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(57) Abstract: It is an object to provide a semiconductor device including an oxide semiconductor, in which miniaturization of a
transistor is achieved and the concentration of an electric field is relieved. The width of a gate electrode is reduced and a space be-
tween a source electrode layer and a drain electrode layer is shortened. By adding a rare gas in a self-alignment manner with the
use of a gate electrode as a mask, a low-resistance region in contact with a channel formation region can be provided in an oxide
semiconductor layer. Accordingly, even when the width of the gate electrode, that is, the line width of a gate wiring is small, the
low-resistance region can be provided with high positional accuracy, so that miniaturization of a transistor can be realized.
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DESCRIPTION

SEMICONDUCTOR DEVICE AND METHOD FOR MANUFACTURING THE
SAME

TECHNICAL FIELD
[0001]

The present invention relates to a semiconductor device having a circuit formed
using a transistor and a manufacturing method thereof. For example, the present
invention relates to an electronic device on which an electro-optical device typified by a
liquid crystal display panel, a light-emitting display device including an organic
light-emitting element, a power device, or a memory is mounted as its component.
[0002] .

In this specification, a semiconductor device generally means a device which
can function by utilizing semiconductor characteristics, and an electro-optical device, a
semiconductor circuit, and an electronic device are all semiconductor devices.
BACKGROUND ART |
[0003]

In recent years, a technique for forming transistors using a semiconductor thin
film (with a thickness of several nanometers to several hundreds of nanometers) formed
over a substrate having an insulating surface has attracted attention. The transistors are
widely used for electronic devices such as ICs or electro-optical devices.

[0004]

Further, a technique in which a transistor including an oxide semiconductor is
manufactured and applied to an electronic device or an optical device has attracted
attention. For example, a technique of manufacturing a transistor by using zinc oxide
or In-Ga-Zn-O-based oxide as an oxide semiconductor, and using the transistor for a
switching element of a pixel of a display device and the like is disclosed in Patent
Document 1 and Patent Document 2.

[Reference]
[0005]
[Patent Document 1] Japanese Published Patent Application No. 2007-123861
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[Patent Document 2] Japanese Published Patent Application No. 2007-096055
DISCLOSURE OF INVENTION
[0006] »

In order to achieve high-speed operation of a transistor, low power
consumption, cost reduction, or the like of a semiconductor device including the
transistor, it is necessary to miniaturize a transistor.

[0007]

In view of this, it is an object according to one embodiment of the disclosed
invention to provide a semiconductor device that includes an oxide semiconductor and
is reduced in size with favorable electric characteristics.

[0008] _

In the case where a transistor is miniaturized, parasitic capacitance of a
transistor itself can be reduced, so that the transistor is capable of high-speed operation.
[0009] '

When circuit integration or high speed operation is conducted with the
miniaturization of the transistor, an electric field applied to the transistor is also
increased. In a transistor, particularly, an electric field is likely to concentrate in a
drain terminal, and a transistor preferably has a structure in which concentration of an
electric field is relieved.

[0010]

In view of this, it is another object according to one embodiment of the
disclosed invention to provide a semiconductor device including an oxide
semiconductor, in which miniaturization is achieved and the concentration of an electric
field is relieved.

[0011]

In an active matrix display device including a transistor, high quality display
images obtained by increasing the number of pixels per unit area has been desired;
however, the ratio of an area occupied by wirings or electrodes or the like to that of an
image display region is hi'gher, so that the aperture ratio decreases.

[0012]
In view of this, it is another object according to one embodiment of the

disclosed invention to improve the aperture ratio per unit area by miniaturizing a
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transistor to achieve bright image display.
[0013] ‘

Further, in manufacturing a power device, it is another object to provide a
semiconductor device having a device structure in which concentration of an electric
field is relieved.

[0014]

Current which flows when a transistor is in an off state is called "leakage
current”, which affects all the circuits of a semiconductor device and causes an increase
in power consumption. In view of this, a transistor including an oxide semiconductor
layer is manufactured, and low power consumption of a semiconductor device is
realized. Further, since the leakage current of a transistor including an oxide
semiconductor layer is small, in the case of a display device, a pixel capacitor provided
together with a transistor in a pixel can be designed small and thus, a display device in
which the aperture ratio is increased and is capable of a bright display image can be
realized.

[0015]

In order to miniaturize a transistor, the width of a gate electrode is miniaturized
and a space between a source electrode layer and a drain electrode layer (a distance
between the source electrode layer and the drain electrode layer of a cross section in the
thickness direction of a substrate) is shortened, whereby high-speed driving of a
transistor can be achieved. In an oxide semiconductor layer, a low-resistance region
(also referred to as an n” region) is formed in contact with a channel formation region
overlapping with the gate electrode with a gate insulating layer interposed therebetween,
whereby a structure in which concentration of an electric field applied to a drain
terminal is relieved is obtained.

[0016]

The low-resistance region in the oxide semiconductor layer is formed by
adding a rare gas element (Ar, Xe, Kr, Ne, or He) to the oxide semiconductor layer.
The addition of the rare gas element is performed by using an ion implantation
apparatus, an ion doping apparatus, a plasma treatment apparatus, an ICP (Inductively

Coupled Plasma) type etching apparatus, or the like. Note that the ICP type etching’
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apparatus is an etching apparatus using inductively coupled plasma. A
multi-spiral-type ICP etching apparatus in which a coil is divided in order to lower
inductance of the coil or a spoke-type ICP etching apparatus in which a comb-like coil
is arranged in a circular flat plate can be used. Further, the etching apparatus is not
limited to the ICP type etching apparatus, a RIE etching apparatus such as a parallel
plate type etching apparatus, an ECR etching apparatus, or a magnetron type etching
apparatus can be used.

[0017] _

One embodiment of the present invention disclosed in this specification is a
semiconductor device which includes an oxide semiconductor layer over an insulating
surface; a gate insulating layer over the oxide semiconductor layer; and a gate electrode
over the gate insulating layer, wherein the oxide semiconductor layer includes a channel
formation region overlapping with the gate electrode with the gate insulating layer
interposed therebetween and a low-resistance region which is in contact with the
channel formation region and contains a rare gas at higher concentration than that of the
channel formation region.

[0018]

With the above structure, a path of current which flows from the source
electrode layer to the drain electrode layer includes at least the source electrode layer, a
region of the oxide semiconductor layer in contact with the source electrode layer, the
channel formation region, the low-resistance region, a region of the oxide
semiconductor layer in contact with the drain electrode layer, and the drain electrode
layer, so that a structure in which concentration of an electric field applied to the drain
terminal is relieved is obtained.

[0019]

With the above structure, at least one of the above problems can be resolved.
[0020]

For example, when a power device that has a transistor inéluding an i-type or
substantially i-type oxide semiconductor in a channel region is manufactured, in a
region of the oxide semiconductor which overlaps with neither the gate electrode nor
the drain electrode layer, the amount of flowing current is extremely small. When the

voltage applied to the drain electrode layer is high, there is a problem of gate leakage
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due to a tunneling effect or the like. Here, a rare gas is added to a region which does
not overlap with the gate electrode, so that the low-resistance region (n” region) serving
as a drift layer can be formed. By providing the low-résistance region (n~ region), a
device structure in which concentration of an electric field is relieved is realized.

[0021]

Note that the source and the drain of a transistor may change by operating
conditions of circuits or the like. For example, in a transistor which is connected to a
pixel electrode of a liquid crystal display device, in order to prevent deterioration of a
liquid crystal material, the polarity of a voltage is inverted at a constant frequency, that
is, inversion driving is performed, whereby the source and the drain are changed.

[0022]

In view of this, further, a second low-resistance region may be formed in the
same steps as the low-resistance region so that the channel formation region is
interposed between the second low-resistance region and the low-resistance region.
The transistor has a structure in which the second low-resistance region which is in
contact with the channel formation region and contains a rare gas at higher
concentration than that of the channel formation region is included, and the channel
formation region is interposed between the second low-resistance region and the
low-resistance region. In this case, the path of current which flows from the source
electrode layer to the drain electrode layer includes at least the source electrode layer, a
region of the oxide semiconductor layer in contact with the source electrode layer, the
second low-resistance region, the channel formation region, the low-resistance region, a
region of the oxide semiconductor layer in contact with’the drain electrode layer, and
the drain electrode layer, so that a structure in which concentration of an electric field
applied to the drain terminal is relieved can be obtained, even when the source and drain
are changed by operating conditions or the like.

[0023]

Furthermore, a manufacturing method for obtaining the above described
structure is also one embodiment of the present invention. A manufacturing method of
a semiconductor device includes the steps of forming an oxide semiconductor layer over

an insulating surface; forming a source electrode layer and a drain electrode layer over
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and partly in contact with the oxide semiconductor layer; forming an insulating layer
over and in contact with the oxide semiconductor layer, the source electrode layer, and

the drain electrode layer; forming a gate electrode over the insulating layer and

'overlapping with the oxide semiconductor layer; and adding a rare gas to part of the

oxide semiconductor layer in a self-alignment manner with the use of the gate electrode,
the source electrode layer and the drain electrode layer as masks through the insulating
layer.

[0024]

' A manufacturing method in which the source electrode layer and the drain
electrode layer are formed before the oxide semiconductor layer is formed may be
employed. A manufacturing method of a semiconductor device includes the steps of
forming a source electrode layer and a drain electrode layer over an insulating surface;
forming an oxide semiconductor layer over and partly in contact with the source
electrode layer and the drain electrode layer; forming an insulating layer over and in
contact with the oxide semiconductor layer, the source electrode layer, and the drain
electrode layer; forming a gate electrode over the insulating layer and overlapping with
the oxide semiconductor layer; and adding a rare gas to part of the oxide semiconductor
layer in a self-alignment manner with the use of the gate electrode as a mask through the
insulating layer.

[0025] .

A manufacturing method in which the oxide semiconductor layer is exposed
before a rare gas is added may be employed. A manufacturing method of a
semiconductor device includes the steps of forming an oxide semiconductor layer over
an insulating surface; forming a source electrode layer and a drain electrode layer over
and partly in contact with the oxide semiconductor layer; forming an insulating layer
over and in contact with the oxide semiconductor layer, the source electrode layer, and
the drain electrode layer; forming a gate electrode over the insulating layer and
overlapping with the oxide semiconductor layer; etching the insulating layer selectively
so that part of the oxide semiconductor layer is exposed; and adding a rare gas to the
exposed part of the oxide semiconductor layer.
[0026]

When part of the oxide semiconductor layer is exposed and a rare gas is added,
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by plasma treatment using a plasma treatment apparatus, an ICP type etching apparatus,
or the like, a rare gas at higher concentration than the channel formation region can be
added to an area in the range of 5 nm from a surface of the exposed oxide
semiconductor layer.

[0027]

The insulating layer formed between the gate electrode and the oxide
semiconductor layer serves as the gate insulating layer and is in contact with the oxide
semiconductor layer. Further, the oxide semiconductor layer is in contact with a base
insulating layer, thus the oxide semiconductor layer can be interposed between the gate
insulating layer and the base insulating layer. The base insulating layer is preferably
formed by a sputtering method. By forming the base insulating layer by a sputtering
method, the oxide semiconductor layer and the gate insulating layer can be also formed
by a sputtering method. Therefore, the base insulating layer, the oxide semiconductor
layer and the gate insulating layer can be formed by using the same sputtering
apparatus.

[0028]

As an oxide semiconductor used for the oxide semiconductor layer, an
In-Sn-Ga-Zn-0O-based oxide semiconductor which is an oxide of four metal elements;
an In-Ga-Zn-O-based oxide semiconductor, an In-Sn-Zn-O-based oxide semiconductor ,
an In-Al-Zn-O-based oxide semiconductor, a Sn-Ga-Zn-O-based oxide semiconductor,
an Al-Ga-Zn-O-based oxide semiconductor, or a Sn-Al-Zn-O-based okide
semiconductor which are oxides of three metal elements; an In-Zn-O-based oxide
semiconductor, a Sn-Zn-O-based oxide semiconductor, an Al-Zn-O-based oxide
semiconductor, a Zn-Mg-O-based oxide semiconductor, a Sn-Mg-O-based oxide
semiconductor, or an In-Mg-O-based oxide semiconductor which are oxides of two
metal elements; or an In-O-based oxide semiconductor, a Sn-O-based oxide
semiconductor, or a Zn-O-based oxide semiconductor, or the like can be used. Further,
SiO, may be contained in the above oxide semiconductor. Note that here, for example,
an In-Ga-Zn-O-based oxide semiconductor means an oxide containing indium (In),
gallium (Ga), and zinc (Zn), and there is no particular limitation on the stoichiometric
proportion thereof. Further, the In-Ga-Zn-O-based oxide semiconductor may contain

an element other than In, Ga, and Zn.
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[0029] |

As for the oxide semiconductor layer, when an In-Ga-Zn-O-based oxide
semiconductor is used, heat treatment may be performed at more than or equal to 400
°C before a rare gas is added. With the use of the oxide semiconductor layer in which
hydrogen concentration is sufficiently reduced by heat treatment at more than or equal
to 400 °C and less than the strain point of the substrate (i.e., the purified oxide
semiconductor layer), the off current of the transistor can be reduced.

[0030]

The oxide semiconductor layer is an oxide semicondﬁctor made to be an
intrinsic (i-type) or substantially intrinsic by removal of hydrogen that is an n-type
impurity to be highly purified so that impurities that are not main components of the
oxide semiconductor are contained as little as possible. In other words, a feature is
that a purified i-type (intrinsic) semiconductor, or a semiconductor close thereto, is
obtained not by adding an impurity but by removing an impurity such as hydrogen or
water as much as possible. This enables the Fermi level (Es) to be at the same level as
the intrinsic Fermi level (Ei). |
[0031]

For example, even when a transistor has a channel width (W) of 1 x 10* pm and
a channel length of 3 um, the off current can be 107* A or less and S value can be 0.1
V/decade at room temperature (with a 100-nm-thick gate insulating layer). Further,
the amount of current per micrometer of channel width (W) in the transistor is 100
aA/um or less, preferably 10 zA/pm or less, more preferably 1 zA/um or less.

[0032]

As described above, the oxide semiconductor is purified so that impurities that
are not main components of the oxide semiconductor are contained as little as possible,
whereby favorable operation of the transistor can be obtained. In a transistor including
a purified oxide semiconductor layer, variation in characteristics of the transistor due to

photodegradation is small.

- [0033]

The above oxide semiconductor is an oxide semiconductor which made to be

highly purified and which is made to be electrically i-type (intrinsic) as follows: an
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impurity such as hydrogen, moisture, a hydroxy group, or hydride (also referred to as a
hydrogen compound), which is a factor of the variation in electric characteristics, is
intentionally eliminated in order to suppress the variation, and oxygen which is a main
component of the oxide semiconductor and which is reduced by an impurity elimination
process is supplied.

[0034]

A rare gas, typically, argon is added to the oxide semiconductor layer which is
highly purified by reducing the hydrogen concentration in the oxide semiconductor
layer by performing heat treatment at more than or equal to 400 °C and less than the
strain point of the substrate in a self-alignment manner with the use of the gate electrode
as a mask. At the time of film formation of the oxide semiconductor layer by
sputtering, an argon gas is used; therefore, the oxide semiconductor layer contains a
small amount of argon just after the film formation. The amount of argon added at the
time of the formation is very small, and even when heat treatment is performed at 450
°C in vacuum, argon is hardly discharged and is hardly detected by TDS. When argon
is added after the gate electrode is formed, the channel formation region overlapping
with the gate electrode, to which argon is not added and the low-resistance region to
which argon is added have a difference of a concentration of argon.

[0035]

By adding a rare gas with the use of the gate electrode as a mask in a
self-alignment manner, the low-resistance region in contact with the channel formation
region can be provided in the oxide semiconductor layer. Accordingly, even when the
width of the gate electrode, that is, the line width of a gate wiring is small, the
low-resistance region can be provided with high positional accuracy, so that
miniaturization of a transistor can be realized.

[0036]

According to the present invention, a transistor having line width of the gate

wiring of less than 1 pm, for example, 0.25 pm or 0.13 um can be realized.

BRIEF DESCRIPTION OF DRAWINGS

[0037]

FIGS. 1A to 1C are cross-sectional views of one embodiment of the present
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invention.
. FIG. 2 is a cross-sectional view of one embodiment of the present invention.

FIGS. 3A to 3C are cross-sectional views of one embodiment of the present
invention.

FIG. 4 is a cross-sectional view of one embodiment of the present invention.

FIG. 5 is a cross-sectional view of one embodiment of the present invention.

FIGS. 6A to 6D are cross-sectional views of one embodiment of the present
invention. ‘

FIGS. 7A to 7C are top views and a cross-sectional view of one embodiment of
the present invention.

FIGS. 8A-1, 8A-2 and 8B are circuit diagrams of one embodiment of the
present invention. |

FIGS. 9A and 9B are circuit diagrams of one embodiment of the present
invention.

FIGS. 10A to 10E illustrate examples of electronic devices.

FIG. 11 is a graph showing a relationship between the irradiation time of
plasma and the resistivity. |
BEST MODE FOR CARRYING OUT THE INVENTION
[0038]

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 description below, and it is easily understood by those skilled in the art
that niodes and details disclosed herein can be modified in various ways without
departing from the spirit and the scope of the present invention. Therefore, the present
invention is not construed as being limited to description of the embodiments.

[0039]
(Embodiment 1)

In this embodiment, a manufacturing example of a transistor including a
low-resistance region formed by adding a rare gas in a self-alignment manner through
an insulating layer is described below. |
[0040]

A process of manufacturing a transistor 110 over a substrate 101 will be
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described below with reference to FIGS. 1A to 1C. The transistor 110 illustrated in
FIG. 1C has a top-gate structure.
[0041]

Firstly, a base insulating layer 102 is formed over the substrate 101 having an
insulating surface. The base insulating layer 102 has the function of preventing
diffusion of an impurity element from the substrate 101, and can be formed with a
single-layer structure or a stacked-layer structure using one or more of a silicon nitride |
film, a silicon oxide film, a silicon nitride oxide film, and a silicon oxynitride film. In
this embodiment, a glass substrate is used as the substrate 101 having an insulating
surface and as the base insulating layer 102 in contact with the glass substrate, a silicon
oxide film with a thickness of 100 nm is formed by a sputtering method in which silicon
oxide is used for a target material.

[0042]

Further, when an integrated circuit such as memory is formed, as the substrate
101 having an insulating surface, a single crystal semiconductor substrate or a
polycrystalline semiconductor substrate of silicon, silicon carbide, or the like; a
compound semiconductor substrate of silicon germanium or the like; or an SOI
substrate may be used. The SOI substrate including a transistor manufactured in
advance before the base insulating layer 102 is formed is preferably used.

[0043]

Next, an oxide semiconductor film is formed, and then a first photolithography
step is performed, so that the oxide semiconductor layer 103 is formed. FIG 1Ais a
cross-sectional view of this stage. In this embodiment, as the oxide semiconductor
film, an In-Ga-Zn-O film with a thickness of 50 nm is used. The target used for
formation of the oxide semiconductor film by a sputtering method is, for example, an
oxide target containing In,O3, Ga;0s3, and ZnO at a composition ratio of 1:1:1 [molar
ratio], so that an In-Ga-Zn-O film is formed. Without limitation to the material and the
component of the target, for example, an oxide target containing In,03, Ga;03, and ZnO
at a composition ratio of 1:1:2 [molar ratio] may be used.

[0044]

Next, the oxide semiconductor layer is subjected to heat treatment.
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Dehydration or dehydrogenation of the oxide semiconductor layer can be performed
through the heat treatment. The temperature of the heat treatment is more than or
equal to 400 °C and less than or equal 750 °C, or more than or equal to 400 °C and less
than the strain point of the substrate. In this embodiment, with use of an RTA (rapid
thermal anneal) apparatus, heat treatment is performed in a nitrogen atmosphere at
650 °C for six minutes, the substrate is introduced, without exposure to the air, into an
electric furnace that is one kind of a heat treatment apparatus, heat treatment is
performed in a dry air atmosphere at 450 °C for one hour on the oxide semiconductor
layer, and then water and hydrogen are prevented from entering the oxide
semiconductor layer; thus, the dehydrated or dehydrogenated oxide semiconductor layer
is obtained.

[0045]

. Next, a conductive film is formed by a sputtering method, and then a second
photolithography step is performed, so that a source electrode layer 104b and a drain
electrode layer 104a are formed. The conductive film can be formed using a metal
film containing an element selected from Al, Cr, Cu, Ta, Ti, Mo, and W as its
component, an alloy film containing a nitride of any of these elements as its component,
an alloy film containing a combination of any of these elements, or the like. In this
embodiment, a Ti film with a thickness of 150 nm is used as the conductive film.

[0046] ‘

Next, a gate insulating layer 105 which covers the source electrode layer 104b
or the drain electrode layer 104a and is partly in contact with the oxide semiconductor
layer is formed. The gate insulating layer 105 can be formed with a single-layer
structure or a stacked-layer structure using one or more of a silicon nitride film, a
hafnium oxide film, a silicon oxide film, a silicon nitride oxide film, and a silicon
oxynitride film. In this embodiment, as the gate insulating layer 105, a silicon oxide
film with a thickness of 100 nm formed by a sputtering method is used.

[0047]

Next, a conductive film is formed over the gate insulating‘la.yer 105. The

conductive film can be formed using a metal film containing an element selected from

Al, Cr, Cu, Ta, Ti, Mo, and W as its compon_enf, an alloy film containing a nitride of any
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of these elements as its component, an alloy film containing a combination of any of
these elements, or the like. The conductive film is formed, and then a third
photolithography step is performed, so that a gate electrode 106 is formed. In this
embodiment, as the conductive film, a W film with a thickness of 150 nm is used. FIG.
1B is a cross-sectional view of this stage.

[0048]

Light exposure at the time of the formation of the resist mask in the third
photolithography step is performed using ultraviolet light, KrF laser light, or ArF laser
light. The channel length of a transistor that is formed later is determined by the width
of the gate electrode 106. Note that in the case where light exposure is performed so
that the channel length becomes less than 25 nm, light exposuré for forming the resist
mask in the third photolithography step is performed using extreme ultraviolet with an
extremely short wavelength of several nanometers to several tens of nanometers. In
the light exposure by extreme ultraviolet, the resolution is high and the depth of focus is
large. Thus, the channel length of the transistor that is formed later can be greater than

or equal to 10 nm and less than or equal to 1000 nm and the operation speed of a circuit

can be increased and furthermore the value of off current is extremely small, so that

lower power consumption can be achieved.
[0049]

Next, as illustrated in the FIG. 1C, a rare gas is added with the use of the gate
electrode 106, source electrode layer 104b and a drain electrode layer 104a as masks, so
that a first low-resistance region 107d and a second low-fesistance region 107e are
formed in a self-alignment manner. In this embodiment, argon is added under
conditions of accelerating voltage of 10 keV and dose of 2 x 10" /cm’ using an ion
doping apparatus. In order to reduce damage in the gate electrode 106 due to the argon
addition step, argon may be added while the resist mask used for forming the gate
electrode is left over the gate electrode. In that case, the resist mask over the gate
electrode is removed after argon is added.

[0050]

Through the above described steps, the transistor 110 ‘including a channel

formation region 107c which overlaps with the gate electrode 106 with the gate

insulating layer 105 interposed therebetween and has the channel length of from 10 nm
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to 1000 nm can be manufactured. Further, the first low-resistance region 107d and the
second low-resistance region 107e are provided in contact with the channel formation
region 107c with a channel length from 10 nm to 1000 nm, so that the transistor 110 in
which concentration of an electric field applied to a drain terminal is relieved, can be
manufactured.

[0051]

The concentration of argon in a first region 107a of the oxide semiconductor
layer in contact with and overlapping with the drain electrode layer 104a of the
transistor 110 is approximately the same as that of the channel formation region 107c.
The concentration of argon of a second region 107b in the oxide semiconductor layer in
contact with and overlapping with the source electrode layer 104b of the transistor 110
is approximately the same as that of the channel formation region 107c.

[0052]

Further, In FIG 1C, an example where two low-resistance regions, that is, the
first low-resistance region 107d and the second low-resistance region 107e are provided
in the oxide semiconductor layer is shown without particular limitation. FIG. 2

illustrates an example of the cross-sectional structure of a transistor 120 in which the

~ position of the gate electrode is different from that of FIG. 1C and one low-resistance

region 117d is provided.
[0053]

The transistor 120 can be manufactured using the same method as the transistor
110 shown in FIG. 1C except that the gate electrode whose position is different.
Therefore, the description of the manufacturing method thereof is omitted. In FIG. 2,
the same portions as those in FIG. 1A to 1C are denoted by the same reference numerals.
[0054]

The transistor 120 in FIG. 2 illustrates an example in which a gate electrode
116 is formed to partly overlap with a source electrode layer 104b with a gate insulating
layer 105 interposed therebetween. Therefore, by changing an exposure mask in the
third photolithography step, the transistor 110 and the transistor 120 can be
manufactured over the Same substrate without an increase in the number of steps.
[0055]

By the addition of argon, a low-resistance region 117d is provided adjacent to a
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channel formation region 117c and contains argon at higher concentration than that of
the channel formation region 117c. The transistor 120 has a structure in which the
low-resistance region 117d is formed in contact with the channel formation region 117c
and concentration of an electric field applied to a drain terminal is relieved. The
channel formation region 117c is part of the oxide semiconductor layer overlapping
with the gate electrode 116 with the gate insulating layer 105 interposed therebetween.
The concentration of argon of the channel formation region 117c is approximately the
same as that of a first region 117a of the oxide semiconductor layer in contact with and
overlapping with a drain electrode layer 104a.

[0056]

The structure of the transistor 110 is used for a transistor in which a source and
a drain are changed by operating conditions of circuits or the like and the structure of
the transistor 120 is used for a transistor in which a source and a drain are not changed
by operating conditions of circuits or the like. The transistor may be manufactured as
appropriate by a préctitioner in accordance with the circuits.

[0057]

For example, in the case of manufacturing a power device in which a source
and a drain are not changed by operating conditions of circuits or the like, the structure
of the transistor 120 is used.

[0058]

The low-resistance fegion 1174 of the transistor 120 can be called a drift layer
and preferably has a desired donor density by adding a rare gas, typically, argon.
[0059]

A procedure for optimizing the donor density of the drift layer by a drain
withstand voltage and the maximum acceptable electric-field intensity of an active layer
is described below.

[0060] ‘

In general use of a power MOS, a high voltage is applied between the drain and
the source in an off state. That is, drain-source voltage Vi, which must be ensured
under the required specification is given.  Further, the maximum acceptable
electric-field intensity Epeq is determined in accordance with the materials. Here, it is

examined that drain voltage V;; is applied to the drift layer having the donor density N,.
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When the width of a depletion layer to be formed is W, Formula (1) is satisfied by the
Poisson equation. Note that the length of the drift layer in the channel length direction

is assumed to be W or more.

[0061]
[FORMULA 1]
-N E W ¢ E:
Vds — q d 'W2 — _~max = max
2-¢ 2 2-:q-N,
[0062]

Therefore, when E,.. = Ep.q is satisfied, V4 can represent drain-source
breakdown voltage Viprear. Needless to say, the relation Vi, < Viea needs to be
satisfied. Note that the magnitude relation of Ve, and V;,,,-,, is shown in Formula (2).
[0063]

[FORMULA 2]

8'Eb2reak
2-q-N,

Vmin < I/break =

[0064]
That is, the donor density of the drift layer is needed to satisfy the following
Formula (3).
[0065]
[FORMULA 3]

N
min
[0066]
On the other hand, the donor density of the drift layer also affects on resistance.
Since Vg is almost equal to zero in an on state when a power MOS is generally used,
the carrier density n of the drift layer at this time is approximately the same as N,.
Accordingly, a resistance R .of the drift layer in an on state can be expressed by the
following Formula (4). Note that the length of the drift layer is assumed to be equal to
Ww.

[0067]
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17
[FORMULA 4]
Raloyo L W
o qg-n-u q-N, u
[0068]

Acéording to Formula (1) and Formula (4), as the donor density is higher, the
resistance is lower. Therefore, the donor density of the drift layer should be as high as
possible within the range satisfying Formula (3). Thus, when the donor density is
determined, the length of the drift layer can be determined in accordance with the
following procedure.

[0069]

Firstly, when drain voltage V;, is applied to the drift layer having the length of
d in an off state, the case where (a) the width of the depletion layer to be formed W is
smaller than d and the case where (b) the depletion layer spreads over the whole drift
layer are examined. When the case (a) and the case (b) have the same drain voltage
Va4 and the same length d of the drift layer, it is considered that the maximum
electric-field intensity E,.,, applied to an active layer of the case (b) is larger than that of
the case (a).

[0070]

When drain voltage Vy is adjusted s0 as to prevent E,,, from exceeding the
upper limit, it can be considered that the applicable value of V,; of the case (a) is larger
than that of the case (b). Accordingly, conditions which the length d of the drift layer
should satisfy are determined. Since Formula 1 is satisfied within the range of the case
(a), the following Formula (5) can be made using drain withstand voltage Vmin and
donor density Nd decided in the previous step.

[0071]
[FORMULA 5]

[0072]
On the other hand, considering the viewpoint of on resistance, the length d of

the drift layer is preferably short. After all, it can be said that the length d of the drift
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layer should be as short as possible within the range satisfying Formula (5) (that is,
Formula (4) can be approximately satisfied when d is almost equal to ).
[0073]

The length d of the drift layer is determined by the positions where the gate
electrode 116 and the drain electrode layer 104a are formed. Therefore, the length d of
the drift layer is preferably determined by adjusting the donor density of the drift layer
in accordance with the material of the oxide semiconductor and the amount of argon
added, and then designing a mask based on the donor density.

[0074]
(Embodiment 2)

In this embodiment, an example of manufacturing a transistor 210 whose
process is partly different from that of Embodiment 1 is described below. A process of
manufacturing the transistor 210 over a substrate 201 will be described below with
reference to FIGS. 3A to 3C.

[0075]

First, as in Embodiment 1, a base insulating layer 202 is formed over the
substrate 201 having an insulating surface.
[0076]

Next, a conductive film is formed by a sputtering method, and then a first
photolithography step is performed, so that a source electrode layer 204b or a drain
electrode layer 204a is formed. The conductive film can be formed using a metal film
containing an element selected from Al, Cr, Cu, Ta, Ti, Mo, and W as its component, an
alloy film containing a nitride of any of these elements as its component, an alloy film
containing a combination of any of these elements, or the like. In this embodiment, as
the conductive film, a W film with a thickness of 150 nm is used.

[0077]

Next, an oxide semiconductor film is formed over and in contact with a source
electrode layer 204b or a drain electrode layer 204a, and then a second photolithography
step is performed, so that an oxide semiconductor layer 203 is formed. FIG 3Ais a
cross-sectional view of this stage. In this embodiment, as the oxide semiconductor
film, an In-Ga-Zn-O film with a thickness of 100 nm is used. The target used for

formation of the oxide semiconductor film by a sputtering method is, for example, an



10

15

20

25

30

WO 2011/102217 19 PCT/JP2011/052074

oxide target containing In»O3, Ga,03, and ZnO at a composition ratio of 1:1:2 [molar
ratio], so that an In-Ga-Zn-O film is formed.
[0078]

Next, the oxide semiconductor layer is subjected to heat treatment.
Dehydration or dehydrogenation of the oxide semiconductor layer can be performed
through the heat treatment. The temperature of the heat treatment is more than or
equal to 400 °C and less than or equal to 750 °C, or more than or equal to 400 °C and
less than the strain point of the substrate. Note that the materials used for forming the
source electrode layer 204b or the drain electrode layer 204a can withstand the heat
treatment. In this embodiment, an RTA apparatus is used, heat treatment is performed
in a nitrogen atmosphere at 650 °C for six minutes, the substrate is introduced, without
exposure to the air, into an electric furnace that is one kind of a heat treatment apparatus,
and heat treatment is performed in a dry air atmosphere at 450 °C for one hour on the
oxide semiconductor layer, and then water and hydrogen are prevented from entering
the oxide semiconductor layer; thus, the oxide semiconductor layer is obtained. In this
embodiment, since a W film is used as the source electrode layer 204b or the drain
electrode layer 204a, the source electrode layer 204b or the drain electrode layer 204a
can withstand the above heat treatment.

[0079]

Next, a gate insulating layer 205 which covers the oxide semiconductor layer
and is partly in contact with the source electrode layer 204b or the drain electrode layer
204a is formed. The gate insulating layer 205 can be formed with a single-layer
structure or a stacked-layer structure using one or more of a silicon nitride film, a silicon
oxide film, a hafnium oxide film, a silicon nitride oxide film, and a silicon oxynitride
film. In this embodiment, as the gate insulating layer 205, a silicon oxide film with a
thickness of 100 nm formed by a sputtering method is used.

[0080]

Next, a conductive film is formed over the gate insulating layer 205. The
conductive film can be formed using a metal film containing an element selected from
Al, Cr, Cu, Ta, Ti, Mo, and W as its component, an alloy film containing a nitride of any

of these elements as its component, an alloy film containing a combination of any of
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these elements, or the like. After the conductive film is formed, a third
photolithography step is performed, so that a gate electrode 206 is formed. In this
Embodiment, a Ti film with a thickness of 200 nm is used as the conductive film. FIG.
3B is a cross-sectional view of this stage.

[0081]

Next, as illustrated in FIG. 3C, a rare gas is added with the use of the gate
electrode 206 as a mask, so that a first low-resistance region 207a and a second
low-resistance region 207b are formed in a self-alignment manner. In this embodiment,
ion implantation of argon is performed with the use of an ion-implantation apparatus.
In order to reduce damage in the gate electrode 206 due to the step of argon ion
implantation, argon ion implantation may be performed with the resist mask for forming
the gate electrode left over the gate electrode. In that case, the resist mask over the
gate electrode is removed after the argon ion implantation is performed.

[0082]

Through the above described steps, the transistor 210 including a channel
formation region 207c which overlaps with the gate electrode 206 with the gate‘
insulating layer 205 interposed therebetween and including the first low-resistance
region 207a and the second low-resistance region 207b which are in contact with the
channel formation region 207c, so that concentration of an electric field applied to a
drain terminal is relieved, can be manufactured.

[0083]

Further, the structure is not particularly limited to the structure of the transistor
210 illustrated in FIG. 3C, and the cross-sectional structure of a transistor 220 illustrated
in FIG. 4, for example, may be employed.

[0084]

The transistor 220 illustrated in FIG. 4 includes a first conductive layer 214a
under a drain electrode layer 204a and a second conductive layer 214b under a source
electrode layer 204b. Further, the first conductive layer 214a includes a region that
extends in the channel length direction from an end face of the drain electrode layer
204a, and the second conductive layer 214b includes a region that extends in the
channel length direction from an end face of the source electrode layer 204b.

[0085]
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Thé transistor 220 illustrated in FIG. 4 can be manufactured using the same
method as the transistor 210 shown in FIG. 3C except that the conductive layer. (the first
conductive layer 214a or the second conductive layer 214b) is formed under the source
electrode layer 204b or the drain electrode layer 204a. Therefore, detailed description
of the manufacturing method thereof is omitted here. In FIG. 4, the same portions as
those in FIGS. 3A to 3C are denoted by the same reference numerals.

[0086]

The first conductive layer 214a and the second conductive layer 214b are
preferably formed before the source electrode layer 204b and the drain electrode layer
204a are formed. The first conductive layer 214a and the second conductive layer
214b are formed by patterning the same conductive film. The thicknesses of the first
conductive layer 214a and the second conductive layer 214b are greater than or equal to
3 nm and less than or equal to 30 nm, preferably greater than or equal to 5 nm and less
than or equal to 15 nm. As a material for the first conductive layer 214a and the
second conductive layer 214b, a metal material with which etching selectivity of the
first conductive layer 214a and the second conductive layer 214b with respect to the
source electrode layer 204b and the drain electrode layer 204a can be obtained is used.
Examples of such a metal material include molybdenum nitride, titanium nitride, or an
indium oxide-tin oxide alloy, and the like.

[0087]

Further, the thickness of the electrode in the rcgioﬁ of the first conductive layer
214a that extends in the channel length direction from the end face of the drain
electrode layer 204a is smaller than that in the other region (the region of a stacked layer
of the drain electrode layer 204a and the first conductive layer 214a). That is, the area
of a cross section which is perpendicular to the flow of electric charge is smaller.
Since resistance is inversely proportional to the area of the cross section, the region of
the first conductive layer 214a that extends in the channel length direction from the end
face of the drain electrode layer 204a has higher resistance than the other region; that is,
which is a high-resistance region. The same can also apply to the second conductive
layer 214b.

[0088]

The transistor 220 includes the high-resistance region formed from metal,
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whereby concentration of an electric field between the source electrode layer 204b and
the drain electrode layer 204a can be relieved.
[0089]

Furthermore, FIG. 5 illustrates an example of the cross-sectional structure of
the transistor 200 in which a gate electrode is provided in a position different from that
of FIG. 3C and in which two low-resistance regions 217a and 217b are provided.

[0090]

The transistor 200 can be manufactured using the same method as the transistor
210 shown in FIG. 3C except that the position where a gate electrode is formed is
different. Therefore, the description of the manufacturing method thereof is omitted.
In FIG. 5, the same portions as those in FIGS. 3A to 3C are denoted by the same
reference numerals. |
[0091] ,

The transistor 200 in FIG. 5 illustrates an example in which a gate electrode
216 is formed to partly overlap with a source electrode layer 204b with a gate insulating
layer 205 interposed therebetween. Therefore, by changing an exposure mask in the

third photolithography step, the transistor 210, and the transistor 200 can be

manufactured over the same substrate without an increase in the number of steps.

[0092]

By the addition of argon, the low-resistance region 217a is provided to be
adjacent to the channel formation region 217c and contains argon at higher
concentration than the channel formation region 217c. The transistor 200 has a
structure in which the low-resistance region 217a is formed in contact with the channel
formation region 217c and concentration of an electric field applied to a drain terminal
is relieved. The channel formation region 217¢ is part of an oxide semiconductor layer
which overlaps with the gate electrode 216 with the gate insulating layer 205 interposed
therebetween. Further, the low-resistance region 217b overlapping with the source
electrode layer 204b is not necessarily provided. In the case of employing a step in
which argon is added, the low-resistance region 217b and the low-resistance region
217a are formed at the same time in a self-alignment manner.

[0093]

The structure of the transistor 210 is used for a transistor in which a source and
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a drain are changed by operating conditions of circuits or the like and the structure of
the transistor 200 is used for a transistor in which a source and a drain are not changed
by operating conditions of circuits or the like. The transistor may be manufactured as
appropriate by a practitioner in accordance with the circuits.

[0094]

For example, in the case of manufacturing a power device in which a source
and a drain are not changed by operating conditions of circuits or the like, the structure
of the transistor 200 is used.

[0095]

The low-resistance region 217a of the transistor 200 can be called a drift layer
and preferably has a desired donor density by adding a rare gas, typically, argon.
Furthermore, the length d of the drift layer in the channel length direction may be
determined in accordance with the procedure shown in Embodiment 1.

[0096]

Note that this embodiment can be freely combined with Embodiment 1.

[0097]
(Embodiment 3)

In this embodiment, an example of manufacturing a transistor in which an

- In-Zn-O-based oxide semiconductor layer is partly exposed, and then plasma treatment

is performed using an argon gas on the exposed region by an ICP etching apparatus, is
described.
[0098]

In this embodiment, an example of manufacturing a transistor 130 whose
process and materials are partly different from those of Embodiment 1 is described
below. A process for manufacturing the transistor 130 over a substrate 101 is
described below with reference to FIGS. 6A to 6D. Note that in FIGS. 6A to 6D, the
same portions as those in FIGS. 1A to 1C are denoted by the same reference numerals.
[0099]

First, as well as in Embodiment 1, a base insulating layer 102 is formed over a
substrate 101 having an insulating surface.

[0100]

Next, an oxide semiconductor film is formed, and then a first photolithography
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step is performed, so that the oxide semiconductor layer 123 is formed. FIG. 6A is a
cross-sectional view of this stage. In this embodiment, as the oxide semiconductor
film, an In-Zn-O film with a thickness of 50 nm is used. "The target used for formation
of the oxide semiconductor film by a sputtering method is, for example, an oxide target
containing In,O3 and ZnO at a composition ratio of 1:2 [molar ratio], so that an In-Zn-O
film is formed.

[0101]

Next, the oxide semiconductor layer is subjected to heat treatment. The
temperature of the heat treatment is more than or equal to 200 °C and less than or equal
to 600 °C. In this embodiment, heat treatment is performed in a dry air atmosphere at
200 °C for one hour with the use of an electric furnace.

[0102]

Next, as in Embodiment 1, a conductive film is formed by a sputtering method,
and then a second photolithography step is performed, so that a source electrode layer
104b or a drain electrode layer 104a is formed. In this embodiment, a Ti film with a
thickness of 150 nm is used as the conductive film.

[0103]

Next, if necessary, after the source electrode layer 104b or the drain electrode
layer 104a is formed, N>O plasma treatment may be performed to the exposed In-Zn-O
film.

[0104]

.Next, as well as in Embodiment 1, a gate insulating layer 105 which covers the
source electrode layer 104b or the drain electrode layer 104a and is partly in contact
with the oxide semiconductor layer is formed. In this embodiment, as the gate
insulating layer 105, a silicon oxide film with a thickness of 100 nm formed by a
sputtering method is used.

[0105] ‘

Next, in this embodiment, the second heat treatment is performed in a nitrogen
atmosphere at a temperature more than or equal to 200 °C and less than or equal to 350
°C. In this embodiment, the heat treatment is performed at 200 °C for one hour.

[0106]
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Next, a conductive film is formed over the gate insulating layer 105, and then a
third photolithography step is performed, so that a gate electrode 106 is formed. In
this embodiment, a W film with a thickness of 150 nm is used as the conductive film.
FIG. 6B is a cross-sectional view of this stage.

[0107]

Next, as illustrated in FIG 6C, an insulating layer 128 covering the gate
electrode 106 is formed. In this embodiment, as the insulating layer 128, a silicon
oxide film with a thickness of 100 nm formed by a sputtering method is used.

[0108]

Next, by a fourth photolithography step, the insulating layer 128 and the gate
insulating layer 105 are selectively etched, so that an opening in which part of the oxide
semiconductor layer is exposed is formed.

[0109]

Next, as illustrated in FIG. 6D, plasma treatment is performed using a rare gas
with the use of the gate electrode 106, the source eléctrode layer 104b, and the drain
electrode layer 104a as masks by an ICP etching apparatus, so that a first low-resistance
region 127a and a second low-resistance region 127b are formed in a self-alignment
manner. In this embodiment, since plasma treatment is performed using an argon gas,
argon is added to an area in the range of 5 nm from a surface of the exposed oxide
semiconductor layer. Therefore, the first low-resistance region 127a and the second
low-resistance region 127b are formed in the vicinity of the surface of the oxide
semiconductor layer.

[0110]

Through the above described steps, the transistor 130 including the channel
formation region which overlaps with the gate electrode 106 with the gate insulating
layer 105 interposed therebetween and including the first low-resistance region 127a
and the second low-resistance region 127b in contact with a channel foﬁnation region,
so that concentration of an electric field applied to a drain terminal is relieved, can be
manufactured.

[0111]
(Embodiment 4) |

The appearance and a cross section of a liquid crystal display panel, which is
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one embodiment of a semiconductor device, will be described with reference to FIGS.
7A to 7C. FIGS. 7A and 7C are plan views of panels in each of which thin film
transistors 4010 and 4011 and a liquid crystal element 4013 are sealed between a first
substrate 4001 and a second substrate 4006 with a sealant 4005. FIG. 7B is a
cross-sectional view taken along line M-N in FIG. 7A or FIG. 7C.

[0112]

The sealant 4005 is provided so as to surround a pixel portion 4002 and a scan
line driver'(.:ircui‘t 4004 which are provided over the first substrate 4001. The second
substrate 4006 is provided over the pixel portion 4002 and the scan line driver circuit
4004. Therefore, the pixel portion 4002 and the scan line driver circuit 4004 are sealed
together with a liquid crystal layer 4008, by the first substrate 4001, the sealant 4005,
and the second substrate 4006. A signal line driver circuit 4003 that is formed using a
single crystal semiconductor film or a polycrystalline semiconductor film over a
substrate separately prepared is mounted in a region that is different from the region
surrounded by the sealant 4005 over the first substrate 4001.

[0113]

Note that the connection method of a driver circuit which is separately formed
is not particularly limited, and a COG method, a wire bonding method, a TAB method,
or the like can be used. FIG. 7A illustrates an example in which the signal line driver
circuit 4003 is mounted by a COG method. FIG. 7C illustrates an example in which
the signal line driver circuit 4003 is mounted by a TAB method.

[0114]

The pixel portion 4002 and the scan line driver circuit 4004 which are provided
over the first substrate 4001 include a plurality of transistors. FIG. 7B illustrates the
transistor 4010 included in the pixel portion 4002 and the transistor 4011 included in the
scan line driver circuit 4004 as an example. The transistor 4011 is provided over a
base insulating layer 4041, and includes an oxide semiconductor layer, a gate insulating
layer 4020 covering the oxide semiconductor layer, and a gate electrode over the gate
insulating layer 4020. A protective insulating layer 4042 and an insulating layer 4021
are provided over the transistors 4010 and 4011. |
[0115]

As the transistor 4011 for a driver circuit and the transistor 4010 for a pixel, the
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transistor 110 in which a rare gas is added to the oxide semiconductor layer with the use
of the gate electrode as a mask, so that the two low-resistance regions are formed in a
self-alignment manner ‘described in Embodiment 1 can also be used. Further, as the
transistor 4011 for a driver circuit aﬁd the transistor 4010 for a pixel, the transistors 210
and 220 described in Embodiment 2 can also be used. Furthermore, as the transistor
4011 for a driver circuit, the transistor 120 described in Embodiment 1 can also be used.
In this embodiment, the transistors 4010 and 4011 are n-channel transistors.

[0116]

A pixel electrode layer 4030 included in the liquid crystal element 4013 is
electrically connected to the transistor 4010. A counter electrode layer 4031 of the
liquid crystal element 4013 is provided for the second substrate 4006. A portion where
the pixel electrode layer 4030, the counter electrode layer 4031, and the liquid crystal
layer 4008 overlap with one another corresponds to the liquid crystal element 4013.
Note that the pixel electrode layer 4030 and the counter electrode layer 4031 are
provided with an insulating layer 4032 and an insulating layer 4033 respectively which
each function as an alignment film, and the liquid crystal layer 4008 is sandwiched
between the pixel electrode layer 4030 and the counter electrode layer 4031 with the
insulating layers 4032 and 4033 therebetween.

[0117]

As the first substrate 4001 and the second substrate 4006, a light-transmitting
substrate can be used; a plastic substrate such as a polyester film or an acrylic resin film,
a glass substrate, a ceramic substrate, or the like can be used.

[0118]

Reference numeral 4035 denotes a columnar spacer obtained by selectively
etching an insulating film and is provided to control the distance between the pixel
electrode layer 4030 and the counter electrode layer 4031 (a cell gap). Alternatively, a
spherical spacer may also be used. The counter electrode layer 4031 is electrically
connected to a common potential line provided over the same substrate as the transistor
4010. With use of the common connection portion, the counter electrode layer 4031
and the common potential line can be electrically connected to each other by conductive
particles arranged between a pair of substrates. Note that the conductive particles are

included in the sealant 4005.
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[0119]

Alternatively, liquid crystal exhibiting a blue phase for which an alignment film
is unnecessary may be used. In that case, since a horizontal electric field mode is used,
the arrangement of the electrodes are different from that showed in FIG. 7B. For
example, a pixel electrode layer and a common electrode layer are arranged in over one
insulating layer and a horizontal electric field is applied to a liquid crystal layer. A
blue phase is one of liquid crystal phases, which is generated just before a cholesteric
phase éhanges into an isotropic phase while temperature of cholesteric liquid crystal is
increased. Since the blue phase is generated within an only narrow range of
temperature, liquid crystal composition containing a chiral agent at 5 wt% or more so as
to improve the temperature range is used for the liquid crystal layer 4008. The liquid
crystal composition which includes a liquid crystal showing a blue phase and a chiral
agent has a short response time of 1 msec or less, has optical isotropy, which makes the
alignment process unneeded, and has a small viewing angle dependence.

[0120]

Note that this embodiment can also be applied to a transflective liquid crystal
display device in addition to a transmissive liquid crystal display device.
[0121] |

An example of the liquid crystal display device is described in which a
polarizing plate is provided on the outer surface of the substrate (on the viewer side) and

a coloring layer and an electrode layer used for a display element are provided in this

order on the inner surface of the substrate; however, the polarizing plate may be

provided on the inner surface of the substrate. The stacked structure of the polarizing
plate and the coloring layer is not limited to this embodiment and may be set as
appropriate depending on materials of the polarizing plate and the coloring layer or
conditions of manufacturing process. Further, a light-blocking film serving as a black
matrix may be provided in a portion other than the display portion.-
[0122]

Over the transistors 4010 and 4011, the protective insulating layer 4042 is
formed to be in contact with the gate electrode. The protective insulating layer 4042
can be formed using a material and a method which are similar to those of the insulating

layer 128 described in Embodiment 3. In order to reduce the surface roughness caused
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by the transistors, the insulating layer 4021 serving as a planarization insulating film is
formed to cover the protective insulating layer 4042.
[0123]

Further, the insulating layer 4021 serving as a planarization insulating film can
be formed using an organic material having heat resistance such as polyimide, acrylic,
benzocyclobutene, polyamide, or epoxy. Other than such organic materials, it is also
possible to use a low-dielectric constant material (a low-k material), a siloxane-based
resin, PSG (phosphosilicate glass), BPSG (borophosphosilicate glass), or the like.
Note that the insulating layer 4021 may be formed by stacking a plurality of insulating
films formed of these materials.

[0124]

There is ‘no particular limitation on the method for forming the insulating layer
4021. The insulating layer 4021 can be formed, depending on the material, by a
method such as sputtering method, an SOG method, a spin coating method, a dipping
method, a spray coating method, or a droplet discharge method (e.g., an inkjet method, a
screen printing method, or an offset printing method). When the insulating layer 4021
is formed by any one of these coating methods, a doctor knife, a roll coater, a curtain
coater, or a knife coater can be used.

[0125]

The pixel electrode layer 4030 and the counter electrode layer 4031 can be
formed using a light-transmitting conductive material such as indium oxide containing
tungsten oxide, indium zinc oxide containing tungsten oxidé, indium oxide containing
titanium oxide, indium tin oxide containing titanium oxide, indium tin oxide
(hereinafter referred to as ITO), indium zinc oxide, or indium tin oxide to which silicon
oxide is added.

[0126]

Further, a variety of signals and potentials are supplied to the signal line driver
circuit 4003 which is formed separately, the scan line driver circuit 4004, or the pixel
portion 4002 from an FPC 4018.

[0127]
A connection terminal electrode 4015 is formed using the same conductive film

as the pixel electrode layer 4030 included in the liquid crystal element 4013. A
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terminal electrode 4016 is formed using the same conductive film as a source electrode
and a drain electrode of the transistors 4010 and 4011.
[0128]

The connection terminal electrode 4015 is electrically connected to a terminal
included in the FPC 4018 via an anisotropic conductive film 4019.

[0129]

Note that FIGS. 7A to 7C illustrate the example in which the signal line driver
circuit 4003 is formed separately and mounted on the first substrate 4001; however, this
embodiment is not limited to this structure. The scan line driver circuit may be
separately formed and then mounted, or only part of the signal line driver circuit or part
of the scan line driver circuit may be separately formed and then mounted.

[0130]
(Embodiment 5)

In this embodiment, application examples of a semiconductor device according
to one embodiment of the disclosed invention will be described with reference to FIGS.
8A-1, 8A-2 and 8B; Here, an example of a memory device will be described. Note
that in each of circuit diagrams, "OS" may be written beside a transistor in order to
indicate that the transistor includes an oxide semiconductor.

[0131]

In the semiconductor device illustrated in FIG. 8A-1, a first wiring (a 1st Line)
is electrically connected to a source electrode layer of a transistor 300, and a second
wiring (a 2nd Line) is electrically connected to a drain electrode layer of the transistor
300. A third wiring (a 3rd Line) is electrically connected to one of a source electrode
layer and a drain electrode layer of a transistor 310, and a fourth wiring (a 4th Line) is
electrically connected to a gate electrode of the transistor 310. A gate electrode of the
transistor 300, the other of the source electrode layer and the drain electrode layer of the
transistor 310, and one electrode of a capacitor 320 are electrically connected to one

another. Further, a fifth wiring (a 5th line) and the other electrode of the capacitor 320

. are electrically connected to each other.

[0132]
A transistor including the oxide semiconductor described in any one of

Embodiments 1 to 3 is used as the transistor 310. A transistor including an oxide
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semiconductor has a characteristic of a significantly small off current.  For that reason,
a potential of the gate electrode of the transistor 300 can be held for an extremely long
time by turning off the transistor 310. Provision of the capacitor 320 facilitates
holding of charge given to the gate electrode of the transistor 300 and reading of stored
data.

[0133]

Note that there is no particular limitation on the transistor 300. In terms of
increasing the speed of reading data, it is preferable to use, for example, a transistor
with high switching rate such as a transistor formed using a single crystal silicon wafer
or an SOI substrate.

[0134]

Further, as illustrated in FIG. 8B, a structure in which the capacitor 320 is not
provided can also be employed.
[0135]

The semiconductor device in FIG. 8A-1 utilizes the advantage that the potential
of the gate electrode of the transistor 300 can be held, whereby writing, holding, and
reading of data can be performed as described below.

[0136]

Description is made on writing operation and holding operation of data first.
A potential of the fourth wiring is set to a potential at which the transistor 310 is turned
on, so that the transistor 310 is turned on. Accordingly, the potential of the third
wiring is supplied to the gate electrode of the transistor 300 and the capacitor 320.
That is, predetermined charge is applied to the gate electrode of the transistor 300
(writing operation). Here, one of charges for supply of two different potentials
(hereinafter, a charge for supply of a low potential is referred to as a charge Q. and a
charge for supply of a high potential is referred to as a charge Qy) is given to the gate
electrode of the transistor 300. Note that charges giving three or more different
potentials may be applied to improve a storage capacitor. After that, the potential of
the fourth line is set to potential at which the transistor 310 is turned off, so that the
transistor 310 is turned off. Thus, the charge given to the gate electrode of the
transistor 300 is held (storing operation).

[0137]
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The off current of the transistor 310 is extremely low; thus, the charge in the
gate electrode of the transistor 300 is stored for a long time.
[0138]

Subsequently, operation of performing reading of information will be explained.
By supplying an appropriate potential (reading potential) to the fifth wiring while a
predetermined potential (constant potential) is supplied to the first wiring, the potential
of the second wiring varies depending on the amount of electric charge held in the gate
electrode of the transistor 300. This is because in general, when the transistor 300 is
an n-channel transistor, an apparent threshold voltage Vi, g in the case where Qy is
given to the gate electrode of the transistor 300 is lower than an apparent threshold
voltage Vy, 1 in the case where Qg is given to the gate electrode of the transistor 300.
Here, apparent threshold voltage refers to the potential of the fifth wiring, which is
needed to turn on the transistor 300. Thus, the potential of the fifth wiring is set to
potential V intermediate between Vi, y and Vy, 1, whereby charge given to the gate

electrode of the transistor 300 can be determined. For example, in the case where Qg

'is given in writing, when the potential of the fifth wiring is set to Vo (>Vi,_u), the

transistor 300 is turned on. In the case where Q. is given in writing, even when the
potential of the fifth wiring is set to Vo (> Vg 1), the transistor 300 remains in an off
state. Therefore, the stored data can be read by the potential of the second wiring.
[0139] |

Note that in the case where memory cells are arrayed to be used, only data of
desired memory cells is needed to be read. Thus, in the case where data of
predetermined memory cells is read and data of the other memory cells is not read, a
potential which allows the transistor 300 to be turned off regardless of a state of the gate
electrode, that is, a potential lower than Vg, y may be applied to fifth wirings of the
memory cells whose data is not to be read. Alternatively, a potential at which the
transistor 300 is turned on, that is, a potential higher than Vy, | may be given to the fifth
wiring regardless of the state of the gate electrode of the transistor 300.
[0140]

Next, rewriting operation of data will be described. Rewriting of data is

performed in a manner similar to that of the writing and holding of data. That is, the
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potential of the fourth wiring is set to a potential with which the transistor 310 is turned .
on, and the transisfor 310 is turned on. Accordingly, the potential of the third wiring

(potential related to new data) is supplied to the gate electrode of the transistor 300 and

the capacitor 320. After that, the potential of the fourth wiring is set to a potential

which allows the transistor 310 to be turned off, whereby the transistor 310 is turned off.

Accordingly, charge related to new data is given to the gate electrode of the transistor

300.

[0141]

In the semiconductor device, data can be directly rewritten by another writing
of data as described above. Therefore, extracting of charge from a floating gate with
the use of a high voltage needed in a flash memory or the like is not necessary and thus,
reduction in operation speed, which is attributed to erasing operation, can be suppressed.
In other words, high-speed operation of the semiconductor device can be realized.
[0142]

When the source electrode layer or the drain electrode layer of the transistor
310 is electrically connected to the gate electrode of the transistor 300, an effect similar
to that of a floating gate of a floating gate transistor used for a nonvolatile memory
element can be achieved. Therefore, al portion in the drawing where the source
electrode layer or the drain electrode layer of the transistor 310 is electrically connected
to the gate electrode of the transistor 300 is called a floating gate portion FG in some
cases. When the transistor 310 is off, the floating gate portion FG can be regarded as
being embedded in an insulator and electric charge is stored in the floating gate portion
FG. The amount of the off current of the transistor 310 including an oxide
semiconductor is smaller than or equal to one hundred thousandth of the amount of the
off current of a transistor including a silicon semiconductor or the like; thus, lost of the
charge accumulated in the floating gate portion FG due to a leakage current of the
transistor 310 is negligible. That is, with the transistor 310 including an oxide
semiconductor, a nonvolatile memory device which can hold data without being
supplied with power can be realized.

[0143]
For example, when the off current of the transistor '310 at room temperature is

10 zA (1 zA (zeptoampere) is 1 x 107! A) or less and the capacitance of the capacitor
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320 is approximately 10 fF, data can be held for 10* seconds or longer. It is needless to
say that the storage time depends on transistor characteristics and the capacitance value.
[0144]

Further, in that case, the problem of deterioration of a gate insulating film
(tunnel insulating film), which is pointed out in a conventional floating gate transistor,
does not exist. That is, the deterioration of a gate insulating film due to injection of an
electron into a floating gate, which has been traditionally regarded as a problem, can be
solved. This means that there is no limit on the number of times of writing in principle.
Furthermore, a high voltage needed for writing or erasing in a conventional floating gate
transistor is not necessary.

[0145]

The components such as transistors in the semiconductor device in FIG. 8A-1
can be regarded as including a resistor and a capacitor as shown in FIG. 8A-2. That is,
in FIG. 8A-2, the transistor 300 and the capacitor 320 are each regarded as including a
resistor and a capacitor. R1 and C1 denote the resistance value and the capacitance

value of the capacitor 320, respectively. The resistance value R1 corresponds to the

resistance value which depends on an insulating layer included in the capacitor 320.

R2 and C2 denote the resistance value and the capacitance value of the transistor 300,
respectively. The resistance value R2 corresponds to the resistance value which
depends on a gate insulating layer at the time when the transistor 300 is on. The
capacitance value C2 corresponds to the capacitance value of so-called gate capacitance
(capacitance formed between the gate electrode and each of the source electrode layer
and the drain electrode layer and capacitance formed between the gate electrode and the
channel formation region).

[0146]

The resistance value (also referred to as effective resistance) between the
source electrode layer and the drain electrode layer when the transistor 310 is off is
denoted by ROS. When R1 and R2 satisfy the following relations of R1 = ROS (R1 is
equal to or higher than ROS) and R2 = ROS (R2 is equal to or higher than ROS) under
the condition that gate leakage of the transistor 310 is sufficiently small, a period for

holding electric charge (also referred to as a data retention period) is determined mainly
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by the off current of the transistor 310.
[0147]

On the other hand, when the conditions are not met, it is difficult to sufficiently
secure the holding period even if the off current of the transistor 310 is small enough.
This is because a leakage current other than the off current of the transistor 310 (e.g., a
leakage current generated between the source electrode layer and the gate electrode) is
large. Thus, it can be said that the semiconductor device disclosed in this embodiment
desirably satisfies the above relation. |
[0148] _

It is desirable that' C1 be larger than or equal to C2. If C1 is large, variation in
potential of the fifth wiring can be suppressed when the potential of the floating gate
portion FG is controlled by the fifth wiring (e.g., at the time of reading). |
[0149]

When the above relation is satisfied, a more preferable semiconductor device
can be realized. Note that R1 and R2 are controlled by the gate insulating layer of the
transistor 300 and the insulating layer of the capacitor 320. The same relation is
applied to C1 and C2. Therefore, the material, the thickness, and the like of the gate
insulating layer are desirably set as appropriate to satisfy the above relation.

[0150]

As described above, a semiconductor device has a nonvolatile memory cell
including a writing transistor where a leakage current (off current) between a source and
a drain is small in an off state, a reading transistor formed of a semiconductor material

different from that of the writing transistor, and a capacitor.

[0151]

The off current of the writing transistor is 100 zA or less, preferably 10 zA or
less, more preferably 1 zA or less at a temperature at which the memory cell is used
(e.g., 25 °C). Such small off current is difficult to obtain with a general silicon
semiconductor, but can be achieved by a transistor which is obtained by processing an
oxide semiconductor under an appropriate condition. Therefore, a transistor including
an oxide semiconductor layer is preferably used as the writing transistor.

[0152]

Data is written to the memory cell by turning on the writing transistor so that a
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potential is supplied to the floating gate portion FG where one of a source electrode
layer and a drain electrode layer of the writing transistor, one of electrodes of the
capacitor, and a gate electrode of the reading transistor are electrically connected, and
then turning off the writing transistor so that the predetermined amount of charge is held
in the floating gate pbrtion FG. Here, the off current of the writing transistor is very
small; thus, the charge supplied to the floating gate portion FG is held for a long time.
When an off current is, for example, substantially 0, refresh operation needed for a
conventional DRAM can be unnecessary or the frequency of refresh operation can be
significantly low (for example, about once a month or a year). Accordingly, power
consumption of a semiconductor device can be reduced sufficiently.

[0153]

Further, data can be rewritten directly by overwriting of new data to the
memory cell.  For that reason, erasing operation which is necessary for a flash memory
or the like is not needed, so that a reduction in operation speed because of erasing
operation can be prevented. In other words, high-speed operation of the
semiconductor device can be realized. Moreover, a high voltage necessary for a
conventional floating gate transistor to write and erase data is unnecessary; thus, power
consumption of the semiconductor device can be further reduced. The highest voltage
applied to the memory cell according to this embodiment (the difference between the
highest potential and the lowest potential applied to respective terminals of the memory
cell at the same time) can be 5 V or lower, preferably 3 V or lower, in each memory cell
in the case where data of two stages (one bit) is written.

[0154]

The memory cell provided in the semiconductor device may include at least the
writing transistor, the reading transistor, and the capacitor. Further, the memory cell
can operate even when the area of the capacitor is small.

[0155]

In the memory cell, since data is written by a switching operation of the writing
transistor, writing durability is very high. For example, in the memory cell, the
current-voltage characteristic is not degraded even after data is written 1 x 10° or more
times (one billion or more times).

[0156]
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A transistor including an oxide semiconductor described in any one of
Embodiments 1 to 3 can be miniaturized. By using a miniaturized transistor, an
excellent memory device as described above can be highly integrated.

[0157]

Examples in which memory devices are integrated are shown in FIG. 9A and
9B. FIGS. 9A and 9B are examples of circuit diagrams of semiconductor devices each
including a plurality of semiconductor devices (hereinafter also referred to as memory
cells 400) illustrated in FIG. 8A-1. FIG. 9A is a circuit diagram of a so-called NAND
semiconductor device in which the memory cells 400 are connected in series, and FIG.
9B is a circuit diagram of a so-called NOR semiconductor device in which the memory
cells 400 are connected in parallel.

[0158]

The semiconductor device in FIG. 9A includes a source line SL, a bit line BL, a
first signal line S1, a plurality of second signal lines S2, a plurality of word lines WL,
and the plurality of memory cells 400. In FIG. 9A, one source line SL and one bit line
BL are provided, but this embodiment is not limited to this. A plurality of source lines
SL and a plurality of bit lines BL may be provided.

[0159]

In each of the memory cells 400, a gate electrode of the transistor 300, one of a
source electrode layer and a drain electrode layer of the transistor 310, and one of
electrodes of the capacitor 320 are electrically connected to one another. The first
signal line S1 and the other of the source electrode layer and the drain electrode layer of
the transistor 310 are electricaliy connected to each other, and the second signal line S2
and the gate electrode of the transistor 310 are electrically connected to each other.
The word line WL and the other of the electrodes of the capacitor 320 are electrically
connected to each other.

[0160]

Further, the source electrode layer of the transistor 300 included ih the memory
cell 400 is electrically connected to the drain electrode layer of the transistor 300 in the
adjacent memory cell 400. The drain electrode layer of the transistor 300 included in
the memory cell 400 is electrically connected to the source electrode layer of the

transistor 300 in the adjacent memory cell 400. Note that the drain electrode layer of
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the transistor 300 included in the memory cell 400 of the plurality of memory cells
connected in series, which is provided at one of ends, is electrically connected to the bit
line. The source electrode layer of the transistor 300 included in the memory cell 400
of the plurality of memory cells connected in series, which is provided at the other end,
is electrically connected to the source line.

[0161]

In the semiconductor device in FIG. 9A, writing operation and reading
operation are performed in each row. The writing operation is performed as follows.
A potential at which the transistor 310 is turned on is supplied to the second signal line
S2 of a row where writing is to be performed, so that the transistor 310 of the row where
writing is to be performed is turned on. Accordingly, the potential of the first signal
line S1 is supplied to the gate electrode of the transistor 300 in the specified row, so that
predetermined charge is given to the gate electrode. Thus, data can be written to the
memory cell of the specified row.

[0162]

Further, the reading operation is performed as follows. First, a potential at
which the transistors 300 are turned on regardless of charge given to the gate electrodes
thereof is supplied to the word lines WL of the rows other than the row where reading is
to be performed, so that the transistors 300 of the rows other than the row where reading
is to be performed are turned on. Then, a potential (reading potential) at which an on
state or an off state of the transistor 300 is determined depending on charge in the gate
electrode of the transistor 300 is supplied to the word line WL of the row where reading
is to be performed. After that, a constant potential is supplied to the source line SLso
that a reading circuit (not illustrated) connected to the bit line BL is operated. Here,
the plurality of transistors 300 between the source line SL and the bit line BL are on
except the transistors 300 of the row where reading is to be performed; therefore,
conductance between the source line SL and the bit line BL is determined by a state (an
on state or an off state) of the transistors 300 of the row where reading is to be
performed. Since the conductance of the transistors varies depending on the charge in
the gate electrodes of the transistors 300 of the row where reading is to be performed, a
potential of the bit line BL varies accordingly. By reading the potential of the bit line

with the reading circuit, data can be read from the memory cells of the specified row.
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[0163]

The semiconductor device in FIG. 9B includes a plurality of source lines SL, a
plurality of bit lines BL, a plurality of first signal lines S1, a plurality of second signal
lines S2, a plurality of word lines WL, and a plurality of the memory cells 400. A gate
electrode of the transistor 300, one of a source electrode layer and a drain electrode
layer of the transistor 310, and one of electrodes of the capacitor 320 are electrically
connected to one another. The source line SL and a source electrode layer of the
transistor 300 are electrically connected to each other. The bit line BL and a drain
electrode layer of the transistor 300 are electrically connected to each other. The first
signal line S1 and the other of the source clectrode layer and the drain electrode layer of
the transistor 310 are electrically connected to each other, and the second signal line S2
and the gate electrode of the transistor 310 are electrically connected to each other.
The word line WL and the other of the electrodes of the capacitor 320 are electrically
connected to each other.

[0164] ‘

In the semiconductor device in FIG. 9B, writing operation and reading
operation are performed in each row. The writing operation is performed in a manner
similar to that in the semiconductor device illustrated in FIG. 9A. The reading
operation is performed as follows. First, a potential at which the transistor 300 is
turned off regardless of charge giveh to the gate electrode thereof is Supplied to the
word lines WL of the rows other than the row where reading is to be performed, so that
the transistors 300 of the rows other than the row where reading is to be performed are
turned off. Then, a potential (reading potential) at which an on state or an off state of
the transistor 300 is determined depending on charge in the gate electrode of the
transistor 300 is supplied to the word line WL of the row where reading is to be
performed. After that, a constant potential is supplied to the source line SL so that a
reading ciréuit (not illustrated) connected to the bit line BL is operated. Here,
conductance between the source lines SL and the bit lines BL is determined by a state
(an on state or an off state) of the transistors 300 of the row where reading is to be
performed. That is, a potential of the bit lines BL depends on charge in the gate
electrodes of the transistors 300 of the row where reading is to be performed. By

reading the potential of the bit line with the reading circuit, data can be read from the
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memory cells of the specified row.
[0165]

Although the amount of data which can be stored in each of the memory cells
400 is one bit in the above description, the structure of the memory device of this
embodiment is not limited to this. ‘"The amount of data which is stored in each of the
memory cells 400 may be increased by preparing three or more potentials to be supplied
to the gate electrode of the transistor 300. For example, in the case where the number
of potentials to be supplied to the gate electrode of the transistor 300 is four, data of two
bits can be stored in each of the memory cells.

[0166]

Next, examples of the reading circuit which can be used for the semiconductor
devices in FIGS. 9A and 9B are described.
[0167]

The resistance of the memory cell varies depending on stored data.
Specifically, when the transistor 300 of the selected memory cell 400 is on, the memory
cell 400 has a low resistance, whereas when the transistor 300 of the selected memory
cell 400 is off, the memory cell 400 has a high resistance.

[0168]

‘With the use of the reading circuit including a transistor and a sense amplifier
circuit, data can be read out from the memory cell. The reading circuit may further
include a precharge circuit.

[0169]

The methods and structures déscribed in this embodiment can be combined as
appropriate with any of the methods and structures described in the other embodiments.
[0170]

(Embodiment 6)

A semiconductor device disclosed in this specification cén be applied to a
variety of electronic devices (including game machines). Examples of electronic
devices are a television set (also referred to as a television or a television receiver), a
monitor of a computer or the like, a digital camera, a digital video camera, a digital
photo frame, a mobile phone handset (also referred to as a mobile phone or a mobile

phone device), a portable game console, a portable information terminal, an audio
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reproducing device, a large-sized game machine such as a pachinko machine, and the
like.
[0171]

In this embodiment, examples of electronic devices provided with a transistor
having a structure which is described in any one of Embodiments 1 to 3 and in which
concentration of an electric field applied to a drain terminal is relieved are described
with reference to FIGS. 10A to 10E.

[0172]

FIG. 10A illustrates a laptop personal computer manufactured by mounting at
least a display device as a component, which includes a main body 3001, a housing
3002, a display portion 3003, a keyboard 3004, and the like. The laptop personal
computer includes a display device having a transistor which can be miniaturized as
shown in Embodiment 1 and having a high aperture ratio by reducing an area occupied
by a transistor. Further, the laptop personal computer may include the memory device
described in Embodiment 5. |
[0173]

FIG. 10B is a portable information terminal (PDA) manufactured by mounting
at least a display device as a component, which includes a display portion 3023, an
external interface 3025, an operation button 3024, and the like in a main body 3021. A
stylus 3022 is included as an accessory for operation. The portable information
terminal includes a display device having a transistor which can be miniaturized as
shown in Embodiment 1, and having a high aperture ratio by reducing an area occupied
by a transistor. Further, the portable information terminal may include the memory
device shown in Embodiment 5.

[0174]

FIG. 10C is an e-book reader including a transistor having a structure in which’
concentration of an electric field applied to a drain terminal is relieved as described in
Embodiment 2, and manufactured by mounting highly reliable electronic paper as a
component. FIG. 10C is an example of the e-book reader. For example, an e-book
reader 2700 includes two housings, a housing 2701 and a housing 2703. The housing
2701 and the housing 2703 are combined with a hinge 2711 so that the e-book reader

2700 can be opened and closed with the hinge 2711 as an axis. With such a structure,
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‘the e-book reader 2700 can operate like a paper book.

[0175]

A display portion 2705 and a display portion 2707 are incorporated in the
housing 2701 and the housing 2703, respectively. The display portion 2705 and the
display portion 2707 may display one image or different images. In the case where the
display portion 2705 and the display portion 2707 display different images, for example,
text can be displayed on a display portion on the right side (the display portion 2705 in
FIG. 10C) and graphics can be displayed on a display portion on the left side (the
display portion 2707 in FIG. 10C).

[0176] }

FIG. 10C is an example in which the housing 2701 is provided with an
operation portion and the like. For example, the housing 2701 is provided with a
power switch 2721, an operation key 2723, a speaker 2725, and the like. With the
operation key 2723, pages can be turned. Note that a keyboard, a pointing device, or
the like may also be provided on the surface of the housing, on which the display
portion is provided. Furthermore, an external connection terminal (an earphone
terminal, a USB terminal, a terminal that can be connected to various cables such as an
AC adapter and a USB cable, or the like), a recording medium insertion portion, and the
like may be provided on the back surface or the side surface of the housing. Moreover,
the e-book reader 2700 may have a function of an electronic dictionary.

[0177]

The e-book reader 2700 may have a configuration capable of wirelessly
transmitting and receiving data. Through wireless communication, desired book data
or the like can be purchased and downloaded from an electronic book server.

[0178] '

FIG. 10D is a mobile phone manufactured by mounting as a component a
display device including a transistor which can be miniaturized as shown in
Embodiment 1 and having a high aperture ratio by reducing an area occupied by a
transistbr. The mobile phone includes two housings, a housing 2800 and a housing
2801. The housing 2801 includes a display panel 2802, a speaker 2803, a microphone
2804, a pointing device 2806, a camera lens 2807, an external connection terminal 2808,

and the like. The housing 2801 is provided with a solar battery cell 2810 for charging



10

15

20

25

30

WO 2011/102217 43 PCT/JP2011/052074

of the portable information terminal, an external memory slot 2811, and the like.
Further, an antenna is incorporated in the housing 2801.
[0179]

Furthermore, the display panel 2802 is provided with a touch panel. A
plurality of operation keys 2805 which are displayed as images is illustrated by dashed
lines in FIG. 10D. Note that a boosting circuit by which a voltage output from the
solar cell 2810 is increased to be sufficiently high for each circuit is also included. A
transistor having a structure in which concentration of an electric field applied to a drain
terminal is relieved as shown in Embodiment 2 is used in the boosting circuit, whereby
reliability can be improved.

[0180]

In the display panel 28_(52, the display direction can be appropriately changed
depending on a usage pattern. Further, the mobile phone is provided with the camera
lens 2807 on the same surface as the display panel 2802, and thus it can be used as a
video phone. The speaker 2803 and the microphone 2804 can be used for videophone
calls, recording and playing sound, and the like as well as voice calls. Moreover, the
housings 2800 and 2801 in a state where they are opened as illustrated in FIG. 10D can
be slid so that one is lapped over the other; therefore, the size of the mobile phone can
be reduced, which makes the mobile phone suitable for being carried.

[0181]

The external connection terminal 2808 can be connected to an AC adapter and
various types of cables such as a USB cable, and charging and data communication with
a personal computer are possible. Moreover, a large amount of data can be stored by
inserting a storage medium into the external memory slot 2811 and can be moved. As
the recording medium, the semiconductor device described in Embodiment 5 can be
used. According to Embodiment 5, with the use of the transistor in which the off
current can be sufficiently reduced, a semiconductor device capable of holding stored
data for an extremely long time can be obtained.

[0182]

Further, in addition to the above functions, an infrared communication function,

a television reception function, or the like may be p;ovided.

[0183]
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FIG. 10E is a digital camera manufactured by mounting as a component a
display device including a transistor which can be miniaturized as shown in
Embodiment 1 and having a high aperture ratio by reducing an area occupied by a
transistor. The digital camera includes a main body 3051, a display portion (A) 3057,
an eye piece portion 3053, an operation switch 3054, a display portion (B) 3055, a
battery 3056, and the like.

[0184]
This embodiment can be freely combined with any one of Embodiments 1 to 5.

[Example 1]

[0185]

The following experiment was carried out, and it was confirmed that resistance
of the oxide semiconductor layer is reduced by plasma treatment using an argon gas.
[0186]

An In-Zn-O film with a thickness of 50 nm was formed over a glass substrate.
The In-Zn-O film was formed under the following conditions: an oxide target
containing In,O3 and ZnO at 1:2 [molar ratio] (4 inches in diameter) was used, the flow
rate of an argon gas was 10.5 sccm, the flow rate of oxygen was 4.5 sccm, the substrate
temperature was 300 °C, and the power was 100 W.

[0187]

After the In-Zn-O film was formed, plasma treatment using an argon gas was
performed on the In-Zn-O film under the following conditions: the flow rate of the
argon gas was 100 sccm, and plasma was generated with a pressure of 1.5 Pa by
applying an RF (13.56 MHz) power of 300 W to a coil type electrode. The substrate
temperature was 70 °C and an RF (13.56 MHz) power of 80 W was also applied to the
substrate side (sample stage) to apply substantially negative bias voltage.

[0188] .

The resistivity of the In-Zn-O film just after the film formation was
approximately 2.96 Qecm; however, it was confirmed that the resistivity was reduced to
approximately 0.01 Qecm by irradiating the film with argon plasma for 20 seconds.
Even when the plasma irradiation time was performed for a longer time, i.e., 40 seconds,

60 seconds, 80 seconds, and 100 seconds, the resistivity was approximately 0.01 2 *cm



10

WO 2011/102217 45 PCT/JP2011/052074

in each case.
[0189]

FIG. 11 shows the experimental results. In FIG. 11, the vertical axis represents
the resistivity and the horizontal axis represents the argon plasma irradiation time.
Note that the resistivity of the In-Zn-O film just after the film formation was

approximately 2.96°€2 cm, which is not shown in the graph of FIG. 11.

This application is based on Japanese Patent Application serial no.
2010-035423 filed with Japan Patent Office on February 19, 2010, 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 steps
of:

forming an oxide semiconductor layer over an insulating surface;

forming a source electrode layer and a drain electrode layer over and partly in
contact with the oxide semiconductor layer;

forming an insulating layer over and in contact with the oxide semiconductor
layer, the source electrode layer, and the drain electrode layer;

forming a gate electrode over the insulating layer and overlapping with the
oxide semiconductor layer; and _

adding an impurity element to a part of the oxide semiconductor layér in a
self-alignment manner with the use of the gate electrode, the source electrode layer and

the drain electrode layer as a mask through the insulating layer.

2. The method for manufacturing a semiconductor device, according to claim 1,
further comprising the step of forming a base insulating layer in contact with the oxide

semiconductor layer by a sputtering method.
3. The method for manufacturing a semiconductor device, according to claim 1,
wherein the oxide semiconductor layer is subjected to heat treatment at more than or

equal to 400 °C before the impurity element is added.

4. The method for manufacturing a semiconductor device, according to claim 1,

wherein the impurity element is a rare gas.

5. The method for manufacturing a semiconductor device, éccording to claim 1,

wherein the impurity element is added by an ion implantation apparatus.

6. The method for manufacturing a semiconductor device, according to claim 1,

wherein the impurity element is added by an ion doping apparatus.

7. A method for manufacturing a semiconductor device, comprising the steps
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of:

forming a source electrode layer and a drain electrode layer over an insulating
surface;

forming an oxide semiconductor layer over and partly in contact with the
source electrode layer and the drain electrode layer;

forming an insulating layer over and in contact with the oxide semiconductor
layer, the source electrode layer, and the drain electrode layer;

forming a gate electrode over the insulating layer and overlapping with the
oxide semiconductor layer; and |

adding an impurity element to a part of the oxide semiconductor layer in a
self-alignment manner with the use of the gate electrode as a mask through the

insulating layer.

8. The method for manufacturing a semiconductor device, according to claim 7,
further comprising the step of forming a base insulating layer in contact with the oxide

semiconductor layer by a sputtering method.

9. The method for manufacturing a semiconductor device, according to claim 7,
wherein the oxide semiconductor layer is subjected to heat treatment at more than or

equal to 400 °C before the impurity element is added.

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

7, wherein the impurity element is a rare gas.

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

7, wherein the impurity element is added by an ion implantation apparatus.

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

7, wherein the impurity element is added by an ion doping apparatus.

13. A method for manufacturing a semiconductor device, comprising the steps

of:
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forming an oxide semiconductor layer over an insulating surface;

forming a soufce electrode layer and a drain electrode layer over and partly in
contact with the oxide semiconductor layer;

forming an insulating layer over and in contact with the oxide semiconductor
layer, the source electrode layer, and the drain electrode layer;

forming a gate electrode over the insulating layer and overlapping with the
oxide semiconductor layer;

etching the insulating layer selectively so that a part of the oxide
semiconductor layer is exposed; and

adding an impurity element to the exposed part of the oxide semiconductor

layer.

14. The method for manufacturing a semiconductor device, according to claim
13, further comprising the step of forming a base insulating layer in contact with the

oxide semiconductor layer by a sputtering method.

15. The method for manufacturing a semiconductor device, according to claim
13, wherein the oxide semiconductor layer is subjected to heat treatment at more than or

equal to 400 °C before the impurity element is added.

'16. The method for manufacturing a semiconductor device, according to claim

13, wherein the impurity element is a rare gas.

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

13, wherein the impurity element is added by an ion implantation apparatus.

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

13, wherein the impurity element is added by an ion doping apparatus.

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

13, wherein the impurity element is added by a plasma treatment apparatus.
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20. The method for manufacturing a semiconductor device, according to claim

13, wherein the impurity element is added by an ICP type etching apparatus.

21. A semiconductor device comprising:

an oxide semiconductor layer over an insulating surface;

a gate insulating layer over the oxide semiconductor layer; and

a gate electrode over the gate insulating layer,

wherein the oxide semiconductor layer includes a channel formation region
overlapping with the gate electrode with the gate insulating layer interposed
therebetween and a low-resistance region which is in contact with the channel formation
region and contains an impurity element at higher concentration than an impurity

element in the channel formation region.

22. The semiconductor device, according to claim 21, further comprising a
second low-resistance region which is in contact with the channel formation region and
contains an impurity element at higher concentration than the impurity element in the
channel formation region,

wherein the channel formation region is interposed between the second

low-resistance region and the low-resistance region.
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EXPLANATION OF REFERENGE

101: su_bstrate, 102: base insulating layer, 103: oxide semiconductor layer,
104a: drain electrode layer, 104b: source electrode layer, 105: gate insulating
layer, 106: gate electrode, 107a: first region, 107b: second region, 107c:
channél formation region, 107d: first low-resistance region, 107e: second
low-resistance region, 110: transistor, 116: gate electrode, 117d:
low—resistance region, 120: transistor, 123: oxide semiconductor layer, 127a:
first low—resistance region, 127b: second low—resistance region, 128: insulating
layer, 130: transistor, 200: transistor, 201: substrate, 202: base insulating layer,
203: oxide semiconductor layer, 204a: drain electrode layer, 204b: source
electrode layer, 205: gate insulating layer, 206: gate electrode, 207a: first
low-resistance region, 207b: second low-resistance region, 207¢c: channel
formation region, 210: transistor, 214a: first conductive layer, 214b: second
conductive layer, 217a: low-resistance region, 217b: low-resistance region,
217c: channel formation region, 220: transistor, 300: transistor, 310: transistor,
320: capacitor, 400: memory cell, 2700: e—book reader, 2701: housing, 2703:
housing, 2705: display portion, 2707: display portion, 2711: hinge, 2721: power
switch, 2723: operation key, 2725: speaker, 2800: housing, 2801: housing,
2802: display panel, 2803: speaker, 2804: microphone, 2805: operation‘key,
2806: pointing device, 2807: camera lens, 2808: external connection terminal,
2810: solar cell, 2811: external memory slot, 3001: main body, 3002: housing,
3003: display portion, 3004: keyboard, 3021: main body, 3022: stylus, 3023:
display portion, 3024: operation button, 3025: external interface, 3051: main
body, 3053: eye piece portion, 3054: operation switch, 3055:; display portion B,

3056: battery, 3057: display portion A, 4001: substrate, 4002: pixel portion,
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4003: signal line driver circuit, 4004: scan line driver circuif, 4005: bsealant,
4006: substrate, 4008: liquid crystal layer, 4010: transistor, 4011: transistor,
4013: liquid crystal element, 4015: connection terminal electrode, 4016:
terminal electrode, 4018: FPC, 4019: anisotropic conductive film, 4020: gate
insulating layer, 4021: insulating layer, 4030: pixel electrode layer, 4031:
counter electrode layer, 4032: insulating layer, 4041: base insulating layer, and

4042: protective insulating layer.
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