodes 21 described in Embodiment 1. Alternatively, the pair of
electrodes 107 can be formed by a printing method or an inkjet method.

[0173]

The gate insulating film 109 is formed, and then, the gate electrode 111 is
formed over the gate insulating film 109 as illustrated in FIG. 6C.
[0174]

The gate insulating film 109 can be formed as appropriate d by a formation
method similar to those of the gate insulating film 17 described in Embodiment 1.
{0175]

In a CAAC-OS film, oxygen tends to move along the surface where the
CAAC-OS film is formed or the surface of the CAAC-OS film. Thus, oxygen release
occurs from the side surface of the oxide semiconductor film 105 that has been
subjected to element isolation, and oxygen vacancies tend to be formed in the side
surface. However, when as the gate insulating film 109, an oxide insulating film from
which part of oxygen is released by heating and a metal oxide film (which is to be over
the oxide insulating film) are formed over the oxide semiconductor film 105, oxygen
release from the side surface of the oxide semiconductor film 105 can be suppressed.
As a result, an increase in conductivity of the side suiface of the oxide semiconductor
film 105 can be suppressed.

[0176]

The gate electrode 111 can be formed as appropriate by a formation method

similar to those of the gate electrode 15 in Embodiment 1.

[0177]
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Here, an example of a method for forming a gate electrode whose width is
reduced to a length shorter than or equal to the resolution limit of a light ‘exposure
apparatus is described. A slimming process is preferably performed on a mask used
for forming ‘the gate electrode 111 to make the mask have a further miniaturized
structure. As the slimming process, an ashing process using an oxygen radical or the
like can be employed, for example. However, the slimming process other than the
ashing process may be used as long as the mask formed by a photolithography method
or the like can be processed to have a further miniaturized structure.  Since the channel
length of a transistor is determined by the mask formed by the slimming process, a
process with high controllability is preferably emp'loyed. As a result of the slimming
process, the width of the mask formed by a photolithography method or the like can be
reduced to a length shorter than or equal to the resolution limit of a light exposure
apparatus, preferably less than or equal to half of the resolution limit of a light exposure
apparatus, and further preferably less than or equal to one third of the resolution limit of
the light exposure apparatus. For example, the width of the formed mask can be
greater than or equal to 20 nm and less than or equal to 2000 nm, preferably greater than
or equal to 50 nm and less than or equal to 350 nm.  Further, when a conductive film is
etched while the mask subjected to slimming is made to recede, the gate electrode 111
whose width is reduced to a length shorter than or equal to the resolution limit of a light
exposure apparatus can be formed.

[0178] _

Next, the protective film 113 is formed over the gate insulating film 109 and
the gate electrode 111, and then the wiring 115 connected to the pair of electrodes 107 is
formed as illustrated in FIG. 6D.

{0179]

As the protective film 113, a silicon oxide film or a silicon oxynitride film is
formed in a manner similar to that of the protective film 23 in Embodiment 1.
Specifically, the formation conditions are as follows: the substrate 101 is placed in a
treatment chamber evacuated to a vacuum level in a plasma CVD apparatus; the
substrate is held at a temperature higher than or equal to 180 °C and lower than or equal

to 260 °C, preferably higher than or equal to 180 °C and lower than or equal to 250 °C,
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further preferably higher than or equal to 180 °C and lower than or equal to 230 °C; a
source gas is introduced into the treatment chamber to set a pressure in the treatment
chamber to be higher than or equal to 100 Pa and lower than or équal to 250 Pa,
preferably higher than or equal to 100 Pa and lower than or equal to 200 Pa; and a

high-frequency power greater than or equal to 0.17 W/cm? and less than or equal to 0.5

.W/cm2, preferably greater than or equal to 0.25 W/cm?® and less than or equal to 0.40

W/cm?, further preferably greater than or equal to 0.26 W/cm” and less than or equal to
0.35 W/cm® is supplied to an electrode provided in the treatment chamber.
[0180]

As the conditions for forming the protective film 113, the high-frequency
power with the above power density is supplied under the above pressure, whereby an
oxide insulating film containing oxygen in excess of the stoichiometric composition can
be formed. | |
[0181]

Next, heat treatment is performed as in the case of Embodiment 1, whereby
oxygen contained in the protective film 113 can be diffused to the oxide semiconductor
film 105 to fill oxygen vacancies in the oxide semiconductor film 105. Thus, the
amount of oxygen vacancies in the oxide semiconductor film 105 can be reduced. In
addition, by the heat treatment performed after the protective film 113 is formed, the
spin density of a signal at g = 2.001 in the protective film 113, which is measured by
electron spin resonance, is preferably lower than 1.5 x 10* spins/cm’, further preferably
lower than or equal to 1.0 x 10" spins/cm®. The heat treatment is performed typically
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 250 °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.
[0182]

After a conductive film is formed by a sputtering method, a CVD method, an
evaporation method, or the like, a mask is formed over the cdnductive film and the
conductive film is etched, so that the wiring 115 is formed. The mask formed over the
conductive film can be formed by a printing method, an inkjet method, or a

photolithography method as appropriate. Then, the mask is removed. Alternatively,
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the wiring 115 may be formed by a dual damascene method.
[0183]

Through the above steps, a transistor with excellent electric characteristics in
which a shift in-the threshold voltage in the negative direction can be sﬁppressed can be
manufactured. In addition, a highly reliable transistor in which a variation in electric
chéracteristics with time or a variation in electric characteristics due to a gate BT stress
test under light is small can be manufactured.

[0184]

Note that the structures, methods, and the like described in this embodiment
can be used as appropriate in combination with any of the structures, methods, and the
like described in the other embodiments and examples.

[0185]
(Embodiment 3)

In this embodiment, a transistor having-a structure different from those of
Embodiment 1 and Embodiment 2 will be described with reference to FIGS. 7A and 7B.
A transistor 120 showﬂ in this embodiment is different from the transistor 100 shown in
Embodiment 2 in that dopant is added to an oxide semiconductor film. |
[0186]

FIGS. 7A and 7B are a top view and a cross-sectional view of the transistor 120.

FIG. 7A is a top view of the transistor 120, and FIG. 7B corresponds to a cross-sectional

view taken along dashed line A-B in FIG. 7A. Note that in FIG. 7A, some components

of the transistor 120 (e.g., a substrate 101, a base insulating film 103, and a gate
insulating film 109), a protective film 113, and the like are not illustrated for simplicity.
(0187] |
The transistor 120 illustrated in FIG. 7B includes an oxide semiconductor film
121 over the base insulating film 103, a pair of electrodes 107 in contact with the oxide
semiconductor film 121, the gate insulating film 109 in contact with the base insulating
film 103, the oxide semiconductor film 121, and the pair of eleptrodes 107, and a gate
electrode 111 overlapping with the oxide semiconductor film 121 with the gate
insulating film 109 interposed therebetween. In addition, the protective film 113
covering the gate insulating film 109 and the gate electrode 111 is provided.

Furthermore, a wiring 115 may provided to be in contact with the pair of electrodes 107
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through openings 110 formed in the gate insulating film 109 and the protective film 113
(see FIG. 7A).
{0188]

In the transistor 120 in this embodiment, the oxide semiconductor film 121
includes a first region 123 overlapping with the gate electrode 111 with the gate
insuiating film 109 interposed therebetween, a pair of second regions 125 to which
dopant is added, and a pair of third regions 127 in contact with the pair of electrodes
107. Note that dopant is not added to the first region 123 or the third regions 127.
The pair of second regions 125 is provided so that the first region 123 is sandwiched
therebetween. The pair of third regions 127 is provided so that the first region 123 and
the second regions 125 are sandwiched therebetween.

[0189]

The first region 123 functions as a channel region in the transistor 120. From
a region in the third regions 127, which is in contact with the pair of electrodes 107, part
of contained oxygen is diffused to the pair of electrodes 107, so that oxygen vacancies
are caused, and accordingly such a region becomes an n-type region. Thus, parts of
the third regions 127 function as a source region or a drain region. The second regions
have high conductivity because dopant is added thereto, and thus function as a low
resistance region which has a function of reducing resistance between the channel
region and the source or drain region. Therefore, the on-state current and field effect
mobility of the transistor 120 can be increased as compared with the transistor 100 in
Embodiment 1.

[(0190]

As the dopant added to the second region 125, at least one of boron, nitrogen,
phosphorus, and arsenic can be given. Alternatively, at least one of helium, neon,
argon, krypton, and xenon can be given. Still alternatively, dopant may contain at least
one of boron, nitrogen, phosphorus, and arsenic and at least one of helium, neon, argon,
krypton, and xenon in appropriate combination.

[0191]
The dopant concentration of the pair of second regions 125 is higher than or

equal to 5 x 10'® atoms/cm® and lower than or equal to 1 x 10°* atoms/cm®, preferably
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higher than or equal to 5 x 10*® atoms/cm”® and lower than 5 x 10" atoms/cm’.
[0192]

Since the dopant is included, the carrier density or defects in the second regions
125 can be increased. Therefore, the conductivity can be high as compared with the
first region 123 and the third regions 127 which do not contain dopant. Note that when
the dopant concentration is too high, the dopant inhibits carrier transfer, leading to lower
conductivity of the second regions 125.

[0193]

The conductivity of the second regions 125 is preferably higher than or equal to
0.1 S/cm and lower than or equal to 1000 S/cm, preferably higher than or equal to 10
S/cm and lower than or equal to 1000 S/cm.

[0194]

Next, a method for manufacturing the transistor 120 shown in this embodiment
is described with reference to FIGS. 6A to 6D and FIGS. 7A and 7B.
[0195]

As in the case of Embodiment 1, the base insulating film 103 is formed over
the substrate 101, the oxide semiconductor film 121 is formed over the base insulating
film 103, and the pair of electrodes 107 is formed over the oxide semiconductor film
121 through the steps illustrated in FIGS. 6A to 6C. Then, the gate insulating film 109
is formed over the oxide semiconductor film 121 and the pair of electrodes 107.  After
that, the gate electrode 111 is formed to overlap with part of the oxide semiconductor
film 121 with the gate insulating film 109 interposed therebetween.

[0196]

Next, dopant is added to the oxide semiconductor film 121 with use of the pair
of electrodes 107 and the gate electrode 111 as masks. As a method of adding a dopant
to the oxide semiconductor film 121, an ion doping method or an ion implantation
method can be used.

[0197)

In the embodiment describe here, the addition of the dopant to the oxide

semiconductor film 121 is conducted in a state where the oxide semiconductor film 121

is covered with the gate insulating film 109 and the like; alternatively, the addition of
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the dopant may be conducted in a state where the oxide semiconductor film 121 is
exposed.
[0198]

Further, the addition of the dopant may also be conducted using a method other
than injection methods, such as an ion doping method and an ion implantation method.
For example, the dopant can be added in the folloWing manner: plésma. is 'ge-nerated in
an atmosphere of gas containing an element to be added and plasma treatment is
performed on the oxide semiconductor film 121. A dry etching apparatus, a plasma
CVD apparatus, or the like can be used to generate the plasma.

[0199]

Note that the dopant may be added while the substrate 101 is being heated.
[0200]

Here, phosphorus is added to the oxide semiconductor film 121 by an ion
implantation method. -

[0201]

After that, heat treatment is performed. The heat treatment is performed
typically at a temperature higher than or equal to 150 °C and lower than or equal to 450
°C, preferably higher than or equal to 250 °C and lower than or équal t0 325 °C. Inthe
heat treatment, the temperature may be gradually increased from 250 °C to 325 °C.
[0202]

' By this heat treatment, conductivity of the second region 125 can be increased.
Note that through the heat treatment, the first region 123, the second regions 125, and
the third regions 127 become a polycrystalline structure, an amorphous structure, or a
CAAC-OS.

[0203]

Then, as in the case of Embodiment 1, the protective film 113 is formed, and
heat treatment is performed, so that oxygen contained in the protective film 113 is
diffused to the oxide semiconductor film 121 and oxygen vacancies in the oxide
semiconductor film 121 is reduced. After that, the wiring 115 is formed. Thus, the
transistor 120 illustrated in FIGS. 7A and 7B can be completed.

[0204]
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In the transistor 120 in this embodiment, the oxide semiconductor film 121
includes the first region 123 functioning as a channel region, and the second regions 125
which are low resistance regions between the third regions 127 functioning as a source
region and a drain region. Thus, as compared with the transistor 100 described in
Embodiment 2, resistance between the channel region and the source or drain region can
be reduced, so that the on-state current can be increased. ' In addition, when the
protective film 113 is provided over the transistor 120, the transistor can have excellent
characteristics in which the shift in the threshold voltage in the negative direction can be
suppressed. Furthermore, a highly reliable transistor in which a variation in electric
characteristics with time or a variation in electric characteristics due to a gate BT stress
test under light is small can be manufactured.

[0205]

Note that in the transistor 120, oxygen contained in the 'protective film 113
transfers to the oxide semiconductor film 121 through at least one of the base insulating
film 103 and the gate insulating film 109.

[0206]

Note that the structures, methods, and the like described in this embodiment
can be used as appropriate in combination with any of the structures, methods, and the
like described in the other embodiments and examples.

[0207]
(Embodiment 4)

In this embodiment, a transistor having a different structure from the transistors
in Embodiments 1 to 3 will be described with reference to FIGS. 8A and 8B. In a
transistor 130 shown in this embodiment, a structure of an oxide semiconductor film is
different from those of the transistors in the other embodiments, In the oxide
semiconductor film of the transistor 130, an electric-field relaxation region is provided
between a channel region and a source or drain region.

[0208]

FIGS. 8A and 8B are a top view and a cross-sectional view of the transistor 130.
FIG. 8A is a top view of the transistor 130, and FIG. 8B corresponds to a cross-sectional
view taken along dashed-dotted line A-B in FIG. 8A. Note that in FIG. 8A, some

components of the transistor 130 (e.g., a substrate 101, a base insulating film 103, and a
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gate insulating film 109), a protective film 113, and the like are not illustrated for
simplicity.
[0209]

| The transistor 130 illustrated in FIG. 8B includes the base insulating film 103
over the substrate 101, an oxide semiconductor film 131 over the base insulating film
103, a pair of electrodes 139 in contact with the oxide semiconductor film 131, the gate
insulating film 109 in contact with the base insulating film 103, the oxide
semiconductor film 131, and the pair of electrodes 139, and a gate electrode 111
overlapping with the oxide semiconductor film 131 with the gate insulating film 109
interposed therebetween. In addition, the protective film 113 is provided to cover the
gate insulating film 109 and the gate electrode 111. Furthermore, a wiring 115 may be
provided to be in contact with the pair of electrodes 139 through openings 110 formed
in the gate insulating film 109 and the protective film 113.
[0210]

In the transistor 130 in this embodiment, the oxide semiconductor film 131
includes a first region 133 overlapping with the gate electrode 111 with the gate
insulating film 109 interposed therebetween, a pair of second regions 135 to which
dopant is added, and a pair of third regions 137 which is in contact with the pair of
electrodes 139 and to which dopant is added. Note that dopant is not added to the first
region 133, The pair of second regions 135 is provided so that the first region 133 is
sandwiched therebetween. The pair of third regions 137 is provided so that the first
region 133 and the second regions 135 are sandwiched therebetween.

[0211]

As the dopant added to the second regions 135 and the third régions 137,
dopant similar to that added to the second regions 125 in Embodiment 3 can be used as
appropriate.

[0212]

The dopant concentration and the conductivity in the second regions 135 and
the third regions 137 can be equal to those in the second regions 125 in Embodiment 3.
Note that in this embodiment, the dopant concentration and the conductivity of the third
regions 137 are higher than those of the second regions 135.

[0213]



10

15

20

25

30

WO 2013/150927 49 PCT/IP2013/058888

The first region 133 functions'as a channel region in the transistor 130. The
second regions 135 function as electric-field relaxation regions. From a region in the |
third regions 137, which is in contact with the pair of electrodes 139, part of contained
oxygen is diffused to the pair of electrodes 139 depending on a material of the pair of
electrodes 139, so that oxygen vacancies are caused, and accordingly such a region
becomes an n-type region. Since the third regions 137 include the dopant and have
high conductivity, a contact resistance between the third regions 137 and the pair of
electrodes 139 can be reduced as compared with the transistor 120 in Embodiment 2.
Thus, the on-state current and the field effect mobility of the transistor 130 can be
increased as compared with the transistor in Embodiment 2.

[0214] _

In order to add the dopant to the third regions 137, the pair of electrodes 139 is
preferably formed thin: the thickness is typically greater than or equal to 10 nm and less
than or equal to 100 nm, preferably, greater than or equal to 20 nm and less than or
equal to 50 nm.

[0215]

Next, a method for manufacturing the transistor 130 in this embodiment is
described with reference to FIGS. 6Ato 6D and FIGS. 8A and 8B.
[0216]

As in the case of Embodiment 2, through the steps illustrated in FIGS. 6A to
6C, the base insulating film 103 is formed over the substrate 101, the oxide
semiconductor film 131 is formed over the base insulating film 103, and the pair of
electrodes 139 is formed over the oxide semiconductor film 131 (see FIG. 8B). Next,
the gate insulating film 109 is formed over the oxide semiconductor film 131 and the
pair of electrodes 139, and the gate electrode 111 is formed to overlap with part of the
oxide semiconductor film 131 with the gate insulating film 109 interposed
therebetween.

[0217]

Next, the dopant is added to the oxide semiconductor film 131 with use of the
gate electrode 111 as a mask. The dopant can be added by a method similar to that
described in Embodiment 2 as appropriate. Note that in this embodiment, dopant is

added to the third regions 137 as well as the second regions 135. The dopant
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concentration in the third regions 137 is higher than that in the second regions 135.
The conditions of the adding method are adjusted appropriately so that a peak of the
dopant concentration profile appears in the third regions 137. In this case, the third
regions 137 overlap with the pair of electrodes 139, but the second regions 135 do not
overlap with the pair of electrodes 139. Accordingly, as for the dopant concentration
profile of the second regions 135, a peak is positioned in the base insulating film 103;
thus, the dopant concentration in the second regions 135 is lower than that in the third
regions 137.

[0218]

After that, heat treatment is performed. The heat treatment is performed
typically at a temperature higher than or equal to 150 °C and lower than or equal to 450
°C, preferably higher than or equal to 250 °C and lower than or equal to 325 °C. In the
heat treatment, the temperature may be gradually increased from 250 °C to 325 °C.
[0219] '

By the heat treatment, the conductivity of the second regions 135 and the third
regions 137 can be increased. Note that through the heat treatment, the first region 133,
the second regions 135, and the third regions 137 become a polycrystalline structure, an
amorphous structure, or a CAAC-OS. '

[0220]

After that, as in the case of Embodiment 2, the protective film 113 is formed,
and heat treatment is performed so as to diffuse oxygen contained in the protective film
113 to the oxide semiconductor film 131, whereby oxygen vacancies are reduced.
Then, the wiring 115 is formed, so that the transistor 130 illustrated in FIGS. 8A and 8B
can be completed.

[0221]

In the transistor 130 in this embodiment, the oxide semiconductor film 131
includes the first region 133 functioning as a channel region, and the second regions 135
functioning as an electric-field relaxation region between the third regions 137
functioning as a source region and a drain region. Thus, deterioration of the transistor
can be suppressed as compared with the transistor 100 in Embodiment 2. In addition,

the third regions 137 in contact with the pair of electrodes 139 include the dopant,
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which enables the contact resistance between the pair of electrodes 139 and the third
regions 137 to be further reduced. Accordingly, the on-state current of the transistor
can be increased. Further, when the protective film 113 is provided over the transistor
130, excellent electric characteristics of the transistor, in which a shift in the threshold
voltage in the negative direction can be suppressed, can be obtained. Moreover, a
highly reliable transistor in which a variation in electric characteristics with time or a
variation in electric characteristics due to a gate BT stress test under light is small can
be provided.
[0222]

Note that in the transistor 130, oxygen contained in the protective film 113
transfers to the oxide semiconductor film 131 through at least one of the base insulating
film 103 and the gate insulating film 109.

[0223]
Note that the structures, methods, and the like described in this embodiment

can be used as appropriate in combination with any of the struétures, methods, and the
like described in the other embodiments and examples.
[0224]
(Embodiment 5)

In this embodiment, structures of transistors applicable to Embodiments 2 to 4
will be described with reference to FIGS. 9A to 9C.
[0225]

The transistors shown in this embodiment includes sidewall insulating films in
contact with side surfaces of the gate electrode 111. Here, description will be made
using the transistor described in Embodiment 2.

(0226]

A transistor 140 illustrated in FIG. 9A includes an oxide semiconductor film
105 over the base insulating film 103, a pair of electrodes 107 in contact with the oxide
semiconductor film 105, the gate insulating film 109 in contact with the base insulating
film 103, the oxide semiconductor film 105, and the pair of electrodes 107, and a gate
electrode 111 overlapping with the oxide semiconductor film 105 with the gate
insulating film 109 interposed therebetween. Further, the transistor includes sidewall

insulating films 141 in contact with the side surfaces of the gate electrode 111. In



10

15

20

25

30

WO 2013/150927 PCT/JP2013/058888

52

addition, a protective film 113 is provided to cover the gate insulating film 109, the gate
electrode 111, and the sidewall insulating films 141. Furthermore, a wiring 115 may
be provided to be in contact with the pair of electrodes 107 through openings formed in
the gate insulating film 109 and the protective film 113.

[0227]

End portions of the sidewall insulating films 141 overlap with the pair of
electrodes 107. The sidewall insulating films 141 are provided tor fill a space between
the pair of electrodes 107 and the gate electrode 111, which makes it pbssible to reduce
unevenness generated between the pair of electrodes 107 and the gate electrode 111.
Thus, coverage with the protective film 113 can be improved.

[0228]) _

A difference between a transistor 150 illustrated in FIG. 9B and the transistor
140 is a shape of sidewall insulating films 151 in contact with the side surfaces of the
gate electrode 111. Specifically, end portions of the sidewall insulating films 151 do

not overlap with the pair of electrodes 107, and the sidewall insulating films 151 are

_ positioned between the gate electrode 111 and the pair of electrodes 107.

[0229]

A difference between a transistor 160 illustrated in FIG. 9C and the transistor
150 in FIG. 9B is that dopant is added to an oxide semiconductor film 161,

[0230] “

The oxide semiconductor film 161 includes a first region 163 overlapping with
the gate electrode 111 with the gate insulating film 109 interposed therebetween, a pair
of second regions 165 to which dopant is added and which overlap with the sidewall
insulating films 151, a pair of third regions 167 to which dopant is added, and a pair of
fourth regions 169 in contact with the pair of electrodes 107. Note that dopant is not
added to the first region 163 and the fourth regions 169. The pair of second regions
165 is provided so that the first region 163 is sandwiched therebetween. The pair of
third regions 167 is provided so that the first region 163 and the second regions 165 are
sandwiched therebetween. The pair of fourth regions 169 is provided so that the first -
region 163 to the third regions 167 are sandwiched therebetween.

[0231]

The first region 163 functions as a channel region in the transistor 160.
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{0232]

Since the second regions 165 and the third regions 167 include the dopant and
thus have high conductivity, they function as low resistance regions and enable the
resistance between the channel region and a source or drain region to be reduced.
Further, the second regions 165 functions as electric-field relaxation regions because the
second regions 165 have a lower dopant concentration and lower conductivity than the
third regions 167. Thus, deterioration of the transistor 160 can be suppressed.

[0233]

As the dopant added to the second regions 165 and the third regions 167,
dopant similar to that added to the second regions 125 in Embodiment 3 can be used as
appropriate.

[0234]

The dopant concentration and the conductivity in the second regions 165 and

the third regions 167 can be equal to those of the second regions 125 in Embodiment 3.

Note that in this embodiment, the dopant concentration and the conductivity of the third

~ regions 167 are higher than those of the second regions 165.

[0235]

From a region in the fourth regions 169, which is in contact with the pair of
electrodes 107, part of contained oxygen is diffused to the pair of electrodes 107, so that
oxygen vacancies are caused, and accordingly such a region becomes an n-type region.
As a resuit, parts of the fourth regions 169 function as a source region and a drain
region, A
[0236]

In the oxide semiconductor film 161 of the transistor 160 in this embodiment,
the first region 163 is provided between the second regions 165 and the third regions
167 which are low resistance regions. With such a structure, the resistance between
the channel regions and the source or drain region can be reduced, and the on-state
current of the transistor can be increased.

[0237]

By providing the protective film 113 over the transistor (here, the transistors

140, 150, and 160), the transistor can have excellent electric characteristics. In

addition, the transistor can have high reliability where. a variation in electric
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characteristics with time or a variation in electric characteristics due to a gate BT stress

test under light is small.

- [0238)

Note that in each of the transistors 140, 150, and 160, oxygen contained in the
protective film 113 transfers to the oxide semiconductor film through at least one of the

base insulating film 103 and the gate insulating film 109.

[0239]

Note that the structures, methods, and the like described in this embodiment
can be used as appropriate in combination with any of the structures, methods, and the
like described in the other embodiments and examples.

[0240]
(Embodiment 6)

In this embodiment, a transistor having a structure different from those of
Embodiments 2 to 5 will be described with reference to FIG. 10. In the transistor
shown in this embodiment, a pair of electrodes overlap with a gate electrode with a gate
insulating film interposed therebetween, which is different from the transistors of
Embodiments 2 to 5.

[0241]

A transistor 170 illustrated in FIG. 10 includes én oxide semiconductor film
105 over the baée insulating film 103, a pair of electrodes 107 in contact with the oxide
semicohductor film 105, a gate insulating film 109 in contact with the base insulating
film 103, the oxide semiconductor film 105, and the pair of electrodes 107, and a gate
electrode 171 overlapping with the oxide semiconductor film 105 with the gate
insulating film 109 interposed therebetween. In addition, a protective film 113
covering the gate insulating film 109 and the gate electrode 171 is provided.
Furthermore, a wiring 115 may be provided to be in contact with the pair of electrodes
107 in openings formed in the gate insulating film 109 and the protective film 113.
[0242]

In the transistor 170 in this embodiment, the pair of electrodes 107 and thé gate
electrode 171 overlap with each other with the gate insulating film 109 interposed
therebetween. Thus, in the oxide semiconductor film 105, a region facing the gate

electrode 171 with the gate insulating film 109 interposed therebetween functions as a
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channel region, and regions in contact with the pair of electrodes 107 function as a
source region and a drain region. In other words, the channel region and the source or

drain region are in contact with each other. There is no region functioning as a

‘resistance component between the channel region and the source or drain region.

Therefore, the on-state current and the field effect mobility are higher than those of the
transistors in Embodiments 2 to 5.
[0243]

Further, with a structure in which the protective film 113 is provided over the
transistor 170, the transistor can have excellent characteristics in which the shift in the
threshold voltage in the negative direction can be suppressed. ' Furthermore, a highly
reliable transistor in which a variation in electric characteristics with time or a variation
in electric characteristics due to a gate BT stress test under light is small can be
provided.

[0244)

Note that in transistor 170, oxygen contained in the protective film 113
transfers to the oxide semiconductor film 105 through at least one of the base insulating
film 103 and the gate insulating film 109.

[0245] _
Note that the structures, metﬁods, and the like described in this embodiment
can be used as appropriate in combination with any of the structures, methods, and the
like described in the other embodiments and examples.

[0246]

(Embodiment 7)

In this embodiment, a transistor haVing a different structure from those of
Embodiments 1 to 6 will be described with reference to FIGS. 11A and 11B.
[0247)

A transistor 210 illustrated in FIG. 11A includes an oxide semiconductor film
211 over the base insulating film 103, a gate insulating film 109 in contact with the base
insulating film 103 and the oxide semiconductor film 211, and a gate electrode 111
overlapping with the oxide semiconductor film 211 with the gate insulating film 109
interposed therebetween. In addition, a protective film 217 covering the gate

insulating film 109 and the gate electrode 111 is provided, and a wiring 219 is also
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provided to be in contact with the oxide semiconductor film 211 through openings
formed in the gate insulating film 109 and the protective film 217.
[0248]

In the transistor 210 in this embodiment, the oxide semiconductor film 211
includes a first region 213 overlapping with the gate electrode 111 with the gate
insulating film 109 interposed therebetween and a pair of second regions 215 to which

dopant is added. Note that dopant is not added to the first region 213. Further, the

~ pair of second regions 215 is provided so that the first region 213 is sandwiched

therebetween.
[0249]

The first region 213 functions as a channel region in the transistor 210. The
second regions 215 function as a source region and a drain region.
[0250]

The dopant similar to that added to the second regions 125 in Embodiment 3
can be used as apbropriate for the dopant added to the second regions 215.

[0251]

The dopant concentration and the conductivity in the second regions 215 can
be equal to those in the second regions 125 in Embodiment 3.

[0252]

The transistor 220 illustrated in FIG. 11B includes the oxide semiconductor
film 211 over the base insulating film 103, a pair of electrodes 225 functioning as a
source electrode and a drain electrode in contact with the oxide semiconductor film 211,
a gate insulating film 223 in contact with at least part of the oxide semiconductor film
211, and the gate electrode 111 over the gate insulating film 223 and overlapping with
the oxide semiconductor film 211.

[0253]

Further, the transistor includes sidewall insulating films 221 in contact with
side surfaces of the gate electrode 111. Moreover, a protective film 217 is provided
over the base insulating film 103, the gate electrode 111, the sidewall insulating films
221 and the pair of electrodes 225. In addition, the wiring 219 is provided to be in
contact with the oxide semiconductor film 211 though openings formed in the protective

film 217.
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[0254]
In the transistor in FIG. 11B, the oxide semiconductor film 211 includes the

first region 213 overlapping with the gate electrode 111 with the gate insulating film
223 interposed therebetween and a pair of second regions 215 to which dopant is added.
Note that dopant is not added to the first region 213.  The pair of second regions 215 is
provided so that the first region 213 is sandwiched therebetween.

[0255]

End portions of the pair of electrodes 225 in the transistor are positioned over
the sidewall insulating films 221, and the pair of electrodes 225 completely covers an
exposed portion of the pair of second regions 215 including the dopant in the oxide
semiconductor film 211. Thus, in the channel length direction, the distance between
the source and the drain (more precisely, the distance in the oxide semiconductor film
211 between a portion in contact with the one of the pair of electrodes 225 and a portion
in contact with the other of the electrodes) can be controlled by the lengths of the

sidewall insulating films 221. That is, in a minute device in which patterning using a

-mask is diffiéult, end portions on the channel side of the pair of electrodes 225 in

contact with the oxide semiconductor film 211 can be formed without a mask. Further,
because a mask is not used, variation of a plurality of transistors due to process can be
reduced.

[0256]
The protective film 217 provided over each of the transistors 210 and 220 in

this embodiment is an oxide insulating film containing oxygen in excess of the
stoichiometric composition, like the protective film 23 in Embodiment 1. Further, it is
preferable that the protective film 217 contain a larger amount of oxygen than the
amount of oxygen vacancies in the oxide semiconductor film 211. The oxide
insulating film containing oxygen in excess of the stoichiometric composition is an
oxide insulating film from which paﬂ of oxygen is released by heating. Thus, with use
of the oxide insulating film from which part of oxygen is released by heating as the
protective film, oxygen can be diffused to the oxide semiconductor film by heat
treatment, and oxygen vacancics in the oxide semiconductor film 211 can be filled. As
a result, the amount of oxygen vacancies in the oxide semiconductor film 211 can be

reduced, and a shift in the threshold voltage of the transistor in the negative direction
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can be suppressed. Moreover, a highly reliable transistor in which a variation in the
threshold voltage with time or a variation in the threshold voltage due to a gate BT
stress test under light is small can be provided.

[0257]

Further, the transistor can have such excellent electric characteristics that the
spin density of a signal at g = 2.001 in the protective film 217, which is measured by
electron spin resonance, is lower than 1.5 x 10'8 spin_s/cm3 , preferably lower than or
equal to 1.0 x 10'® spins/cm”.

[0258]

Note that in the transistor 220, oxygen contained in the protective film 217
transfers to the oxide semiconductor film 211 through at least one of the base insulating
film 103, the, gate insulaﬁng film 223, and the sidewall insulating films 221.

[0259]

Note that the structures, methods, and the like described in this embodiment
can be used as appropriate in combination with any of the structures, methods, and the
like described in the other embodiments and examples.

[0260]
(Embodiment 8)

In this 'embodiment, a transistor h_aving a different structure from those of
Embodiments 1 to 7 will be described with reference to FIG. 12. A transistor in this
embodiment includes a plurality of gate electrodes facing each other with an oxide
semiconductor film interposed therebetween. Note that in this embodiment,
description is made using the transistor shown in Embodiment 6; however, this
embodiment can be combined with the other embodiments as appropriate.

10261}

A transistor 230 illustrated in FIG. 12 includes a gate electrode 231 over a
substrate 101 and an insulating film 233 covering the gate electrode 231. Further, the
transistor includes an oxide semiconductor film 105 over the insulating film 233, a pair
of electrodes 107 in contact with the oxide semiconductor film 105, a gate insulating
film 109 in contact with the insulating film 233, the oxide semiconductor film 105, and

the pair of electrodes 107, and a gate electrode 171 overlapping with the oxide
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semiconductor film 105 with the gate insulating film 109 interposed therebetween. In
addition, a protective film 113 covering the gate insulating film 109 and the gate
electrode 171 is provided. Furthermore, a wiring 115 may be provided to be in contact
with the pair of electrodes 107 through openings formed in the gate insulating film 109
and the protective film 113.

[0262]

The gate electrode 231 can be formed in a manner similar to that of the gate
electrode 15 in Embodiment 1. The gate electrode 231 preferably has a tapered side
surface in order to improve coverage of the insulating film 233 that is to be formed.
The angle between the substrate 101 and the gate electrode 231 is greater than or equal

to 20° and less than or equal to 70°, preferably greater than or equal to 30° and less than

or equal to 60°.
[0263]

The insulating film 233 can be formed in a manner similar to that of the base
insulating film 103 in Embodiment 2. Note that the insulating film 233 preferably has
a flat surface because the oxide semiconductor film 105 is formed over the insulating
film 233 in a later step. Thus, ah insulating film that is to be the insulating film 233 is
formed over the substrate 101 and the gate electrode 231, and the insulating film is
subjected to planarization treatment, so that the insulating film 233 with less surface
unevenness is formed.

[0264]

The transistor 230 in this embodiment has the gate electrode 231 and the gate
electrode 171 facing each other with the oxide semiconductor film 105 interposed
therebetween. By application of different potentials to the gate electrode 231 and the
gate electrode 171, the threshold voltage of the transistor 230 is preferably controlled:
the threshold voltage can be made to shift in the positive direction.

[0265]

The protective film 113 is provided over the transistor 230 in this embodiment.
The protective film 113 is an oxide insulating film colntaining in excess of the
stoichiometric composition, like the protective film 23 in Embodiment 1. 1t is

preferable that the protective film 113 contain a larger amount of oxygen than the
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amount of oxygen vacancies in the oxide semiconductor film 105. As a result, the
amount of oxygen vacancies in the oxide semiconductor film 105 is reduced, which
leads to suppression of a shift of the threshold voltage in the negative direction.
Moreover, a highly reliable transistor in which a variation in the threshold voltage with
time or a variation in the threshold voltage due to a gate BT stress test under light is
small can be provided.

[0266]

(Embodiment 9)

In this embodiment, a method for manufacturing a transistor in which the
hydrogen concentration in an oxide semiconductor film is reduced will be described.
Such a transistor is any of the transistors described in Embodiments 1 to 8. Here,
description is made with use of Embodiments 1 and 2 typically; however, this
embodiment can be combined with any of the other embodiments as appropriate. Note
that at least one of steps described in this embodiment has to be combined with the
process of manufacturing the transistor described in any of Embodiments 1 and 2; it is
not necessary to combine all steps therewith.

[0267)

In each of the oxide semiconductor film 19 in Embodiment 1 and the oxide
semiconductor film 105 in Embodiment 2, the hydrogen concentration is lower than 5 x
10" atoms/cm”, preferably lower than § x 108 atoms/cm’, further preferably lower than
or equal to 1 x 10'® atoms/cm®, still further preferably lower than or equal to 5 x 107
atoms/cm’, yet further preferably lower than or equal to 1 x 10'® atoms/cm’.

[0268]

Hydrogen contained in each of the oxide semiconductor films 19 and 105
reacts with oxygen bonded to a metal atom to produce water, and a defect is formed in a
lattice from which oxygen is released (or a portion from which oxygen is removed). In
addition, a bond of hydrogen and oxygen causes generation of electrons serving as
carrier. Thus, the impurities containing hydrogen are reduced as much as possible in
the step of forming the oxide semiconductor film, whereby the hydrogen concentration
in the oxide semiconductor film can be reduced. When an oxide semiconductor which

is highly purified by removing hydrogen as much as possible is used as a channel region,
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a shift of the threshold voltage in the negative direction can be reduced, and the leakage
current between a source and a drain of the transistor (typically, the off-state current per
channel width) can be decreased to several yA/um to several zA/um. As a result,
electric characteristics of the transistor can be improved.

[0269]

One of methods (a first method) of reducing the hydrogen concentration in the
oxide semiconductor film 19 is as follows: before the oxide semiconductor film 19 is
formed, hydrogen or water contained in each of the substrate 11, the base insulating film
13, the gate electrode 15, and the gate insulating film 17 is released by heat treatment or
plasma treatment. As a result of this method, hydrogen or water attached to or
contained in the substrate 11 to the gate insulating film 17 can be prevented from
diffusing into the oxide semiconductor film 19 by performing heat treatment in a later
step. The heat treatment is performed at a temperature higher than or equal to 100 °C
and lower than the strain point of the substrate in an inert atmosphere, a
reduced-pressure atmosphere, or a dry air atmosphere. Further, for the plasma
treatment, rare gas, oxygen, nitrogen, or nitrogen oxide (e.g., nitrous oxide, dinitrogen
monoxide, or nitrogen dioxide) is used. Note that in Embodiments 2 to 8, before the
oxide semiconductor film 105 is formed, hydrogen or water contained in each of the
substrate 101 and the base insulating film 103 is released by heat treatment or plasma
treatment.

[0270]

Another method (a second method) of reducing the hydrogen concentration in
the oxide semiconductor films 19 and 105 is as follows: before the oxide semiconductor
film is formed with a sputtering apparatus, a dummy substrate is put into the sputtering
apparatus, and an oxide semiconductor film is formed over the dummy substrate, so that
hydrogen, water, and the like attached to the target surface or a deposition shield are
removed. As a result, éntry of - hydrogen, water, or the like into the oxide
semiconductor film can be suppressed.

[0271]
Another method (a third method) of reducing the hydrogen concentration in the

oxide semiconductor films 19 and 105 is as follows: in the case where an oxide
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semiconductor film is formed by a sputtering method, for example, an oxide
semiconductor film is deposited at a substrate temperature higher than or equal to 150
°C and lower than or equal to 750 °C, preferably higher than or equal to 150 °C and
lower than or equal to 450 °C, further preferably higher than or equal to 200 °C and
lower than or equal to 350 °C.  As a result of this method, entry of hydrogen, water, or
the like into the oxide semiconductor film can be suppressed.

[0272]

Here, a sputtering apparatus with which the oxide semiconductor films 19 and
105 can be formed to have a low hydrogen concentration is described in detail below.
(0273]

The leakage rate of a treatment chamber in which the oxide semiconductor film
is formed is preferably lower than or equal to 1 x 1070 Pa-m’/sec., whereby entry of
hAydrogen, water, or the like into the film to be formed by. a sputtering method can be
decreased.

[0274]

Evacuation of the treatment chamber in the sputtering apparatus is preferably
performed with a rough vacuum pump such as a dry pump and a high vacuum pump
such as a sputter ion pump, a turbo molecular pump, or a cryopump in appropriate
combination. The turbo molecular pump has an outstanding capability in evacuating a
large-sized molecule, whereas it has a low capability in evacuating hydrogen and water.
Further, a combination with a sputter ion pump having a high capability in evacuating
hydrogen or a cryopump having a high capability in evacuating water is effective.

[0275]

An adsorbate present at the inner wall of the treatment chamber does not affect
the pressure in the treatment chamber because it is adsorbed on the inner wall, but the
adsorbate leads to release of a gas at the time of the evacuation of the treatment chamber.
Therefore, although the leakage rate and the evacuation rate do not have a correlation, it
is important that the adsorbate present in the treatment chamber be desorbed as much as
possible and evacuation be performed in advance with use of a pump having high
evacuation capability. Note that the treatment chamber may be subjected to baking for

promotion of desorption of the adsorbate. By the baking, the rate of desorption of the
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adsorbate can be increased about tenfold. The baking should be performed at a
temperature greater than or equal to 100 °C and less than or equal to 450 °C. At this
time, when the adsorbate is removed while an inert gas is introduced, the rate of
desorption of water or the like, which is difficult to desorb only by evacuation, can be
further increased.

(0276) |

As described above, in the process for forming the oxide semiconductor film,
entry of impurities is suppressed as much as possible through control of the pressure of
the treatment chamber, leakage rate of the treatment chamber, and the like, wh_ereby
entry of hydrogen, water, or the like into the oxide semiconductor film can be reduced.
[0277] .

Another method (a fourth method) of reducing the hydrogen concentration in
the oxide semiconductor films 19 and 105 is as follows: a high-purity gas from which
an impurity including hydrogen is removed is used a source gas. As a result of this
method, entry of hydrogen, water, or the like into the oxide semiconductor film can be
suppressed. '

[0278] _
Another method (a fifth method) of reducing the hydrogen concentration in the
oxide semiconductor films 19 and 105 is as follows: heat treatment is performed after
the oxide semiconductor film is formed. By the heat treatment, dehydrogenation or
dehydrétion of the oxide semiconductor film can be performed. |

[0279]

The temperature of the heat treatment is typically higher thén or equal to 150
°C and lower than the strain point of the substrate, preferably higher than or equal to
250 °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.

[0280]
The heat treatment is performed in an inert gas atmosphere containing nitrogen

or a rare gas such as helium, neon, argon, xenon, or krypton. Alternatively, the heat

treatment may be performed in an inert gas atmosphere first, and then in an oxygen

atmosphere. It is preferable that the above inert gas atmosphere and the above oxygen
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64

atmosphere do not contain hydrogen, water, and the like. The treatment time is 3
minutes to 24 hours.
[0281]

After the oxide semiconductor films 19 and 105 which have been subjected to
element isolation are formed as illustrated in FIG. 2B and FIG. 64, the heat treatment
for dehydration or dehydrogenation can be performed. Through the above step,
hydrogen, water, or the like included in the gate insulating film 17 or the base insulating
film 103 can be efficiently released in the treatment for dehydration or dehydrogenation.
[0282] |

The heat treatment for dehydration or dehydrogenaiion may be performed
plural times, and may also serve as another heat treatment.

[0283]

At least one of the first to fifth methods of reducing the hydrogen concentration
in the oxide semiconductor film is combined with any of the methods for manufacturing
a transistor described in Embodiments 1 to 8, which makes it possible to manufacture a
transistor in which a highly purified oxide semiconductor film from which hydrogen,
water, or the like is removed as much as possible can be used for a channel region. As
a result, a shift in the threshbld voltage of the transistor in the negative direction can be
reduced, and the leakage current between a source and a drain of the transistor (typically,
the off-state current per channel width) can be decreased to several yA/um to several
zA/um. Thus, electric characteristics of the transistor can be improved. According to
the description of this embodiment, a transistor having excellent electric characteristics
in which a shift in the threshold voltage of the transistor in the negative direction is
reduced and the amount of leakage current is small can be manufactured.

[0284]
(Embodiment 10)

In this embodimemt, a semiconductor device which includes a transistor
including a first semiconductor material in a lower portion and a transistor includiﬁg a
second semiconductor material in an upper portion and in which the transistor including
the first semiconductor material includes a semiconductor substrate is described with

reference to FIG. 13.
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[0285]

FIG. 13 illustrates an example of a cross-sectional structure of the
semiconductor device that includes the transistor including the first semiconductor
material in the lower portion and the transistor including the second semiconductor

material in the upper portion. Here, the first semiconductor material and the second

semiconductor material are different from each other. For example, a semiconductor

material other than an oxide semiconductor can be used as the first semiconductor
material, and an oxide semiconductor can be used as the second semiconductor material.
The semiconductor material other than an oxide semiconductor may be, for example,
silicon, germanium, silicon germanium, silicon carbide, gallium arsenide, or the like
and is preferably a single crystal semiconductor or a polycrystalline semiconductor. A
transistor formed using single crystal semiconductor can operate at high speed easily.
In contrast, a transistor formed using an oxide semiconductor can be used for a circuit
utilizing characteristics of sufficiently low off-state current per channel width, which is
approximately several yA/um to several zA/um. Thus, a logic circuit with low power
consumption can be formed using the semiconductor device illustrated in FIG. 13.
Alternatively, an organic semiconductor material or the like may be used as the first
semiconductor material.

[0286]
Either an n-channel transistor (NMOSFET) or a p-channel transistor

(PMOSFET) can be used as each of transistors 704a, 704b, and 704c. Here, as the
transistors 704a and 704b, p-channel transistors are used, and as the transistor 704¢, an
n-channel transistor is used. In the example illustrated in FIG. 13, the transistors 704a
and 704b in one island are electrically isolated from other elements by a shallow trench
isolation (STI) 702. On the other hand, the transistor 704c in another island is
electrically isolated from the transistors 704a and 704b by the STI 702. The use of the
STI 702 can reduce the generation of a bird’s beak in an element isolation region, which
is caused in an LOCOS element isolation method, and can reduce the size of the
element isolation region. On the other hand, in a semiconductor device in which a.
transistor is not required to be structurally miniaturized or downsized, the STI 702 is not
necessarily formed, and an element isolation means such as LOCOS can be used.

[0287]
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The transistors 704a, 704b, and 704c in F1G. 13 each include a channel region’
provided in a substrate 701, impurity regions 705 (also referred to as a source region
and a drain region) provided such that the channel formation region is provided
therebetween, a gate insulating film 706 provided over the channel region, and gate
electrodes 707 and 708 provided over the gate insulating film 706 so as to overlap with
the channel region. A gate electrode can have, but is not limited to, a stacked structure
of the gate electrode 707 including a first material for increasing processing accuracy
and the gate electrode 708 including a second material for decreasing the resistance as a
wiring; the material, the number of stacked layers, the shape, or the like can be adjusted
as appropriate for required specifications. Note that a transistor whose source
electrode and drain electrode are not illustrated in a drawing may also be referred to as a
transistor for the sake of convenience.

[0288]

Further, contact plugs 714a are connected to the impurity regions 705 provided
in the substrate 701. Here, the contact plugs 714a also function as a source electrode
and a drain electrode of the transistor 704a or the like. In addition, impurity regions
which are different from the impurity regions 705 are provided between the impurity
regions 705 and the channel region. The impurity regions function as LDD regions or
extension regions for controlling the distribution of an electric field in the vicinity of the
channel region, depending on the concentration of an impurity introduced thereto.
Sidewall insulating films 710 are provided at side surfaces of the gate electrodes 707
and 708 with an insulating film 709 provided therebetween. By using the insulating
film 709 and the sidewall insulating films 710, the LDD regions or extension regions
can be formed.

[0289]

The transistors 704a, 704b, and 704c are covered with an insulating film 711.
The insulating film 711 can function as a protective film and can prevent impurities
from entering the channel region from the outside. In addition, when the insulating
film 711 is formed using a material such as silicon nitride by a CVD method, in the case
where single crystal silicon is used for the channel region, hydrogenation of single
crystal silicon can be performed by heat treatment. When an insulating film having

tensile stress or compressive stress is used as the insulating film 711, distortion can be
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caused in the semiconductor material in the channel region. By subjecting a silicon
material in the channel region to tensile stress in the case of an n-channel transistor or
subjecting a silicon material in the channel region to compressive stress in the case of a
p-channel transistor, the mobility of the transistor can be improved.

[0290]

Here, the transistor 750 in FIG. 13 has a structure similar to that of the
transistor 170 in Embodiment 6. A base insulating film of the transistor 750 has a
two-layer structure including an insulating film 725a and an insulating film 725b, and a
gate electrode 751 is provided to face an oxide semiconductor film of the transistor 750
with the base insulating film provided therebetween. The insulating film 725a is
preferably formed using an insulating film having a function of blocking hydrogen,
water, and oxygen so that oxygen can be prevented from diffusing from the oxide
semiconductor film to the outside, and hydrogen and water can be prevented from
entering the oxide semiconductor film from the outside. The insulating film having a
function of blocking hydrogen, water, and oxygen is typically formed using an
aluminum oxide film. For the insulating film 725b, the base insulating film 103 in
Embodiment 2 can be used as appropriate.

[0291]
Although the transistor 170 in Embodiment 6 is used for description of the

transistor 750, any of the transistors in Embodiments 1 to 9 can be used as appropriate.
[0292]

The transistor 750 including the second semiconductor material is electrically
connected to a transistor including the first semiconductor material in a lower layer,
such as the transistor 704a, depending on a needed circuit configuration. FIG. 13
illustrates an example structure in which a source or a drain of the transistor 750 is
electrically connected to a source or a drain of the transistor 704a.

[0293]

One of the source and the drain of the transistor 750 including the second
semiconductor material is connected to a wiring 734a formed above the transistor 750,
through a contact plug 730b penetrating a gate insulating film 726 of the transistor 750
and insulating films 727, 728, and 729. For the gate insulating film 726 and the

insulating film 727, any of the structures and materials described in Embodiments 1 to 9
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can be used as appropriate.
[0294]

The wiring 734a is embedded in an insulating film 731. For the wiring 734a,
it is preferable to use a low-resistance conductive material such as copper or. aluminum.
By using a low-resistance conductive material, RC delay of signals transmitted through
the wiring 734a can be reduced. In the case of using copper for the wiring 734a, a
barrier film 733 is formed in order to prevent copper from diffusing into the channel
region. The barrier film can be formed using a film of tantalum nitride, a stacked-layer
film of tantalum nitride and tantalum, a film of titanium nitride, a stacked-layer film of
titanium nitride and titanium, or the like for example, but are not limited to the films of
these materials as long as their function of preventing diffusion of a wiring material and
their adhesion to the wiring material, a base film, or the like are secured. The barrier
film 733 may be formed as a layer that is separate from the wiring 734a, or may be
formed in such a manner that a barrier film material contained in a wiring material is
separated out by heat treatment to the inner walls of the openings provided in the
insulating film 731.

[0295]
For the insulating film 731, it is possible to use an insulator such as silicon

oxide, silicon oxynitride, silicon nitride oxide, borophosphosilicate glass (BPSG),

- phosphosilicate glass (PSG), silicon oxide to which carbon is added (SiOC), silicon

oxide to which fluorine is added (SiOF), tetraethylorthosilicate (TEOS) which is silicon
oxide made from Si(OC;Hs)s, hydrogen silsesquioxane (HSQ), methyl silsesquioxane
(MSQ), organosilicate glass (OSG), or an organic-polymer-based material. In
particular, in the case of advancing miniaturization of the semiconductor device,
parasitic capacitance between wirings is significant and signal delay is increased.
Therefore, the relative permittivity of silicon oxide (k = 4.0 to 4.5) is too high, and it is
preferable to use a material with k = 3.0 or less. In addition, since CMP treatment is
performed after the wiring is embedded in the insulating film, the insulating film needs
to have high mechanical strength.  As long as their mechanical strength can be secured,
the insulating film can be made porous to have a lower dielectric constant. The

insulating film 731 is formed by a sputtering method, a CVD method, a coating method
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including a spin coating method (also referred to as spin on glass (SOG)), or the like.
[0296]

An insulating film 732 may be provided over the insulating film 731. The
insulating film 732 functions as an etching stopper when planarization treatment by
CMP or the like is performed after the wiring material is embedded in the -insulating
film 731.

[0297]

Over the wiring 734a, a barrier film 735 is provided, and over the barrier film
735, a protective film 740 is provided. The barrier film 735 is provided in order to
prevent diffusion of the wiring material such as copper. The barrier film 735 may be
formed not only over a surface of the wiring 734a but also over the insulating films 731
and 732. The barrier film 735 can be formed using an insulating material such as
silicon nitride, SiC, or SiBON. However, when the barrier film 735 is thick,
capacitance between wirings is increased; thus, a material having barrier properties and
a low dielectric constant is preferably selected.

[0298]

The wiring 734a is connected to a wiring 723 provided in a lower layer than a
barrier film 724 through a contact plug 730a. The contact plug 730a is electrically
connected to the wiring 723 through the barrier film 724, the insulating films 725a and
725b, the gate insulating film 726, the insulating films 727, 728, and 729, which is
different from the contact plug 730b. Thus, the contact plug 730a has a larger height
than the contact plug 730b. In the case where the diameter of the contact plug 730a is
thé same as that of the contact plug 730b, the aspect ratio of the contact plug 730a is
larger than that of the contact plug 730b. The diameter of the contact plug 730a may
be different from that of the contact plug 730b. The contact plug 730a is illustrated
like a continuous plug formed using one material; however, a contact plug penetrating
the barrier film 724 and the insulating films 725a and 725b and a contact plug
penetrating the gate insulating film 726 and the insulating films 727, 728, and 729 may
be separately formed.

[0299]
In a manner similar to that of the wiring 734a and a wiring 734b, the wiring

723 is covered with a barrier film 722 and the barrier film 724 and embedded in the
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insulating film 720. As illustrated in FIG. 13, the wiring 723 includes an upper wiring
portion and a lower via hole portion. The lower via hole portion is connected to a
wiring 718 in a lower layer. The wiring 723 having this structure can be formed by a
so-called dual damascene method or the like. Wirings in upper and lower layers may
be connected using a contact plug instead of the dual damascene method. An
insulating film 721 functioning as an etching stopper when planarization treatment such
as CMP is performed may be prbvided over the insulating film 720.

(03001

The wiring 718 electrically connected to the wiring 723 can also be formed to
have a structure similar to that of the above-described wiring layer above the transistor
750. The transistor 704a in which the first semiconductor material such as silicon is
used for the channel region is connected to the wiring 718 through a contact plug 714a
penetrating the insulating film 711, an insulating film 712, and an insulating film 713.
A gate clectrode of the transistor 704c¢ in which the first semiconductor material such as
silicon is used for the channel region is connected to the wiring 718 through a contact
plug 714b penetrating the insulating film 711, an insulating film 712, and an insulating
film 713. The wiring 718 is covered with barrier films 717 and 719 and embedded in
an insulating film 715, which is a manner similar to those of the wirings 734a and 734b.
Over the insulating film 715, an insulating film 716 functioning as an etching stopper
when planarization treatment such as CMP is performed may be provided.

[0301]

As described above, through a plurality of contact plugs and a plurality of
wirings, the transistor 704a, which includés the first semiconductor material and is
provided in the Jower portion of the semiconductor device, is electrically connected to
the transistor 750, which includes the second semiconductor material and is provided in
the upper portion of the semiconductor device. With the above-described structure in
whiéh the transistor including the first semiconductor material and being capable of
operating at high speed is combined with the transistor including the second
semiconductor material and having significantly low off-state current, a semiconductor
device including a logic circuit capable of operating at high speed with low power
consumption can be manufactured.

[0302]
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Such a semiconductor device is not limited to the above structure and can be
changed as desired unless they deviate from the spirit of the present invention. For
example, in the above description, two wiring layers are provided between the transistor
including the first semiconductor material and the transistor including the second
semiconductor material, but one wiring layer or three or more wiring layers may be
provided, or without wirings, the transistors may be directly connected through only a
contact plug. In Athis case, a through-silicon via (TSV) technique can also be used, for
example. In addition, in the above description, a material such as copper is embedded
in an insulating film to form a wiring, but a wiring having a three-layer structure of a
barrier film, a wiring material layer, a barrier film, for example, may be obtained by'
patterning through a photolithography process. '

[0303]

In the case where a copper wiring is formed in a tier between the transistors
704a and 704b including the first semiconductor material and the transistor 750
including the second semiconductor material, it is particularly necessary to take into
consideration the influence of heat treatment performed in the process for
manufacturing the transistor 750 including the second semiconductor material. In
other words, it is necessary to take care that the temperature of heat treatment performed
in the process for manufacturing the transistor 750 including the second semiconductor
material is appropriate to the properties of the wiring material. This is because, in the
case where high-temperature heat treatment is performed on a component of the
transistor 750 for example, thermal stress is caused in case of using the copper wiring,
leading to a problem such as stress migration.

[0304]
(Embodiment 11)

As examples of the semiconductor device described in any of the above
embodiments, a central processing unit, a microprocessor, a microcomputer, a memory
device, an image sensor, an electro-optical device, a light-emitting display device, and

the like can be given. The semiconductor device can be applied to a variety of

- electronic devices. Examples of the electronic devices are as follows: display devices,

lighting devices, personal computers, word processors, image reproducing devices,

portable compact disc (CD) players, radio receivers, tape recorders, headphone stereos,
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stereos, clocks, cordless phone handsets, transceivers, portable wireless devices, cellular
phones, smart phones, electronic books, car phones, portable game machines,
calculators, portable information terminals, e-book readers, electronic translators, audio
input devices, cameras such as video cameras or digital still cameras, electric shavers,
high-frequency heating appliances, electric rice cookers, electric washing machines,
electric vacuum cleaners, water heaters, electric fans, hair dryers, air conditioners,
humidifiers, dchumidifiers, air-conditioning systems, dishwashing machines, dish
drying machines, clothes dryers, futon dryers, electric refrigerators, electric freezers,
electric refrigerator-freezers, freezers for preserving DNA, flashlights, electric power
tools, smoke detectors, medical equipments, guide lights, traffic lights, belt conveyors,
elevators, escalators, industrial robots, power storage systems, electric vehicles, hybrid
electric vehicles, plug-in hybrid electric vehicles, tracked vehicles, motorized bicycles,
motorcycles, electric wheelchairs, golf carts, boats, ships, submarines, helicopters,
aircrafts, rockets, artificial satellites, space probes, planetary probes, and spacecrafts.
In this embodiment, examples of application of the semiconductor device described in
any of the above embodiments to portable devices such as cellular phones, smartphones,
or e-book readers are described with reference to FIGS. 14A and 14B, FI1G. 15, FIG. 16,
and FIG. 17.

[0305]

In portable electronic devices such as a cellular phone, a smart phone, and an
e-book reader, an SRAM or a DRAM is used so as to store image data temporarily.
This is because response speed of a flash memory is low and thus a flash memory is not
suitable for image processing. On the other hand, an SRAM or a DRAM has the
following characteristics when used for temporary storage of image data.

[0306]

In an ordinary SRAM, as illustrated in FIG. 14A, one memory cell includes six
transistors, that is, transistors 801 to 806, which are driven with an X decoder 807 and a
Y decoder 808. The transistors 803 and 805 and the transistors 804 and 806 each serve
as an inverter, and high-speed driving can be performed therewith. However, an
SRAM has a disadvantage of large cell area because one memory cell includes six
transistors. Provided that the minimum feature size of a design rule is F, the area of a

memory cell in an SRAM is generally 100 F* to 150 F*. Therefore, a price per bit of
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an SRAM is the most expensive among a variety of memory devices.
[0307]

On the other hand, as illustrated in FIG. 14B, a memory cell in a DRAM
includes a transistor 811 and a storage capacitor 812, and is driven by an X decoder 813
and a Y decoder 814. One cell includes one transistor and one capacitor and has a
small area. The area of a memory cell of a DRAM is generally less than or equal to 10
F°. Note that in the case of a DRAM, a refresh operation is always necessary and
power is consumed even when a rewriting operation is not performed.

[0308] .

However, with use of the transistor with low off-state current, which is -
described in the above emb_odiment, for the transistor 811, electric charge in the storage
capacitor 812 can be held for a long time, and thus it is not necessary to perform refresh
operation frequently. Therefore, the area of a memory cell can be decreased, and
power consumption can be reduced.

[0309] |

Next, a block diagram of a portable device is illustrated in FIG. 15. The
portable device illustrated in FIG. 15 includes an RF circuit 901, an analog baseband
circuit 902, a digital baseband circuit 903, a battery 904, a power supply circuit 905, an
application processor 906, a flash memory 910, a display controller 911, a memory
circuit 912, a display 913, a touch sensor 919, an audio circuit 917, a keyboard 918, and
the like. The display 913 includes a display portion 914, a source driver 915, and a
gate driver 916. The application processor 906 includes a central processing unit
(CPU) 907, a DSP 908, and an interface (IF) 909. In general, the memory circuit 912
includes an SRAM or a DRAM; by employing any of the semiconductor -devices
described in the above embodiments for the memory circuit 912, writing and reading of
data can be performed at high speed, data can be held for a long time, and power
consumption can be sufficiently reduced. Further, the power consumption of the CPU
907 can be sufficiently reduced by employing the semiconductor device described in
any of the above embodiments for a main memory device for storing data or an
instruction or a buffer memory device capable of high-speed writing and reading of data,
such as a register or a cache, which is included in the CPU 907.

[0310]
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FIG. 16 illustrates an example of using the semiconductor device described in
any of the above embodiments in a memory circuit 950 for a display. -The memory
circuit 950 illustrated in FIG. 16 includes a memory 952, a memory 953, a switch 954, a
switch 955, and a memory controller 951. Furthermore, the memory circuit is
connected to a display controller 956 which reads and controls image data input through
a signal line (input image data) and data stored in the memories 952 and 953 (stored
image data), and is also connected to a display 957 which displays an image based on a
signal input from the display controller 956.

[0311]

First, image data (input image data A) is formed by an application processor
(not shown). The input image data A is held in the fnemory 952 though the switch 954,
The image data (stored image data A) held in the memory 952 is transmitted and
displayed to the display 957 through the switch 955 and the display controller 956.
[0312] |

In the case where the input image data A is not changed, the stored image data
A is read from the memory 952 through the switch.955 by the display controller 956
with a frequency of 30 Hz to 60 Hz in general.

[0313]

Next, for example, when data displayed on the screen is rewritten by a user
(that is, in the case where the input image data A is changed), new image data (input
image data B) is formed by the application processor. The input image data B is held
in the memory 953 through the switch 954. The stored image data A is read
periodically from the memory 952 through the switch 955 even during that time. After
the completion of storing the new image data (the stored image data B) in the memory
953, from the next frame for the display 957, the stored image data B starts to be read,
transmitted to the display 957 through the switch 955 and the display controller 956,
and displayed on the display 957. This reading operation is continued until another
new image data is held in the memory 952.

[0314]

By alternately writing and reading image data to and from the memory 952 and

the memory 953 as described above, images are displayed on the display 957. Note

that the memory 952 and the memory 953 are not limited to separate memories, and a
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single memory may be divided and used. By employing the semiconductor device
described in any of the above embodiments for the memory 952 and the memory 953,
data can be written and read at high speed and held for a long time, and power
consumption can be sufficiently reduced.

[0315]

Next, a block diagram of an e-book reader is illustrated in FIG. 17. The
e-book reader in FIG. 17 includes a battery 1001, a power supply circuit 1002, a
microprocessor 1003, a flash memory 1004, an audio circuit 1003, a keyboard 1006, a
memory circuit 1007, a touch panel 1008, a display 1009, and a display controller 1010.
[0316] '

Here, the semiconductor device described in any of the above embodiments can
be used for the memory circuit 1007 in FIG. 17. The memory circuit 1007 has a
function of temporarily storing the contents of a book. For example, users use a
highlight function in some cases. When users read an e-book reader, they sometimes
want to mark a specified place. This marking refers to a highlight function, and users
can make difference from other places by, for example, changing the color of a letter
displayed, underlining a word, making a letter bold, or changing the font type of a letter.
That is, there is a function of storing and holding information of a place specified by
users. In order to save information for a long time, the information may be copied into
the flash memory 1004. Even in such a case, by employing the semiconductor device
described in any of the above embodiments, writing and reading of data can be
performed at high speed, stored data can be held for a long time, and power
consumption can be sufficiently reduced. |
[0317]

As described above, the semiconductor device in any of the above
embodiments is mounted on each of the portable devices described in this embodiment.
Therefore, a portable device in which writing and reading of data are performed at high
speed, data is held for a long time, and power consumption is sufficiently reduced, can
be obtained.

[0318]
The structures, methods, and the like described in this embodiment can be

combined as appropriate with any of the other structures, methods, and the like
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described in this embodiment or any of the structures, methods, and the like described
in the other embodiments.

[Example 1]

[0319]

In this example, characteristics of a silicon oxynitride film which is formed by
the method for forming the protective film 23 described in Embodiment 1 will be
described.  Specifically, results of thermal desorption spectroscopy (TDS) conducted to
analyze the amount of oxygen contained in the oxynitride silicon film formed by the
above method are used for the description.

(0320}

First, samples which were manufactured are-described. Each of the samples
has a structure in which a 400-nm-thick silicon oxynitride film is formed over a silicon
wafer by employing the conditions for forming the protective film 23 described in
Embodiment 1.

[0321}

The conditions for forming the silicon oxynitride film are as follows: the
silicon wafer was placed in a treatment chamber of a plasma CVD apparatus; silane and
dinitrogen monoxide which were source gases were supplied at 160 sccm and 4000
sccm, respectively, into the treatment chamber; the pressure of the treatment chamber
was adjusted to 200 Pa; and.a power of 1500 W was supplied with a high-frequency
power supply of 27.12 MHz. Further, the substrate temperature at which the silicon
oxynitride film was formed was 220 °C. The plasma CVD apparatus used in this
example was a parallel plate plasma CVD apparatus with an electrode area of 6000 cm?,
and the power per unit area (power density) into which the supplied power is converted
was 0.25 W/em®,

[0322]

The sample manufactured by the above method is Sample Al.
[0323]

Further,. as a comparative example, Sample A2 in which a silicon oxynitride
film is formed over a silicon wafer was manufactured with use of the plasma CVD

apparatus used for manufacturing Sample Al. The silicon oxynitride film of Sample
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A2 was formed in the following manner: silane and dinitrogen monoxide were supplied
at 30 sccm and 4000 scem, respectively, into the treatment chamber; the pressure of the
treatment chamber was adjusted to 200 Pa; and a power of 150 W was supplied with a
high-frequency power supply of 27.12 MHz. Note that the power per unit area (power
density) into which the power supplied to form the silicon oxynitride film of Sample A2
is converted was 0.025 W/cm®.

[0324]

Next, Sample Al and Sample A2 were subjected to TDS analysis. FIG. 18
shows the results of the TDS analysis. In FIG. 18, the horizontal axis indicates the
substrate temperature of Sample Al and Sample A2, and the vertical axis indicates the
peak intensity of a TDS spectrum. |
[0325]

In the TDS analysis, a peak observed at a region where the substrate
temperature is higher than or equal to 300 °C and lower than or equal to 400 °C is a
peak derived from a release of oxygen (specifically, an oxygen atom or an oxygen
molecule) contained in the analyzed sample (here, Sample Al and Sarﬁple A2) to the
outside. Note that the total amount of oxygen released to the outside corresponds to
the integral value of a spectrum. In the case where the silicon oxynitride film contains
oxygen in excess of the stoichiometric composition, it is considered that excess oxygen
is easily released to the outside. Thus, with the degree of the peak intensity, the
amount of oxygen contained in the silicon oxynitride film can be estimated.

[0326] ‘

As shown in FIG. 18, a peak of Sample Al is higher than that of Sample A2.
Here, the peak is derived from a release of oxygen to the outside. Thus, it is found that
the amount of oxygen contained in the silicon oxynitride film in Sample Al is larger
than the amount of oxygen contained in the silicon oxynitride film in Sample A2.

[0327]
Next, an effect of power supplied to form the insulating film by the method for

- forming the protective film 23 described in Embodiment 1 is described.

[0328]

Samples which were manufactured are described below. Each of the samples
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had the same structure as Sample Al, but the power supplied to form the silicon
oxynitride film as the insulating film was 1000 W (0.17 W/cm®) or 2000 W (0.33

W/cmz). Note that the other conditions for forming the silicon oxynitride film were

* the same as those of Sample Al.

[0329]
Here, the sample obtained by supplying a power of 1000 W (0.17 W/cmz) is
Sample A3, and the sample obtained by supplying a power of 2000 W (0.33 W/cm”®) is

~ Sample A4.

[0330]

Sample A3 and Sample A4 were subjected to TDS analysis. The amount of
oxygen estimated by the TDS analysis is described above. FIG. 19A shows the
amounts of oﬁygen contained in Sample Al, Sample A3, Sample A4, and Sample A2,
which were estimated by the TDS analysis.

[0331] | |

According to FIG. 19A, the higher the power supplied to form the silicon

oxynitride film is, the larger the amount of oxygen contained in the sample is.
[0332]
Next, an effect of pressure adjusted to form the insulating film by the method

for forming the protective film 23 described in Embodiment 1 is described.

[0333]

Samples which were manufactured are described below. Each of the samples
had the same structure as Sample Al, but the pressure adjusted to form the silicon
oxynitride film was 120 Pa or 250 Pa. Note that the other conditions for forming the
silicon oxynitride film were the same as those of Sample A1.

[0334] _

Here, the sample obtained under the pressure adjusted to 120 Pa is Sample A5,
and the sample obtained under the pressure adjusted to 250 Pa is Sample A6.
[0335] » _

Sample AS and Sample A6 were subjected to TDS analysis. The amount of
oxygen estimated by the TDS analysis is described above. FIG. 19B shows the

amounts of oxygen contained in Sample Al, Sample AS, and Sample A6, which were
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estimated by the TDS analysis.
[0336]

According to FIG. 19B, when the pressure adjusted to form the silicon
oxynitride film is increased, the amount of oxygen contained in the sample is increased.
[0337]

As described above, it is found that by using the method for forming the
protective film 23 described in Embodiment 1 for formation of a silicon oxynitride film,
the silicon oxynitride film can contain oxygen in excess of the stoichiometric
composition. Part of oxygen contained in the silicon oxynitride film is released by
heating. Thus, when the silicon oxynitride film is used as a protective film of a
transistor, the released oxygen can be diffused into an oxide semiconductor film of the
transistor. As a result, the transistor can have excellent electric characteristics.
[Example 2] |
[0338] _

In this example, results of TDS analysis of samples with different structures
from those of Example 1 will be described. The TDS analysis was conducted to
evaluate characteristics of a silicon oxynitride film formed by the method for forming
the protective film 23 described in Embodiment 1,

[0339] |

The samples which were manufactured in this example each have a stacked
structure in which a 50-nm-thick silicon nitride film is formed over a silicon wafer and a
200-nm-thick silicon oxynitride film is formed over the silicon nitride film.

[0340] ‘

The silicon nitride film was formed in the following manner: the silicon wafer
was placed in a treatment chamber of a plasma CVD apparatus; silane and nitrogen
were supplied at 50 sccm and 5000 sccm, respectively, into the treatment chamber; the
pressure in the treatment chamber was adjusted to 60 Pa; and a power of 150 W was
supplied with a high-frequency power supply of 27.12 MHz. Further, the substrate
temperature at which the silicon nitride film was formed was 350 °C. Note that the
plasma CVD apparatus used in this example is similar to that of Example 1, and the

power density into which the supplied power is converted was 0.25 W/cm®.
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(0341}

Then, over the silicon nitride film, a silicon oxynitride film was formed in the
following manner: silane and dinitrogen monoxide were supplied at 160 sccm and 4000
sccm, respectively, into the treatment chamber; the pressure in the treatment chamber
was adjusted to 200 Pa; and a power of 1500 W (0.25 W/cm®) was supplied with a
high-frequency power supply of 27.12 MHz. Further, the substrate temperature at
which the silicon oxynitride film was formed was 220 °C. A sample formed in this
manner is as Sample B1.

[0342]

In addition, Sample B2 in which over the silicon nitride film, a silicon
oxynitride film was formed under different conditions from the above was formed.
The conditions for forming a silicon oxynitride film in Sample B2 are as follows: silane
and dinitrogen monoxide were supplied at 100 sccm and 3000 sccm, respectively, to the
treatment chamber; the pressure in the treatment chamber was adjusted to 40 Pa; and a
power of 1500 W (0.25 W/cm®) was supplied with a high-frequency power supply of
27.12 MHz. Further, the substrate temperature at which the silicon oxynitride film was
formed was 350 °C.

[0343]

Next, Sample B1 and Sample B2 were subjected to TDS analysis. FIGS. 20A
and 20B show the results of the TDS analysis. The TDS analysis in this example was
conducted in a manner similar to that in Example 1. In each of FIGS. 20A and 20B,
the horizontal axis indicates the substrate temperature of Sample B1 and Sample B2,
and the vertical axis indicates the peak intensity of a TDS spectrum.

[0344]

FIG. 20A indicates spectra representing the amounts of oxygen released from
Sample B1 and Sample B2 to the outside. FIG. 20B indicates spectra representing the
amounts of moisture released from Sample B1 and Sample B2 to the outside. As in
Example 1, with the degrees of the peak intensities in FIGS. 20A and 20B, the amount
of oxygen and the amount of moisture contained in the silicon oxynitride films in
Sample B1 and Sample B2 can be estimated.

[0345]
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According to FIG. 20A, a peak of Sample B1 is higher than that of Sample B2.
Here, the peak is derived from a release of oxygen to ihe outside. Thus, it is found that
the amount of oxygen contained in the silicon oxynitride film in Sample B1 is larger
than the amount of oxygen coﬁtained in the silicon oxynitride film in Sample B2.

[0346]

From the above results, it is found thét by using the method for forming the
protective film 23 described in Embodiment 1 (the substrate temperature was higher
than or equal to 180 °C and lower than or equal to 250 °C) for formation of a silicon
oxynitride film, the silicon oxynitride film can contain oxygen in excess of the
stoichiometric composition.

[0347)

According to FIG. 20B, a peak of Sample B1 is higher than that of Sample B2.
Here, the peak is derived from a release of moisture to the outside. Note that the peak
around a substrate temperature of 100 °C is derived from a release of adsorbed moisture,
This result indicates that Sample B1 has a sparse film compared with that in Sample B2,
so that moisture easily adsorbs thereon. In other words, the amount of moisture
contained in the silicon oxynitride film in Sample B1 is larger than that in Sample B2,
which is probably caused by the facts that the flow rate of silane in forming the silicon
oxynitride film in Sample Bl is higher than that of silane in forming the silicon
oxynitride film in Sample B2 and that the temperature substrate of Sample B1 is lower
than that of Sample B2.

[Example 3]
[0348]

In this example, the amount of defects generated in an oxide semiconductor
film at the time when a silicon oxynitride film is formed over the oxide semiconductor
film will be described. Specifically, the results of ESR measurement and the results of
constant photocurrent method (CPM) conducted on samples in each of which a silicon
oxynitride film is formed over an oxide semiconductor film are used for description.
[0349]

First, the results of ESR measurement are described. Samples which were

manufactured are described below. Each of the samples which were manufactured has
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a stacked structure in which a 100-nm-thick oxide semiconductor film is formed over a
quartz substrate and a 400-nm-thick silicon oxynitride film is formed over the oxide
semiconductor film.

[0350]

An IGZO film which is a CAAC-OS film was formed over the quartz substrate.
The IGZO film was formed in such a manner that a sputtering target where In:Ga:Zn =
1:1:1 (atomic ratio) was used, argon and oxygen were supplied as a sputtering gas into a
treatment chamber of a sputtering apparatus at a flow rate of 50 sccm for each, and film
formation was performed at a DC power of 5 kW with the pressure in the treatment
chamber adjusted to 0.6 Pa. Note that the 1GZO film was formed at a substrate
temperature of 170 °C. After the IGZO film was formed, first heat treatment was
petformed in a nitrogen atmosphere, and then second heat treatment was performed in
an atmosphere containing nitrogen and oxygen. The temperature of each of the first
heat treatment and the second heat treatment was 350 °C, and treatment time for each of
the first heat treatment and the second heat treatment was 1 hour,

[0351]

Next, a silicon oxynitride film was formed in the following manner: the quartz
substrate over which the IGZO film was formed was placed in a treatment chamber of a
plasma CVD apparatus; silane and dinitrogen monoxide which were a source gas were
supplied at 160 sccm and 4000 sccm, respectively, to the treatment chamber; the
pressure of the treatment chamber was adjusted to 120 Pa; and a power was supplied
with a high-frequency power of 27.12 MHz. Note that the plasma CVD apparatus
indicates a parallel plate plasma CVD apparatus with an electrode area of 6000 cm’.
There were three conditions of the supplied power (power density).. The sample
formed with a power of 1000 W (0.17 W/cm®) is Sample C1, the sample formed with a
power of 1500 W ‘(0.25 W/cm®) is Sample C2, and the sample formed with a power of
2000 W (0.33 W/em?) is Sample C3. |
[0352]

Then, ESR measurement was performed on Sample C1 to Sample C3. The
conditions of the ESR measurement are as follows. The measurement temperature was

room temperature (25 °C), a high-frequency power (power of microwaves) of 9.2 GHz
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was 20 mW, and the direction of a magnetic field was parallel to a surface of each.of the
silicon oxynitride films in the samples. The lower limit of the detection of the number
of spins per unit area of a signal at g = 1,93, which is due to oxygen vacancies in the
IGZO film, was 1.0 x 10" spins/cm”.

[0353]

Results of the ESR measurement are shown in FIG. 21. FIG. 21 shows a
relation between power supplied to form the silicon oxynitride film and the number of
spins per unit area of a signal at g = 1.93 in the oxide semiconductor film. As the
number of spins per unit area is small, the amount of oxygen vacancies in the oxide
semiconductor film is small.

[0354]
According to FIG. 21, the number of spins per unit area in Sample C2 and that

in Sample C3 are smaller than that in Sample C1. Thus, with use of the method for
forming the protective film 23 described in Embodiment 1 for formation of a silicon
oxynitride film over the oxide semiconductor film, oxygen vacancies in the oxide
semiconductor film, which are generated due to formation of the silicon oxynitride film,
can be further reduced.

[0355]

In addition, samples were manufactured. In each of the samples, a silicon
oxynitride was formed in such a manner that the power for forming silicon oxynitride
was constant at 1500 W (0.25 W/cm®?) and the flow rate of silane was 120 sccm or 200
sccm. The sample formed with a flow rate of silane of 120 scem is Sample C4, and
the sample formed with a flow rate of silane of 200 sccm is Sample CS.

[0356] | |

ESR measurement was performed on Sample C2, Sample C4 to Sample C5
under the conditions similar to the above. The results are shown in FIG. 22. FIG. 22
shows a relation between the flow rate of silane supplied to form the silicon oxynitride
film and the number of spins per unit area of a signal at g = 1.93 in the oxide
semiconductor film. |
[0357]

According to FIG. 22, as the flow rate of silane in formation of the silicon
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oxynitride film is increased, the number of spins per unit area tends to be decreased.
Thﬁs, by forming the silicon oxynitride film over the oxide semiconductor film with a
high flow rate of silane, oxygen vacancies in the oxide semiconductor film, which are
generated due to formation of the silicon oxynitride film, can be further reduced.

[0358]

Next, heat treatment was performed on Sample C2, Sample C4, and Sample C5
at 300 °C, and then ESR measurement was performed thereon. From the results of the
measurement, it is found that in each of Sample C2, Sample C4, and Sample C35, the
number of spins per unit area of a signal at g = 1.93, which is due to oxygen vacancies
in the IGZO film, was lower than a lower limit of the detection (1.0 x 10** spins/cm?).
[0359]

Accordingly, it is found that oxygen vacancies in the oxide semiconductor film
can be reduced when heat treatment is performed after the silicon oxynitride film is
formed over the oxide semiconductor film with use of the method for forming the
protective film 23 described in Embodiment 1.

[0360]

Next, CPM measurement results will be described. Samples which were
manufactured are described below.
[0361]

First, an oxide semiconductor film was formed over a substrate which was a.
glass substrate.
[0362]

As the dxide semiconductor film, an IGZO film which was a CAAC-0S film
was formed by a sputtering method, a mask is formed over the IGZO film by a
photolithography step, and part of the IGZO film was etched with use of the mask.
Then, the etched IGZO film was subjected to heat treatment, so that the oxide
semiconductor film was formed. Note that in this example, a 100-nm-thick IGZO film
was formed.

[0363]
The IGZO film was formed in such a manner that a sputtering target where

In:Ga:Zn = 1:1:1 (atomic ratio) was used, argon and oxygen were supplied as a
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sputtering gas into a treatment chamber of a sputtering apparatus at a flow rate of 50
sccm for each, and film formation was performed at a DC power of 5 kW with the
pressure in the treatment chamber adjusted to 0.7 Pa. Note that the IGZO film was
formed at a substrate temperatufe of 170 °C.

[0364]

The heat treatment performed on the etched IGZO film includes first heat
treatment in a nitrogen atmosphere and second heat treatment in an atmosphere of
nitrogen and oxygen, which follows the first heat treatment. The temperature of each
of the first heat treatment and the second heat treatment was 450 °C, and treatment time
for each of the first heat treatment and the second heat treatment was 1 hour.

[0365]

Next, a pair of electrodes was formed to be in contact with the oxide

semiconductor film.

[0366]

A conductive film was formed over the oxide semiconductor film, a mask was
formed over the conductive film by a photolithography step, and part of the conductive
film was etched with use of the mask, so that the pair of electrodes was formed. Note
that the conductive film had such a structure that a 400-nm-thick aluminum film was
formed over a 100-nm-thick titanium film and a 100-nm-thick titanium film was formed
over the aluminum film.

[0367]

Next, heat tréatment was performed. The heat treatment was performed at
300 °C in an atmosphere of oxygen and nitrogen for 1 hour.

[0368]

Then, an insulating film was formed over the oxide semiconductor film and the
pair of electrodes.
[0369]

As the insulating film, a silicon oxynitride film was formed by the method for
forming the protective film 23 described in Embodiment 1.  Specifically, a
400-nm-thick silicon oxynitride film was formed in a following manner: silane and

dinitrogen monoxide were supplied at 160 sccm and 4000 sccm, respectively, were
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supplied to a treatment chamber of a plasma CVD apparatus; the pressure of the
treatment chamber was adjusted to 200 Pa; and a power of 1500 W (0.25 W/cmz) was.
supplied with a high-frequency power of 27.12 MHz. Further, the substrate at which
the insulating film was formed was 220 °C.

[0370]

After the insulating film is formed, the structure obtained through the steps up
to here was subjected to heat treatment. The heat treatment was performed at 300 °C
in an atmosphere of oxygen and nitrogen for 1 hour.

[0371] |
~ The sample obtained through the above steps is Sample C6.

[0372] |

| Here, steps for manufacturing a sample which is a comparative example are
described. The sample of a comparative example (hereinafter, referred to as Sample
C7) is a transistor in which an insulating film is formed by the following manner but the
other steps are the same as those of Sample C6. As the insulating film in Sample C7, a
400-nm-thick silicon oxynitride film was formed under the conditions where silane and
dinitrogen monoxide were supplied at 30 sccm and 4000 scem, respectively, to a
treatment chamber of a plasma CVD apparatus; the pressure of the treatment chamber
was adjusted to 200 Pa; and a power of 150 W (0.025 W/cm?) was supplied with a
high-frequency power of 27.12 MHz. Further, the substrate at which the insulating
film was formed was 220 °C. .
[0373]

Next, CPM measurement was performed on Sample C6 and Sample C7.
CPM measurement is carried out in such a manner that the amount of light with which a
surface of a sample is irradiated is adjusted in the state where voltage is applied between
a pair of electrodes included in the sample so that a photocurrent value is kept constant,
and an absorption coefficient is calculated from the amount of the irradiation light. In
the CPM measurement, when the sample has a defect, the absorption coefficient of
energy which corresponds to a level at which the defect exists (calculated from a
wavelength) is increased. The increase in the absorption coefficient is multiplied by a

constant, whereby the defect density of the sample can be estimated.
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[0374]}

An absorption coefficient shown in FIG. 23 was obtained by removing an
absorption coefficient due to the band tail from an absorption coefficient obtained by
CPM measurement of Sample C6 and Sample C7. That is, an absorption coefficient
due to defects is shown in FIG. 23. 1In FIG. 23, the horizontal axis indicates the
absorption coefficient, and the vertical axis indicates the photon energy. On the
vertical axis in FIG. 23, the bottom of the conduction band of the oxide semiconductor
film is set to 0 eV, and the top of the valence band is set to 3.15 eV.  Each curve in FIG.
23 represents a relation between the absorption coefficient and photon energy, which
corresponds to defect levels. The curve indicated by a solid line corresponds to the
defect level of Sample C6, and the curve indicated by a dashed line corresponds to the

defect level of Sample C7. The absorption coefficient due to defect level of Sample

-C6 is 1.00 x 10"/cm, and the absorption coefficient due to defect level of Sample C7 is

6.52 x 10”/cm.
[0375]
According to FIG. 23, the defect levels of Sample C6 are lower than those of
Sample C7. A '
[0376]
The above results indicate that oxygen vacancies in the oxide semiconductor

film, which are generated due to formation of the silicon oxynitride film, can be further

- reduced when the flow rate of silane supplied to form the silicon oxynitride film over

the oxide semiconductor film is increased and the supplied power is increased.
[0377]

According to the above, with use of the method for forming the protective film
23 described in Embodiment 1 for formation of a silicon oxynitride film as a protective
film over a transistor including an oxide semiconductor film, a transistor with excellent
electric characteristics can be provided.
[Example 4]
[0378]

In this example, electric characteristics of a semiconductor device which is one

embodiment of the present invention will be described. Specifically, measurement
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results of current-voltage characteristics of a transistor which is one embodiment of the
present invention will be described.
[0379]
First, steps of forming a transistor are described. In this example, the steps
are described with reference to FIGS. 4A to 4E.
[0380]
| First, a glass substrate was used as the substrate 11, and the gate electrode 15
was formed over the substrate 11.
[0381]

A 100-nm-thick tungsten film was formed by a sputtering method. A mask
was formed over the tungsten film by a photolithography step, and part of the tungsten
film was etched with use of the mask, so that the gate electrode 15 was formed.

[0382]

Next, the gate insulating film 33 including the insulating film 31 and the
insulating film 32 was formedvover the gate electrode 15.

[0383]

As the insulating film 31, a 50-nm-thick silicon nitride film was formed, and as
the insulating film 32, a 200-nm-thick silicon oxynitride film was formed. The silicon
nitride film was formed in the following manner: silane and nitrogen were supplied at
50 sccm and 5000 sccm, respectively, into a treatment chamber of a plasma CVD
apparatus; the pressure of the treatment chamber was adjusted to 60 Pa; and a power of
150 W was supplied with a high-frequency power supply of 27.12 MHz. The silicon
oxynitride film was formed in the following manner: silane and dinitrogen monoxide
were supplied at 20 sccm and 3000 sccm, respectively, into the treatment chamber of the
plasma CVD apparatus; the pressure of the treatment chamber was adjusted to 40 Pa;
and a power of 100 W was supplied with a high-frequency power supply of 27.12 MHz.
Note that each of the silicon nitride film and the silicon oxyﬁitride film was formed at a
substrate temperature of 350 °C.

[0384)

As the structure obtained through the steps up to here, FIG. 4A can be referred

to. Note that although the base insulating film 13 is illustrated in FIG. 4A, the base

insulating film 13 was not formed in this example.
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[0385]

Next, the oxide semiconductor film 19 was formed to overlap with the gate
electrode 15 with the gate insulating film 33 interposed therebetween.
[0386]

Here, as the oxide semiconductor film 19, an IGZO film which is a CAAC-OS
film was formed by a sputtering method.

[0387]

The IGZO film was formed in such a manner that a sputtering target where
In:Ga:Zn = 1:1:1 (atomic ratio) was used, argon (50 sccm) and oxygen (50 sccm) were
supplied as a sputtering gas into a treatment chamber of a sputtering apparatus, the
pressure in the treatment chamber was adjusted to 0.6 Pa, and a direct-current power of
5 kW was supplied. Note that the IGZO film was formed at a substrate temperature of
170 °C.

[0388]

Next, a mask was formed over the IGZO film by a photolithography step, and
part of the IGZO film was etched with use of the mask. Then, the etched IGZO film
was subjected to heat treatment, so that the oxide semiconductor film 19 was formed.
Note that the IGZO film formed in this example has a thickness of 35 nm.

[0389]

As the heat treatment performed on the etched IGZO film, first heat treatment
was performed in a nitrogen atmosphere, and second heat treatment was performed in
an atmosphere of nitrogen and oxygen after the first heat treatment. The temperature
of each of the first heat treatment and the second heat treatment was 350 °C, andv
treatment time for each of the first heat treatment and the second heat treatment was 1
hour.

[0390]

The structure obtained through the steps up to here is illustrated in FIG. 4B.
[0391]

Next, the pair of electrodes 21 in contact with the oxide semiconductor film 19
was formed.

[0392]
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A conductive film was formed over the gate insulating film 17 and the oxide
semiconductor film 19. A mask was formed over the conductive film by a
photolithography step, and part of the conductive film was etched with use of the mask,
so that the pair of electrodes 21 was formed. Note that as the conducti\'re film, a
400-nm-thick aluminum film was fqrmed over a 50-nm-thick tungsten film, and a
100-nm-thick titanium film was formed over the aluminum film. After that, the mask
is removed.

[0393]

As the structure obtained through the steps up to here, FIG. 4C can be referred
to. Note that in this example, treatment in which exposure to plasma generated in an
oxygen atmosphere as illustrated in FIG. 4C was not performed.

[0394]
Next, heat treatment was performed on an object obtained through the steps up

to here. The heat treatment was performed at 300 °C in an atmosphere containing

'oxygen and nitrogen for 1 hour.

[0395]

Next, the insulating film 34 was formed over the gate insulating film 17, the
oxide semiconductor film 19, and the pair of electrodes 21. Then, the insulating film
34 was subjected to oxygen plasma treatment, so that the oxygen 35 was added to the
insulating film 34.

[0396]

In this example, as the insulating film 34, a 30-nm-thick silicon oxynitride film
was formed in the following manner: silane and dinitrogen monoxide were supplied at
20 sccm and 3000 sccm, respectively, into a treatment chamber of a plasma CVD
apparatus; the pressure of the treatment chamber was adjusted to 200 Pa; and a power of
100 W was supplied with a high-frequency power supply of 27.12 MHz. The substrate
temperature at which the insulating film 34 was formed was 350 °C. |
[0397]

Further, oxygen plasma was generated under such conditions that oxygen was
supplied at 250 sccm to the treatment chamber of the plasma treatment apparatus, the

pressure of the treatment chamber was adjusted to 15 Pa, the bias voltage was set to 0 W,
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and a power of 4500 W was supplied to a source clectrode. The insulating film 34 was
exposed to the oxygen plasma for 600 seconds.
[0398]

As the structure obtained through the steps up to here, FIG. 4D can be referred
to.
[0399]

Next, the insulating film 36 was formed over the insulating film 34 to which
the oxygen 35 had been added.
[0400]

As the insulating film 36, a silicon,oxynitride film was formed by the method
for forming the protective film 23 described in Embodiment 1. Specifically, a
370-nm-thick silicon oxynitride film was formed in a following manner: silane and
dinitrogen monoxide were supplied at 160 sccm and 4000 sccm, respectively, into a
treatment chamber of a plasma CVD apparatus; the pressure of the treatment chamber
was adjusted to 200 Pa; and a power of 1500 W (0.25 W/cm®) was supplied with a
high-frequency power supply of 27.12 MHz. The substrate temperature at which the
insulating film 36 was formed was 220 °C.
[0401]

After the insulating film 36 was formed, the structure obtained through steps up
to here was subjected to heat treatment. The heat treatment was performed at 350 °C
in an atmosphere containing oxygen and nitrogen for 1 hour.

[0402]
Through the above steps, a transistor which is one embodiment of the present

invention was formed. Note that the transistor formed through the above steps is

Sample D1.

[0403]

Here, steps of forming a transistor as a comparative example are described.
The transistor which is a comparative example (hereinafter, referred to as Sample D2) is
a transistor in which the insulating film 36 is formed by a step described below, and the
other steps are the same as those of forming Sample D1.  As the insulating film 36 in

Sample D2, a 370-nm-thick silicon oxynitride film was formed in the following manner:
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silane and dinitrogen monoxide were supplied at 30 sccm and 4000 sccm, respectively,
into a treatment chamber of a plasma CVD apparatus; the pressure of the treatment
chamber was adjusted to 200 Pa; and a power of 150 W (0.025 W/cm®) was supplied
with a high-frequency power supply of 27.12 MHz. The substrate temperature at
which the insulating film 36 was formed was 350 °C.
[0404]

Then, initial characteristics of current-voltage characteristics of Sample D1 and
Sample D2 were measured. FIGS. 24A and 24B show the fesults thereof. FIG. 24A

shows initial characteristics of current-voltage characteristics of Sample D1, and FIG.

~ 24B shows initial characteristics of current-voltage characteristics of Sample D2. In

each of FIGS. 24A and 24B, the horizontal axis indicates the gate voltage (Vg), the left
vertical axis indicates the drain current (Id) flowing between the pair of electrodes 21,
and the right vertical axis indicates the field effect mobility (WuFE). Further, the bold
solid line indicates the initial characteristics of current-voltage characteristics at a drain
voltage (Vd) of 10 V, the thick dashed line indicates the initial characteristics of
current-voltage characteristics at a drain voltage of 1 V, and the thin solid line indicates
the field effect mobility with respect to the gate voltage at a drain voltage of 10 V.
Note that the field effect mobility was obtained by operation of each sample in a
satﬁration region. '

[0405]

‘According to FIG. 24B, the threshold voltage of Sample D2 largely shifts in the
negative direction, and thus Sample D2 has normally-on characteristics. On the other
hand, according to FIG. 24A, the threshold voltage of Sample D1 is around 0 V (Vg);
thus, normally-off characteristics found in Sample D2 are overcome.

[0406]

Further, in the case of Sample D2, the rising voltage of on-state current when
the drain voltage is 1 V is different from that when the drain voltage is 10 V. On the
other hand, in the case of Sample D1, the rising voltage of on-state current when the
drain voltage is 1 V is substantially the same as that when the drain voltage is 10 V.
[0407]

As described above, Sample D1 formed by the method for forming the
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protective film 23 described in Embodiment 1 can be confirmed to have excellent
characteristics. Therefore, according to one embodiment of the present invention, a
transistor having excellent electric characteristics can be provided.

[Example 5]

[0408]

In this example, a relation between the electric characteristics of a
semiconductor device which is one embodiment of the present invention and the defect
density of an insulating film which is one embodiment of the present invention will be
described. Specifically, description will be made on measurement results of initial
characteristics of current-voltage characteristics of a transistor which is one embodiment
of the present invention, the amount of hysteresis optained by C-V measurement of an
element with a structure similar to that of the transistor, and the defect density of a
silicon oxynitride film that is an insulating film of one embodiment of the present
invention. |
[0409]

. First, steps of forming the transistor are described. In this example, the steps
are described with reference to FIGS. 2A to 2D.
[0410]

First, a glass substrate was used as the substrate 11, and the gate electrode 15
was formed over the substrate 11.

[0411]

A 100-nm-thick tungsten film was formed by a sputtering method, a mask was
formed over the tungsten film by a photolithography step, and part of the tungsten film
was etched with use of the mask, so that the gate electrode 15 was formed.

[0412]

Next, the gate insulating film 17 was formed over the gate electrode 15.
[0413]

As the gate insulating film 17, a stacked layer including a 50-nm-thick silicon
nitride film and a 200-nm-thick silicon oxynitride film was formed. The silicon nitride
film was formed in the following manner: silane and nitrogen were supplied at 50 sccm
and 5000 sccm, respectively, to a treatment chamber of a plasma CVD apparatus; the

pressure in the treatment chamber was adjusted to 60 Pa; and a power of 150 W was
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supplied with a high-frequency power supply of 27.12 MHz.
[0414]

As the silicon oxynitride film, a 10-nm-thick silicon oxynitride film was
formed by a plasma CVD method using a microwave. Note that conditions of the
plasma CVD method using a microwave are as follows. In order to stabilize plasma
generated in a treatment chamber of a microwave plasma CVD apparatus, first, silane,
dinitrogen monoxide, and argon were introduced at 10 sccm, 300 scem, and 2500 scem,
respectively, to the treatment chamber, the pressure in the treatment chamber was
adjusted to 20 Pa, the substrate temperature was kept at 325 °C, and a power of 5 kW
was supplied with a microwave power supply of 2.45 GHz. After the generated
plasma was stabilized, the flow rates of silane, dinitrogen monoxide, and argon
introduced into the treatment chamber were increased to 30 sccm, 1500 sccm,. and 2500
scem, respectively, so that the silicon oxynitride film was formed.

[0415]

Next, the oxide semiconductor film 19 was formed to overlap with the gate
electrode 15 with the gate insulating film 17 interpbsed therebetween.
[0416]

Over the gate insulating film 17, an IGZO film which was a CAAC-0S film
was formed by a sputtering method.
[0417]

The IGZO film was formed in such a manner that a sputtering target where
In:Ga:Zn = 1:1:1 (atomic ratio) was used, argon and oxygen were suppiied as a
sputtering gas into a treatment chamber of a sputtering apparatus at a flow rate of 50
sccm for each, and film formation was performed at a DC power of 5 kW with the
pressure in the treatment chamber adjusted to 0.6 Pa. Note that the IGZO film was
formed at a substrate temperature of 170 °C.

[0418]

As the structure obtained through the steps up to here, FIG. 2A can be referred
to. Note that although the base insulating film 13 is illustrated in FIG. 2A, the base
insulating film 13 was not formed in this example.

[0419)]
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Next, a mask was formed over the IGZO film by a photolithography step, and
part of the IGZO film was etched with use of the mask. Then, the etched IGZO film
was subjected to heat treatment, so that the oxide semiconductor film 19 was formed.
Note that in this example, a 35-nm-thick IGZO film was formed.

[0420]

The heat treatment performed on the etched IGZO film includes first heat

treatment performed in a nitrogen atmosphere and second heat treatment performed in

an atmosphere of nitrogen and oxygen, which follows the first heat treatment. The

| temperature of each of the first heat treatment and the second heat treatment was 450 °C,

and treatment time for each of the first heat treatment and the second heat treatment was

1 hour.
[0421] .
As the structure obtained through the steps up to here, FIG. 2B can be referred
to.

[0422]

Next, the pair of electrodes 21 in contact with the oxide semiconductor film 19
was formed.
[0423]

A conductive film was formed over the gate insulating film 17 and the oxide
semiconductor film 19, a mask was formed over the conductive film by a
photolithography step, and part of the conductive film was etched with use of the mask,
so that the pair of electrodes 21 was formed. Note that the conductive film had a
stacked structure in which a 400-nm-thick aluminum film was formed over the
100-nm-thick titanium film and a 100-nm-thick titanium film was formed over the
aluminum film.

[0424)

As the structure obtained through the steps up to here, FIG. 2C can be referred

to.
[0425]
Next, heat treatment was performed on an object obtained through the steps up

to here. The heat treatment was performed at 300 °C in an atmosphere of oxygen and
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nitrogen for 1 hour.
[0426]

Next, the protective film 23 was formed over the gate insulating film 17, the
oxide semiconductor film 19, and the pair of electrodes 21. |
[0427]

In this_ example, as the protective film 23, a 370-nm-thick silicon oxynitride
film was formed in the following manner: silane and dinitrogen monoxide were
supplied at 200 sccm and 3000 sccm, respectively, to a treatment chamber of a plasma
CVD apparatus; the pressure in the treatment chamber was adjusted to 200 Pa; and a
power of 1500 W was supplied with a high-frequency power supply of 27.12 MHz.
The substrate temperaturé at which the protective film 23 was formed was 220 °C.
[0428]

As the structure obtained through the steps up to here, FIG. 2D can be referred
to.

[0429]

After the protective film 23 was formed, the structure obtained through steps
up to here was subjected to heat treatment. The heat treatment was performed at 300
°Cinan atmoéphere of oxygen and nitrogén for 1 hour.

{0430]

Next, a planarization film (not illustrated) was formed over the protective film
23. Here, the protective film 23 was coated with a composition, and exposure and
development were performed, so that a planarization film having an opening through
which the pair of electrodes is partly exposed was formed. Note that as the
planarization film, a 1.5-pum-thick ﬁcrylic resin was formed. Then, heat treatment was
performed. The heat treatment was perforlﬁed at a temperature of 250 °C in a nitrogen
atmosphere for 1 hour.

[0431]

Next, a conductive film connected to part of the pair of electrodes is formed
(not illustrated). Here, a 100-nm-thick ITO film containing silicon oxide was formed
as the conductive film by a sputtering method. Then, heat treatment was performed.

The heat treatment was performed at a temperature of 250 °C in a nitrogen atmosphere



10

15

20

25

30

WO 2013/150927 97 PCT/JP2013/058888

for 1 hour.
[0432]

Through the above-described steps, the transistor was formed. Note that the
transistor formed through the above steps is Sample E1.
[0433]

Other transistors were formed. In each of the transistors, the protective film
23 was formed using silane whose flow rate was different from that in Sample E1.
[0434]

A transistor in which the protective film 23 was formed using silane with a
flow rate of 160 sccm is Sample E2.

[0435)

, A transistor in which the protective film 23 was formed using silane with a
flow rate of 120 sccm is Sample E3.
[0436] _

Another transistor was formed. In the transistor, the protective film 23 was
formed under such conditions that the flow rate of silane and the supplied power were
different from those in Sample E1.

[0437]

A transistor in which the pfotective film 23 was formed using silane with a
flow rate of 30 sccm and a power of 150 W is Sample E4.
[0438]

Note that in each of Sample E2 to Sample E4, the base insulating film 13
illustrated in FIG. 2A was formed. Further, the gate insulating film 17 was formed to
have a single layer of a silicon oxynitride film without a silicon nitride film.

[0439]

Then, initial characteristics of current-voltage characteristics of Sample E1 to
Sample E4 were measured. FIGS. 25A to 25D show the results thereof. FIG. 25A
shows initial characteristics of current-voltage characteristics of Sample E1, FIG. 25B
shows initial characteristics of current-voltage characteristics of Sample E2, FIG. 25C
shows initial characteristics of current-voltage characteristics of Sample E3, and FIG.
25D shows initial characteristics of current-voltage characteristics of Sample E4. In

each of FIGS. 25A to 25D, the horizontal axis indicates the gate voltage (Vg), the left
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vertical axis indicates the drain current (Id) flowing between the pair of electrodes 21,
and the right vertical axis indicates the field effect mobility (WFE). Further, the solid
line indicates the initial characteristics of current-voltage characteristics at a drain
voltage (Vd) of 1 V or 10V, and the dashed line indicates the field effect mobility with
respect to the gate voltage at a drain voltage of 10 V. Note that the field effect mobility
was obtained by operation of each sample in a saturation region.

[0440]

As the initial characteristics of current-voltage characteristics shown in each of
FIGS. 25B and 25C, the rising voltage of on-state current when the drain voltage is 1 V
and the rising voltage of on-state current when the drain voltage is 10 V are different
from each other. As the initial characteristics of current-voltage characteristics shown
in FIG. 25D, the threshold voltage shifts in the negative direction and varies. On the
other hand, as the initial characteristics of current-voltage characteristics shown in FIG,
25A, the rising voltage of on-state current when the drain voltage is 1 V is substantially
the same as that when the drain voltage is 10 V. In addition, the threshold voltage is
around 0 V (Vg) and does not vary.

(0441]

Next, film characteristics of the protective films 23 formed under the
conditions of Sample E1 to Sample E4 are described. In this exampie, metal oxide
semiconductor (MOS) elements were formed, and capacitance-voltage (C-V)
measurement was conducted thereon. The results are shown in FIGS. 27A to 27D.
[0442]

First, steps of manufacturing MOS elements for C-V measurement are
described. In this example, the steps are described with reference to FIG. 26.

[0443] |

As illustrated in FIG, 26, a first electrode 963 was fbrmed over a substrate 961.
A glass substrate was used as the substrate 961. The first electrode 963 was formed
under the same conditions as the gate electrode 15 formed in each of Sample E1 to
Sample E4.

[0444)
An insulating film 965 was formed over the substrate 961 and the first

electrode 963. The insulating film 965 was formed under the same conditions as the
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gate insulating film 17 formed in each of Sample E1 to Sample E4.
(0445]

An oxide semiconductor film 967 was formed over the insulating film 965.
The oxide semiconductor film 967 was formed under the same conditions as the oxide
semiconductor film 19 formed in each of Sample E1 to Sample E4.
[0446]

A second electrode 969 was formed over the oxide semiconductor film 967.
The second electrode 969 was formed under the same conditions as the pair of
electrodes 21 formed in each of Sample E1 to Sample E4.
(0447 |

An insulating film 971 was formed over the insula‘ting film 965, the oxide
semiconductor film 967, and the second electrode 969. The insulating film 971 was
formed under fhe same conditions as the protective films 23 formed in each of Sample
E1 to Sample E4.
[0448]

Through the above steps, MOS elements for C-V measurement were formed.
Note that the MOS element formed under the same conditions as Sample E1 is Sample
ES, the MOS element formed under the same conditions as Sample E2 is Sample E6,
the MOS element formed under the same conditions as Sample E3 is Sample E7, and
the MOS element structure formed under the same conditions as Sample E4 is Sample
E8.
[0449]

FIGS. 27A to 27D respectively show the C-V measurement results of Sample
ES5 to Sample E8. Further, Table 1 shows the amount of hysteresis (AVfb) of each
sample. The amount of hysteresis is an absolute value of a difference between a
flat-band voltage Vib1l when the voltage V of the first electrode 963 was swept from
-10 V to 10 V and a flat-band voltage V{b2 when the voltage V of the first electrode
963 was swept from 10 Vto -10 V.
[0450]
[Table 1]
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Sample E1 | Sample E2 | Sample E3 | Sample E4

AV (V) 1.17 2.86 6.93 0.2

[0451]

According to FIGS. 27A to 27C and Table 1, as the amount of hysteresis
(AV1b) is increased, the difference in the rising voltage of the on-state current between
the case of the drain voltage of 1 V and the case of 10 V is increased as shown in FIGS.
25Ato 25C. Thus, as the initial characteristics of the current-voltage characteristics of
the transistor, the rising voltage of the on-state current is related to the amount of
hysteresis (AVtb). |
[0452]

Further, the defect densities of the protective films 23 formed in Sample E1 to
Sample E4 are described with ESR measurement results thereof.

[0453]

Samples which were manufactured are described below.  First, a 400-nm-thick
silicon oxynitride film was formed over a quartz substrate under the same conditions as
the protective film 23 in each of Sample E1 to Sample E4. Then, heat treatment was
performed at 300 °C in an atmosphere containing nitrogen and oxygen for 1 hour.

[0454]

The sample in which the silicon oxynitride film was formed under the same
conditions as the protective film 23 in Sample E1 is Saﬁlple E9. The sample in which
the silicon oxynitride film was formed under the same conditions as the protective film
23 in Sample E2 is Sample E10. The sample in which the silicon oxynitride film was
formed under the same conditions as the protective film 23 in Sample E3 is Sample Elil
The sample in which the silicon oxynitride film was formed under the same conditions
as the protective film 23 in Sample E4 is Sample E12.

[0455] '

Next, Sample E9 to Sample E12 were subjected to ESR measurement. The
ESR measurement was performed under the following conditions. The measurement
temperature was room temperature (25 °C), a high-frequency power (power of

microwaves) of 9.2 GHz was 20 mW, and the direction of a magnetic field was parallel
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to a surface of each of the silicon oxynitride films in Sample E9 to Sample E12. The
lower limit of the detection of the spin density of a signal at g = 2.001 which is due to
dangling bonds of silicon in the silicon oxynitride film is 1.0 x 10" spins/cm®.

[0456]

FIGS. 28A to 28D show the ESR measurement results. Specifically, FIGS.
28A to 28D show first derivative curves of the silicon oxynitride films in Sample E9 to
Sample E12, respectively. According to FIGS. 27A to 27D and FIGS. 28A to 28D, as
the AVib becomes small, the signal intensity at a g-factor of 2.001 becomes small.
Thus, when the insulating film 971 is a film with fewer defects, the amount of hysteresis
in C-V measurement can be decréaéed, and excellent characteristics of the transistor can
be obtained: the rising voltage of the on-state current when the drain voltage is 1 V is
the substantially same as the rising voltage of the on-state current when the drain
voltage is 10 V.

[0457]

Next, MOS elements which have a structure similar to those of Sample ES5 to
Sample E8 were formed. However, in each of the MOS elements, the insulating film
971 was formed under different conditions from Sample E5 to Sample E8. In addition,
samples for ESR measurement, which have a structure similar to those of Sample E9 to
Sample E12 were formed. However, in each of the samples, the silicon oxynitride film

was formed under different conditions from Sample E9 to Sample E12.

{0458]

Next, C-V me.asurement was conducted on each MOS element. Further, ESR
measurement was conducted on each sample for ESR measurement.
[0459]

FIG. 29 shows a relation between the spin densities of signals at g = 2.001 and
the amount of hysteresis. Here, the spin densities were obtained from Sample E5 to
Sample E8 and the MOS elements including the insulating film 971 formed under the
different conditions from Sample E5 to Sample E8. The amount of hysteresis was
obtained from Sample E9 to Sample E12 and the samples for ESR measurement which
include the silicon oxynitride film formed under the different conditions from Sample

E9 to Sample E12.
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[0460]
According to FIGS. 25A to 25D and FIGS. 27A to 27D, the preferable amount

of hysteresis (AVfb) is 2.0 V or lower, in which case the rising voltage of the on-state
current when the drain voltage is 1 V is the substantially same as that when the drain
voltage is 10 V. Further, according to FIG. 29, the spin density of a signal at g = 2.001,
which satisfies the above amount of hysteresis, is lower than 1.5 x 10" spins/em®,
preferably lower than or equal to 1.0 x 10" spins/cm’.
[0461]

Accordingly, an oxide insulating film in which the spin density of a signal at g
= 2.001, measured by electron spin resonance, is lower than 1.5 x 108 sPins/cm3,

preferably lower than or equal to 1.0 x 10'® spins/cm” is provided as a protective film

“over a transistor, in which case a transistor with excellent electric characteristics can be

manufactured.

EXPLANATION OF REFERENCE

[0462]

10: transistor, 11: substrate, 13: base insulating film, 15: gaﬁe electrode, 17: gate
insulating film, 18: oxide semiconductor film, 19: oxide semiconductor film, 20: oxide
semiconductor film, 21:, electrode, 22: oxygen, 23: protective film, 30: transistor, 31:
insulating film, 32: insulating film, 33: gate insulating film, 34: insulating film, 35:
oxygen, 36: insulating film, 37: protective film, 100: transistor, 101: substrate, 103: base
insulating film, 105: oxide semiconductor film, 107: electrode, 109: gate insulating film,
110: opening, 111: gate electrode, 113: protective film, 115: wiring, 120: transistor, 121:
oxide semiconductor film, 123: region, 125: region, 127: region, 130: transistor, 131:
oxide semiconductor film, 133: region, .135: region, 137: region, 139: electrode, 140:
transistor, 141: sidewall insulating film, 150: transistor, 151: sidewall insulating film,
160: transistor, 161: oxide semiconductor film, 163: region, 165: region, 167: region,
169: region, 170: transistor, 171: gate electrode, 191: substrate, 210: transistor, 211:
oxide semiconductor film, 213: region, 215: region, 17: protective film, 219: wiring,
220: transistor, 221: sidewall insulating film, 223: gate insulating film, 225: electrode,
230: transistor, 231: gate electrode, 233: insulating film, 701: substrate, 702: STI, 704a:
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transistor, 704b: transistor, 704c; transistor, 705: impurity region, 706: gate insulating
film, 707: gate electrode, 708: gate electrode, 709: insulating film, 710: sidewall
insulating film, 711: insulating film, 712: insulating film, 713: insulating film, 714a:
contact plug, 714b: contact plug, 715: insulating film, 716: insulating film, 717: barrier
film, 718: wiring, 719: barrier film, 720: insulating film, 721: insulating film, 722:
barrier film, 723: wiring, 724: barrier film, 725a: insulating film, 725b: insulating film,
726: gate insulating film, 727: insulating film, 728: insulating film, 729: insulating filrﬁ,
730a: contact plug, 730b: contact plug, 731: insulating film, 732: insulating film, 733:
barrier film, 734a: wiring, 734b: wiring, 735: barrier film, 740:4pr0tective film, 750:
transistor, 751: gate electrode, 801: transistor, 803: transistor, 804: transistor, 805:
transistor, 806: transistor, 807: X decoder, 808: Y decoder, 811: transistor, 812: storage
capacitor, 813: X decoder, 814: Y decoder, 901: RF circuit, 902: analog baseband circuit,
903: digital baseband circuit, 904: battery, 905: power supply circuit, 906: application
processor, 907: CPU, 908: DSP, 910: flash memory, 911: display controller, 912:
memory circuit, 913: display, 914: display portion, 915: source driver, 916: gate driver, .
917: audio circuit, 918: keyboard, 919: touch sensor, 950: memory circuit, 951: mexﬁory
controller, 952: memory, 953: memory, 954: switch, 955: switch, 956: display controller,
957 display, 961: substrate, 963: electrode, 965: insulating film, 967: oxide
semiconductor film, 969: electrode, 971: insulating film, 1001: battery, 1002: power
supply circuit, 1003: microprocessor, 1004: flash memory, 1005: audio circuit, 1006:
keyboard, 1007: memory circuit, 1008: touch panel, 1009: display, 1010: display

controller

This application is based on Japanese Patent Application serial no.
2012-087432 filed with Japan Patent Office on April 6, 2012, and Japanese Patent
Application serial no. 2012-156492 filed with Japan Patent Office on J uly 12, 2012, the

entire contents of which are hereby incorporated by reference.
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CLAIMS

1. A method for manufacturing a semiconductor device, comprising the step of
holding a substrate placed in a treatment chamber at a first temperature, introducing a
source gas into the treatment chamber, and supplying a high-frequency power to an
electrode in the treatment chamber so that an insulating film is formed over the substrate,

wherein the first temperature is higher than or equal to 180 °C and lower than or
equal to 260 °C,

wherein a pressure in the treatment chamber is set to be higher than or equal to
100 Pa and lower than or equal to 250 Pa when the source gas is introduced,

wherein the high-frequency power is higher than or equal to 0.17 W/cm? and lower
than or equal to 0.5 W/cm?, and

wherein the insulating film contains oxygen which is released by heating.

2. The method for manufacturing a semiconductor device according to claim 1,
wherein the insulating film is a silicon oxide film or a silicon oxynitride film, and
wherein the source gas comprises a deposition gas containing silicon and an

oxidation gas.

3. The method for manufacturing a semiconductor device according to claim 1,
wherein the insulating film is a silicon oxynitride film, and

wherein the source gas comprises silane and dinitrogen monoxide.

4. The method for manufacturing a semiconductor device according to claim 1,
wherein the substrate includes:

a gate electrode;

a gate insulating film adjacent to the gate electrode;

an oxide semiconductor film overlapping with a part of the gate electrode

with the gate insulating film interposed therebetween; and

a pair of electrodes in contact with the oxide semiconductor film,

wherein the insulating film is formed over the oxide semiconductor film and the pair

of electrodes as a protective film.
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5. The method for manufacturing a semiconductor device according to claim 4,
wherein the gate insulating film is over the gate electrode, and

wherein the pair of electrodes is over the oxide semiconductor film.

6. The method for manufacturing a semiconductor device according to claim 4,
wherein the pair of electrodes is over the oxide semiconductor fiim, and
wherein the gate insulating film is over the oxide semiconductor film and the pair of

electrodes.

7. The method for manufacturing a semiconductor device according to claim 4,
further comprising the step of performing a heat treatment at a second temperature higher

than or equal to the first temperature after forming the insulating film.

8. The method for manufacturing a semiconductor device according to claim 7,
wherein the second temperature is higher than or equal to 250 °C and lower than a

strain point of the substrate.

9. The method for manufacturing a semiconductor device according to claim 4,

wherein the oxide semiconductor film includes indium, gallium, and zinc.

10. The method for manufacturing a semiconductor device according to claim 4,

wherein the oxide semiconductor film includes a c-axis aligned crystal part.

11. A semiconductor device comprising:

a gate electrode over an insulating surface;

a gate insulating film over the gate electrode;

an oxide semiconductor film overlapping with a part of the gate electrode with the
gate insulating film interposed therebetween;

a pair of electrodes in contact with the oxide semiconductor film; and

a protective film over the oxide semiconductor film and the pair of electrodes,

wherein the protective film is an oxide insulating film in which a spin density of a
signal at g = 2.001, measured by electron spin resonance, is lower than 1.5 x 10"
spins/cm?®, and

wherein the protective film contains oxygen which is released by heating.
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12. The semiconductor device according to claim 11,
wherein the protective film is a silicon oxide film or a silicon oxynitride film.

13. The semiconductor device according to claim 11,

wherein the oxide semiconductor film includes indium, gallium, and zinc.

14. The semiconductor device according to claim 11,
wherein the oxide semiconductor film includes a c-axis aligned crystal part.

15. A semiconductor device comprising:

an oxide semiconductor film over an insulating surface;

a pair of electrodes in contact with the oxide semiconductor film;

a gate insulating film over the oxide semiconductor film;

a gate electrode overlapping with the oxide semiconductor film with the gate
insulating film interposed therebetween; and

a protective film over the gate insulating film and the gate electrode,

wherein the protective film is an oxide insulating film in which a spin density of a
signal at g = 2.001, measured by electron spin resonance, is lower than 1.5 x 10"
spins/cm?, and

wherein the protective film contains oxygen which is released by heating.

16. The semiconductor device according to claim 15,
wherein the protective film is a silicon oxide film or a silicon oxynitride film.

17. The semiconductor device according to claim 15, wherein the pair of

electrodes is between the gate insulating film and the oxide semiconductor film.

18. The semiconductor device according to claim 15, wherein the pair of

electrodes is between the oxide semiconductor film and the protective film.

19. The semiconductor device according to claim 15,

wherein the oxide semiconductor film includes indium, gallium, and zinc.
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20. The semiconductor device according to claim 15,

wherein the oxide semiconductor film includes a c-axis aligned crystal part.



