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DISPLAY DEVICE AND ELECTRONIC
DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The invention disclosed in this specification and
the like relates to a display device and an electronic device
including the display device.

2. Description of the Related Art

[0002] With the recent rapid spread of portable informa-
tion terminals such as smartphones, improvement in their
performance has progressed rapidly. Their screens have been
increased in size and resolution, and emphasis has been on
power consumption of display devices with increasing
screen resolution. A typical example of display devices is a
liquid crystal display device including a liquid crystal ele-
ment. In each of pixels arranged in a matrix in a liquid
crystal display device, a transistor serving as a switching
element, a liquid crystal element electrically connected to
the transistor, a capacitor connected to the liquid crystal
element in parallel, and the like are provided.

[0003] As a semiconductor material of a semiconductor
film of the transistor, a silicon semiconductor such as
amorphous silicon or polysilicon (polycrystalline silicon) is
generally used.

[0004] Metal oxides having semiconductor characteristics
(hereinafter referred to as oxide semiconductors) can be
used for semiconductor films in transistors. For example,
techniques for manufacturing transistors using zinc oxide or
an In—Ga—Zn-based oxide semiconductor are disclosed
(see Patent Documents 1 and 2).

PATENT DOCUMENTS

[Patent Document 1] Japanese Published Patent Application
No. 2007-123861

[Patent Document 2] Japanese Published Patent Application
No. 2007-96055

SUMMARY OF THE INVENTION

[0005] Inadisplay device, when unevenness such as a step
difference around a pixel is large, defective alignment is
likely to be caused in a liquid crystal layer. The defective
alignment is likely to be caused along, for example, sides of
step differences near a scan line and a data line that are
connected to a transistor, and a pixel electrode. Thus, part of
an opening of a pixel that can be used as a display region
needs to be covered with a light-blocking film (what is called
a black matrix, and also referred to as BM). Accordingly, an
aperture ratio of the pixel is lowered, and image display
quality is lowered.

[0006] In order to reduce the defective alignment, uneven-
ness such as a step difference due to a transistor or the like
is subjected to planarization treatment using an organic resin
or the like in many cases.

[0007] However, in the case where an oxide semiconduc-
tor is used as a semiconductor material included in the
transistor, when impurities (typically, moisture or the like)
contained in an organic resin enter the oxide semiconductor,
the semiconductor characteristics are adversely affected.
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Thus, it has been necessary to minimize the use of an organic
resin in manufacturing a display device.

[0008] As the resolution of a display device increases, the
size of each pixel decreases and the number of pixels
provided in the display device increases. In a high-resolution
display device, the size of each pixel is small and yet
alignment in all pixels needs to be controlled. Therefore, in
the case where alignment in liquid crystal elements is
controlled by rubbing treatment, for example, there are
problems such as an increase in probability of defective
alignment leading to a decrease in yield of display devices.

[0009] In the case where the display device includes a
capacitor, the capacitor includes a dielectric film between a
pair of electrodes at least one of which is formed, in many
cases, using a conductive film serving as a gate electrode, a
source electrode, a drain electrode, or the like of a transistor.
As the capacitance value of the capacitor is increased, a
period in which the alignment of liquid crystal molecules of
a liquid crystal element can be kept constant in the state
where an electric field is applied can be made longer. When
the period can be made longer in a display device that
displays a still image, the number of times of rewriting
image data can be reduced, leading to a reduction in power
consumption.

[0010] One of methods for increasing the charge capacity
of a capacitor is to increase the area occupied by the
capacitor, specifically, to increase the area of'a portion where
a pair of electrodes overlap with each other. However, in the
display device, when the area of a conductive film is
increased to increase the area of a portion where the elec-
trodes overlap with each other, the aperture ratio of a pixel
is lowered and thus image display quality is degraded. In a
high-resolution display device, it is difficult to increase the
area of a capacitor because the size of each pixel is small.

[0011] In view of the above problem, one object of one
embodiment of the present invention is to provide a display
device having less defective alignment. Further, another
object of one embodiment of the present invention is to
provide a display device having a high aperture ratio and
including a capacitor which can increase charge capacity.
Furthermore, another object of one embodiment of the
present invention is to provide a display device having a
high aperture ratio, including a capacitor with large charge
capacity, and having less defective alignment.

[0012] One embodiment of the present invention is a
display device which includes a pixel in a region defined by
a scan line, a data line, and a capacitor line. The pixel
includes a liquid crystal layer between a counter electrode
and a pixel electrode, a spacer in the liquid crystal layer, and
a transistor connected to the pixel electrode. The pixel
electrode has a depressed portion, and alignment in the
liquid crystal layer is controlled by the depressed portion
and the spacer.

[0013] Since alignment in the liquid crystal layer is con-
trolled by the spacer and the depressed portion, it is possible
to control alignment in the liquid crystal layer without
performing rubbing treatment. The spacer and the depressed
portion are formed in each pixel independently, and there-
fore, defective alignment in the liquid crystal layer of each
pixel can be reduced even in a high-resolution liquid crystal
display device.

[0014] Note that the depressed portion of the pixel elec-
trode can be formed by forming an opening in a base film,
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e.g., an insulating layer before forming the pixel electrode
and then forming the pixel electrode along the opening in the
insulating layer.

[0015] Note that a method for manufacturing a display
device that is one embodiment of the present invention is
also one embodiment of the present invention.

[0016] According to one embodiment of the present inven-
tion, a display device having less defective alignment can be
provided. Further, a display device having a high aperture
ratio and including a capacitor which can increase charge
capacity can be provided. Furthermore, a display device
having a high aperture ratio, including a capacitor with large
charge capacity, and having less defective alignment can be
provided.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIG. 1 is a top view illustrating a pixel and its
periphery of a display device of one embodiment of the
present invention.

[0018] FIG. 2 is a cross-sectional view illustrating a pixel
of a display device of one embodiment of the present
invention.

[0019] FIG. 3 is a cross-sectional view illustrating a pixel
of a display device of one embodiment of the present
invention.

[0020] FIG. 4 is a cross-sectional view illustrating a pixel
of a display device of one embodiment of the present
invention.

[0021] FIGS. 5A to 5C are cross-sectional views illustrat-
ing a method for manufacturing a display device of one
embodiment of the present invention.

[0022] FIGS. 6A and 6B are cross-sectional views illus-
trating a method for manufacturing a display device of one
embodiment of the present invention.

[0023] FIGS. 7A and 7B are cross-sectional views illus-
trating a method for manufacturing a display device of one
embodiment of the present invention.

[0024] FIGS. 8A and 8B are cross-sectional views illus-
trating a method for manufacturing a display device of one
embodiment of the present invention.

[0025] FIG. 9 is a top view illustrating a pixel and its
periphery of a display device of one embodiment of the
present invention.

[0026] FIG. 10 is a top view illustrating a pixel and its
periphery of a display device of one embodiment of the
present invention.

[0027] FIG. 11 is a top view illustrating a pixel and its
periphery of a display device of one embodiment of the
present invention.

[0028] FIGS. 12A and 12B are a block diagram and a
circuit diagram illustrating a display device.

[0029] FIG. 13 illustrates a display module.
[0030] FIGS. 14A to 14H illustrate electronic devices.
[0031] FIG. 15 is a cross-sectional view illustrating a

display device structure used for calculation in an example.

[0032] FIG. 16 shows results of calculation of transmit-
tances.
[0033] FIG. 17 shows results of calculation of transmit-
tances.
[0034] FIGS. 18A to 18C are a top view and cross-

sectional views illustrating one embodiment of a transistor.
[0035] FIGS. 19A to 19C are a top view and cross-
sectional views illustrating one embodiment of a transistor.
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[0036] FIGS. 20A and 20B are a circuit diagram and a top
view illustrating one example of a driver circuit of a display
device of one embodiment of the present invention.

[0037] FIGS. 21A and 21B are cross-sectional views illus-
trating one example of a driver circuit of a display device of
one embodiment of the present invention.

[0038] FIG. 22 shows display of a display device of an
example.
[0039] FIGS. 23A and 23B show results of observation of

pixels of an example.

[0040] FIG. 24 shows temperature dependence of resis-
tivity.
DETAILED DESCRIPTION OF THE
INVENTION
[0041] Embodiments of the present invention will be

described in detail below with reference to drawings. How-
ever, the present invention is not limited to the description
below, and it is easily understood by those skilled in the art
that modes and details disclosed herein can be modified in
various ways. Further, the present invention is not construed
as being limited to description of the embodiments.

[0042] In the structures of the present invention described
below, the same portions or portions having similar func-
tions are denoted by the same reference numerals in different
drawings, and description of such portions is not repeated.
Further, the same hatch pattern is applied to parts having
similar functions, and the parts are not especially denoted by
reference numerals in some cases.

[0043] In each drawing described in this specification, the
size, the film thickness, or the region of each component is
exaggerated for clarity in some cases. Therefore, embodi-
ments and examples of the present invention are not neces-
sarily limited to such scales.

[0044] Ordinal numbers such as “first” and “second” in
this specification and the like are used for convenience and
do not denote the order of steps or the stacking order of
layers. Therefore, for example, the term “first” can be
replaced with the term “second”, “third”, or the like as
appropriate. In addition, the ordinal numbers in this speci-
fication and the like are not necessarily the same as the
ordinal numbers used to specify one embodiment of the
present invention.

[0045] Functions of a “source” and a “drain” in the present
invention are sometimes replaced with each other when the
direction of a current flowing is changed in circuit operation,
for example. Therefore, the terms “source” and “drain” can
be replaced with each other in this specification.

Embodiment 1

[0046] In this embodiment, a display device of one
embodiment of the present invention is described with
reference to FIGS. 1 to 4, FIGS. 5A to 5C, FIGS. 6A and 6B,
FIGS. 7A and 7B, FIGS. 8A and 8B, and FIGS. 9 to 11.

<Structural Example of Display Device>

[0047] FIG. 1is a top view of a pixel and its periphery of
adisplay device. Note that in the top view illustrated in FIG.
1, some components are not illustrated in order to avoid
complexity of the drawing.

[0048] In FIG. 1, a pixel 101 is provided in a region
defined by a scan line 107, a data line 109, and a capacitor
line 115. The scan line 107 extends in the direction substan-
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tially perpendicular to the data line 109 (in the horizontal
direction in the drawing). The data line 109 extends in the
direction substantially perpendicular to the scan line 107 (in
the vertical direction in the drawing). The capacitor line 115
extends in the direction substantially parallel to the data line
109.

[0049] A transistor 103 is formed to overlap with the scan
line 107 and formed in a region where the scan line 107
intersects with the data line 109. The transistor 103 includes
at least a semiconductor layer 111 including a channel
formation region, a gate electrode, a gate insulating layer
(not illustrated in FIG. 1), a source electrode, and a drain
electrode.

[0050] The scan line 107 also serves as the gate electrode
of the transistor 103, and the data line 109 also serves as the
source electrode of the transistor 103. A conductive layer
113 serves as the drain electrode of the transistor 103 and is
electrically connected to a pixel electrode 121 through an
opening 117. Further, in some cases, the term “scan line
107" is used also to denote the gate electrode of the
transistor 103 and the term “data line 109” is used also to
denote the source electrode of the transistor 103 in the
following description.

[0051] A capacitor 105 includes a semiconductor layer 119
having higher conductivity than that of the semiconductor
layer 111 included in the transistor 103 and a light-trans-
mitting property, the pixel electrode 121 having a light-
transmitting property, and an insulating layer having a
light-transmitting property (not illustrated in FIG. 1) which
is included in the transistor 103, as a dielectric layer. That is,
the capacitor 105 transmits light. Further, the capacitor line
115 is provided over and in contact with the semiconductor
layer 119, and the capacitor line 115 is electrically connected
to the semiconductor layer 119. An opening 140 is formed
over the semiconductor layer 119. The opening 140 is
formed by processing an insulating layer (not illustrated in
FIG. 1) provided over the semiconductor layer 119. The
pixel electrode 121 is formed so as to cover part of the
opening 140 and therefore has a depressed portion.

[0052] A spacer 166 is provided in the pixel 101, and
alignment in a liquid crystal layer is controlled by the spacer
166 and the depressed portion of the pixel electrode 121.
[0053] FIG. 1 illustrates two pixels as an example, in
which the pixel 101 and the adjacent pixel (the pixel on the
left side of the pixel 101 in FIG. 1) share the capacitor line
115. The capacitor 105 in the pixel 101 and that in the
adjacent pixel are located symmetrically with respect to the
capacitor line 115. Such a layout is preferable because the
number of capacitor lines 115 can be reduced and thus the
aperture ratio of a high-resolution display device can be
increased.

[0054] Cross-sectional views of the pixel 101 taken along
dashed-dotted line A1-A2, dashed-dotted line B1-B2, and
dashed-dotted line C1-C2 in FIG. 1 are illustrated in FIG. 2,
FIG. 3, and FIG. 4, respectively.

[0055] The cross-sectional structure of the display device
illustrated in FIG. 2 is described below.

[0056] The scan line 107 serving as the gate electrode of
the transistor 103 is provided over a substrate 102. An
insulating layer 127 serving as the gate insulating layer of
the transistor 103 is provided over the scan line 107. The
semiconductor layer 111 is provided over the insulating
layer 127 so as to overlap with the scan line 107, and serves
as a channel formation region of the transistor 103. The
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semiconductor layer 119 formed in the same step as the
semiconductor layer 111 is provided over the insulating
layer 127. The data line 109 serving as the source electrode
of the transistor 103 and the conductive layer 113 serving as
the drain electrode of the transistor 103 are provided over the
semiconductor layer 111 and the insulating layer 127. Insu-
lating layers 129 and 131 serving as a protective insulating
layer of the transistor 103 are provided over the data line
109, the semiconductor layer 111, the conductive layer 113,
the semiconductor layer 119, and the insulating layer 127.
The opening 140 reaching the semiconductor layer 119 is
provided in the insulating layers 129 and 131 so that part of
end portions of the insulating layers 129 and 131 covers an
end portion of the semiconductor layer 119. An insulating
layer 133 is formed so as to cover the insulating layer 131
and the semiconductor layer 119. The opening 117 reaching
the conductive layer 113 is provided in the insulating layers
129, 131, and 133, and the pixel electrode 121 is provided
in the opening 117 and over the insulating layer 133. An
alignment film 135 is provided over the insulating layer 133
and the pixel electrode 121.

[0057] The cross-sectional structure of the display device
illustrated in FIG. 3 is described below.

[0058] The scan line 107 is provided over the substrate
102. The insulating layer 127 is provided over the scan line
107. The semiconductor layer 119 is provided over the
insulating layer 127. The conductive layer 113 is provided
over the insulating layer 127 so as to overlap with the scan
line 107. The insulating layers 129 and 131 are provided
over the insulating layer 127, the semiconductor layer 119,
and the conductive layer 113. The opening 140 reaching the
semiconductor layer 119 is provided in the insulating layers
129 and 131 so that part of the end portions of the insulating
layers 129 and 131 covers the end portion of the semicon-
ductor layer 119. The insulating layer 133 is provided to
cover the semiconductor layer 119, the insulating layer 131,
and the opening 140. The pixel electrode 121 is provided
over the insulating layer 133. The alignment film 135 is
provided over the insulating layer 133 and the pixel elec-
trode 121.

[0059] The cross-sectional structure of the display device
illustrated in FIG. 4 is described below.

[0060] The insulating layer 127 is provided over the
substrate 102. The semiconductor layer 119 is provided over
the insulating layer 127. The capacitor line 115 is provided
over the semiconductor layer 119. The insulating layer 133
is provided over the capacitor line 115 and the semiconduc-
tor layer 119. The pixel electrode 121 and a pixel electrode
121d are provided over the insulating layer 133. The align-
ment film 135 is provided over the insulating layer 133 and
the pixel electrodes 121 and 121d.

[0061] Note that the pixel electrode 1214 serves as a pixel
electrode of the pixel adjacent to the pixel 101 (the pixel on
the left side of the pixel 101 in FIG. 1). As illustrated in FIG.
4, the semiconductor layer 119 can be shared by the pixel
101 and the adjacent pixel. In other words, the semiconduc-
tor layer 119 is at least partly continuous to the adjacent
pixel. Note that the pixel 101 and the adjacent pixel share the
semiconductor layer 119 and the opening 140 but separately
include the pixel electrode 121 and the pixel electrode 1214,
thus, in the pixel adjacent to the pixel 101, the semiconduc-
tor layer 119, the insulating layer 133, and the pixel elec-
trode 121d form a capacitor 105d.
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[0062] In the display device illustrated in FIGS. 2 to 4, a
substrate 152 is placed to face the substrate 102. A liquid
crystal layer 164 is provided between the substrate 102 and
the substrate 152. Further, a light-blocking layer 154, a
coloring layer 156, an insulating layer 158, a conductive
layer 160, and an alignment film 162 are provided under the
substrate 152. Note that a region in which the coloring layer
156 is formed corresponds to an aperture of the pixel 101
and serves as a display region.

[0063] In the display device illustrated in FIGS. 2 to 4, a
liquid crystal element 170 includes the pixel electrode 121,
the alignment film 135, the liquid crystal layer 164, the
alignment film 162, and the conductive layer 160. In other
words, the liquid crystal layer 164 is provided between the
pixel electrode 121 and the conductive layer 160. Note that
the conductive layer 160 serves as a counter electrode of the
liquid crystal element 170. The liquid crystal element 170
controls whether to transmit light or not by an optical
modulation action of the liquid crystal layer 164 due to
voltage application between the pixel electrode 121 and the
conductive layer 160. Note that the alignment films 135 and
162 are not necessarily provided depending on a material
used for the liquid crystal layer 164.

[0064] In the display device illustrated in FIGS. 2 to 4, the
capacitor 105 includes the semiconductor layer 119, the
insulating layer 133, and the pixel electrode 121. The
semiconductor layer 119 serves as one electrode of the
capacitor 105 and can also be used as one electrode of an
adjacent capacitor. Further, the pixel electrode 121 serves as
the other electrode of the capacitor 105 and is apart from the
other electrode of the adjacent capacitor.

[0065] In the display device, as illustrated in FIGS. 2 and
3, the pixel electrode 121 is formed over the insulating layer
133 so as to cover the shape of the insulating layers 129 and
131 provided with the opening 140, and therefore the pixel
electrode 121 has the depressed portion.

[0066] In the display device, as illustrated in FIGS. 2 and
3, the spacer 166 1s provided in contact with the conductive
layer 160. The spacer 166 is provided to control the thick-
ness (cell gap) of the liquid crystal layer 164 and has a
function of controlling alignment in the liquid crystal layer
164.

[0067] Here, a method for controlling alignment in the
liquid crystal layer 164 is described with reference to FIG.
3

[0068] Arrows illustrated in FIG. 3 schematically show
the influence of a step difference on alignment in the liquid
crystal layer 164. Specifically, the liquid crystal layer 164 is
affected by a step difference due to the spacer 166 and a step
difference due to the depressed portion of the pixel electrode
121.

[0069] In this manner, in the display device of one
embodiment of the present invention, alignment in the liquid
crystal layer 164 can be controlled by utilizing the step
difference due to the spacer 166 and the step difference due
to the depressed portion of the pixel electrode 121 without
additionally providing a protrusion such as a rib. The spacer
166 and the depressed portion of the pixel electrode 121 are
formed in each pixel of the display device independently,
and therefore, alignment in the liquid crystal layer 164 of
each pixel is independently controlled without rubbing treat-
ment. Thus, an excellent display device having less defec-
tive alignment can be provided.
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[0070] A planarization film to reduce the influence of a
step difference is not used in the pixel 101 of the display
device described in this embodiment. Thus, even in the case
where an oxide semiconductor layer is used as the semicon-
ductor layer of the transistor, for example, impurities (e.g.,
water contained in an organic resin) that can enter the oxide
semiconductor layer are reduced; therefore, a highly reliable
display device can be provided. Accordingly, with the dis-
play device of one embodiment of the present invention,
defective alignment can be reduced and a highly reliable
transistor can be used, leading to a display device having
high display quality.

[0071] Note that other components of the display device of
one embodiment of the present invention illustrated in FIGS.
1 to 4 are described in detail in the next description of a
method for manufacturing the display device.

[0072] <Method for Manufacturing Display Device>
[0073] A method for manufacturing the display device
illustrated in FIGS. 1 to 4 is described below with reference
to FIGS. 5A to 5C, FIGS. 6A and 6B, and FIGS. 7A and 7B.
Note that in FIGS. 5A to 7B, the cross-sectional structure of
the display device illustrated in FIG. 2 is described as an
example.

[0074] First, the substrate 102 is prepared. For the sub-
strate 102, a glass material such as aluminosilicate glass,
aluminoborosilicate glass, or barium borosilicate glass is
used. In the mass production, for the substrate 102, a mother
glass with any of the following sizes is preferably used: the
8th generation (2160 mmx2460 mm), the 9th generation
(2400 mmx2800 mm, or 2450 mmx3050 mm), the 10th
generation (2950 mmx3400 mm), and the like. A high
process temperature and a long period of process time
drastically shrink the mother glass. Thus, in the case where
mass production is performed with the use of the mother
glass, it is preferable that the heat process in the manufac-
turing process be performed at a temperature lower than or
equal to 600° C., further preferably lower than or equal to
450° C., still further preferably lower than or equal to 350°
C.

[0075] Next, a conductive layer is formed over the sub-
strate 102, and the conductive layer is processed so that a
desired region remains. Thus, the scan line 107 is formed.
After that, the insulating layer 127 is formed over the
substrate 102 and the scan line 107. Then, a semiconductor
layer is formed over the insulating layer 127, and the
semiconductor layer is processed so that a desired region
remains. Thus, the semiconductor layers 111 and 119 are
formed (see FIG. 5A).

[0076] The scan line 107 can be formed using a metal
element selected from aluminum, chromium, copper, tanta-
lum, titanium, molybdenum, and tungsten, an alloy contain-
ing any of these metal elements as a component, an alloy
containing these metal elements in combination, or the like.
Further, the scan line 107 may have a single-layer structure
or a stacked-layer structure of two or more layers. For
example, a two-layer structure in which a titanium film is
stacked over an aluminum film, a two-layer structure in
which a titanium film is stacked over a titanium nitride film,
atwo-layer structure in which a tungsten film is stacked over
a titanium nitride film, a two-layer structure in which a
tungsten film is stacked over a tantalum nitride film or a
tungsten nitride film, a three-layer structure in which a
titanium film, an aluminum film, and a titanium film are
stacked 1n this order, and the like can be given. Alternatively,
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a film, an alloy film, or a nitride film that contains aluminum
and one or more elements selected from titanium, tantalum,
tungsten, molybdenum, chromium, neodymium, and scan-
dium may be used. Further, the scan line 107 can be formed
by a sputtering method, for example.

[0077] The insulating layer 127 is formed with a single-
layer structure or a stacked-layer structure using, for
example, any of a silicon nitride oxide film, a silicon nitride
film, an aluminum oxide film, and the like with a PE-CVD
apparatus. In the case where the insulating layer 127 has a
stacked-layer structure, it is preferable that a silicon nitride
film with fewer defects be provided as a first silicon nitride
film, and a silicon nitride film from which hydrogen and
ammonia are less likely to be released be provided as a
second silicon nitride film over the first silicon nitride film.
As a result, hydrogen and nitrogen contained in the insulat-
ing layer 127 can be prevented from moving or diffusing into
the semiconductor layers 111 and 119.

[0078] The insulating layer 127 is formed to have a
single-layer structure or a stacked-layer structure using any
of a silicon oxide film, a silicon oxynitride film, and the like
with a PE-CVD apparatus.

[0079] The insulating layer 127 can have a stacked-layer
structure, for example, in which a 400-nm-thick silicon
nitride film and a 50-nm-thick silicon oxynitride film are
formed in this order. The silicon nitride film and the silicon
oxynitride film are preferably formed in succession in a
vacuum so that fewer impurities are mixed into the films.
Note that a portion of the insulating layer 127 that overlaps
with the scan line 107 serves as the gate insulating layer of
the transistor 103. Note that silicon nitride oxide refers to an
insulating material that contains more nitrogen than oxygen,
whereas silicon oxynitride refers to an insulating material
that contains more oxygen than nitrogen.

[0080] The insulating layer 127 serves as the gate insu-
lating layer of the transistor 103. When the gate insulating
layer has the above structure, the following effects can be
obtained, for example. The silicon nitride film has a higher
dielectric constant than a silicon oxide film and needs a
larger thickness for an equivalent capacitance. Thus, the
physical thickness of the gate insulating film can be
increased. This makes it possible to reduce a decrease in
withstand voltage of the transistor 103 and furthermore
increase the withstand voltage, thereby reducing electro-
static discharge damage to the transistor 103.

[0081] The semiconductor layers 111 and 119 are prefer-
ably formed using an oxide semiconductor film. The oxide
semiconductor film preferably includes a film represented by
an In-M-Zn oxide that contains at least indium (In), zinc
(Zn), and M (M represents an element such as Al, Ga, Ge,
Y, Zr, Sn, La, Ce, or Hf). Alternatively, both In and Zn are
preferably contained. In order to reduce a variation in
electrical characteristics among the transistors each includ-
ing the oxide semiconductor, the oxide semiconductor pref-
erably contains a stabilizer in addition to In and/or Zn.
[0082] As a stabilizer, gallium (Ga), tin (Sn), hafnium
(Hf), aluminum (Al), zirconium (Zr), and the like can be
given. As another stabilizer, lanthanoid such as lanthanum
(La), cerium (Ce), praseodymium (Pr), neodymium (Nd),
samarium (Sm), europium (Eu), gadolinium (Gd), terbium
(Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium
(Tm), ytterbium (Yb), or lutetium (Lu) can be given.
[0083] As the oxide semiconductor included in the semi-
conductor layers 111 and 119, any of the following can be
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used: an In—Ga—Zn-based oxide, an In—Al—Zn-based
oxide, an In—Sn—Z7n-based oxide, an In—Hf—Zn-based
oxide, an In—La—7n-based oxide, an In—Ce—Zn-based
oxide, an In—Pr—Zn-based oxide, an In—Nd—Zn-based
oxide, an In—Sm—Zn-based oxide, an In—Fu—Zn-based
oxide, an In—Gd—Zn-based oxide, an In—Tb—Zn-based
oxide, an In—Dy—Zn-based oxide, an In—Ho—Zn-based
oxide, an In—Er—Zn-based oxide, an In—Tm—Zn-based
oxide, an In—Yb—Zn-based oxide, an In—Lu—Zn-based
oxide, an In—Sn—Ga—Zn-based oxide, an In—Hf—Ga—
7Zn-based oxide, an In—Al—Ga—Zn-based oxide, an In—
Sn—Al—Zn-based oxide, an In—Sn—Hf—Zn-based
oxide, and an In—Hf—Al—Z7n-based oxide.

[0084] Note that the In—Ga—Zn-based oxide refers to an
oxide containing In, Ga, and Zn as its main components and
there is no particular limitation on the ratio of In to Ga and
Zn. The In—Ga—Z7n-based oxide may contain a metal
element other than the In, Ga, and Zn.

[0085] The semiconductor layers 111 and 119 can be
formed by a sputtering method, a molecular beam epitaxy
(MBE) method, a CVD method, a pulsed laser deposition
method, an atomic layer deposition (ALD) method, or the
like as appropriate.

[0086] Inthe formation of an oxide semiconductor film for
the semiconductor layers 111 and 119, the hydrogen con-
centration in the oxide semiconductor film is preferably
reduced as much as possible. To reduce the hydrogen
concentration, for example, in the case of a sputtering
method, a deposition chamber needs to be evacuated to a
high vacuum and also a sputtering gas needs to be highly
purified. As an oxygen gas or an argon gas used for a
sputtering gas, a gas which is highly purified to have a dew
point of —40° C. or lower, preferably -80° C. or lower,
further preferably —100° C. or lower, or still further prefer-
ably -=120° C. or lower is used, whereby entry of moisture
or the like into the oxide semiconductor film can be mini-
mized.

[0087] In order to remove moisture remaining in the
deposition chamber, an entrapment vacuum pump such as a
cryopump, an ion pump, or a titanium sublimation pump is
preferably used. A turbo molecular pump provided with a
cold trap may be alternatively used. When the deposition
chamber is evacuated with a cryopump, which has a high
capability in removing a hydrogen molecule, a compound
including a hydrogen atom such as water (H,0), a com-
pound including a carbon atom, and the like, the concen-
tration of an impurity to be contained in a film formed in the
deposition chamber can be reduced.

[0088] When the oxide semiconductor film for the semi-
conductor layers 111 and 119 is formed by a sputtering
method, the relative density (filling factor) of a metal oxide
target that is used for the film formation is greater than or
equal to 90% and less than or equal to 100%, preferably
greater than or equal to 95% and less than or equal to 100%.
With the use of the metal oxide target having high relative
density, a dense oxide semiconductor film can be formed.
[0089] Note that to reduce the impurity concentration of
the oxide semiconductor film, it is also effective to form the
oxide semiconductor film while the substrate 102 is kept at
high temperature. The temperature at which the substrate
102 is heated may be higher than or equal to 150° C. and
lower than or equal to 450° C.; the substrate temperature is
preferably higher than or equal to 200° C. and lower than or
equal to 350° C.
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[0090] Next, first heat treatment is preferably performed.
The first heat treatment may be performed at a temperature
higher than or equal to 250° C. and lower than or equal to
650° C., preferably higher than or equal to 300° C. and lower
than or equal to 500° C., in an inert gas atmosphere, an
atmosphere containing an oxidizing gas at 10 ppm or more,
or a reduced pressure state. Alternatively, the first heat
treatment may be performed in such a manner that heat
treatment is performed in an inert gas atmosphere, and then
another heat treatment is performed in an atmosphere con-
taining an oxidizing gas at 10 ppm or more, in order to
compensate for desorbed oxygen. By the first heat treatment,
the crystallinity of the oxide semiconductor that is used for
the semiconductor layers 111 and 119 can be improved, and
in addition, impurities such as hydrogen and water can be
removed from the insulating layer 127 and the semiconduc-
tor layers 111 and 119. The first heat treatment may be
performed before processing into the semiconductor layers
111 and 119 having an island shape.

[0091] Next, a conductive film is formed over the insu-
lating layer 127 and the semiconductor layers 111 and 119,
and the conductive film is processed so that a desired region
remains. Thus, the data line 109 and the conductive layer
113 are formed. At this stage, the transistor 103 is formed
(see FIG. 5B).

[0092] Although not illustrated in FIGS. 5A to 7B, the
capacitor line 115 in FIGS. 1 and 4 can be formed at the
same time as the data line 109 and the conductive layer 113.
[0093] The data line 109 and the conductive layer 113 can
be formed using the conductive film having a single-layer
structure or a stacked-layer structure with any of metals such
as aluminum, titanium, chromium, nickel, copper, ytirium,
zirconium, molybdenum, silver, tantalum, and tungsten, or
an alloy containing any of these metals as its main compo-
nent. For example, a two-layer structure in which a titanium
film is stacked over an aluminum film, a two-layer structure
in which a titanium film is stacked over a tungsten film, a
two-layer structure in which a copper film is formed over a
copper-magnesium-aluminum alloy film, a three-layer struc-
ture in which a titanium film or a titanium nitride film, an
aluminum film or a copper film, and a titanium film or a
titanium nitride film are stacked in this order, a three-layer
structure in which a molybdenum film or a molybdenum
nitride film, an aluminum film or a copper film, and a
molybdenum film or a molybdenum nitride film are stacked
in this order, and the like can be given. Note that a trans-
parent conductive matetial containing indium oxide, tin
oxide, or zinc oxide may be used. The conductive film can
be formed by a sputtering method, for example.

[0094] Next, the insulating layers 129 and 131 are formed
over the insulating layer 127, the semiconductor layers 111
and 119, the data line 109, and the conductive layer 113 (see
FIG. 5C).

[0095] For the insulating layers 129 and 131, an inorganic
insulating material containing oxygen can be used in order
to improve the characteristics of the interface with the oxide
semiconductor used for the semiconductor layer 111. The
insulating layers 129 and 131 can be formed by a PE-CVD
method, for example.

[0096] The thickness of the insulating layer 129 can be
greater than or equal to 5 nm and less than or equal to 150
nm, preferably greater than or equal to 5 nm and less than
or equal to 50 nm, more preferably greater than or equal to
10 nm and less than or equal to 30 nm. The thickness of the
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insulating layer 131 can be greater than or equal to 30 nm
and less than or equal to 500 nm, preferably greater than or
equal to 150 nm and less than or equal to 400 nm.

[0097] Further, the insulating layers 129 and 131 can be
formed using insulating films formed of the same kinds of
materials; thus, a boundary between the insulating layer 129
and the insulating layer 131 cannot be clearly observed in
some cases. Thus, in this embodiment, the boundary
between the insulating layer 129 and the insulating layer 131
is shown by a dashed line. Although a two-layer structure of
the insulating layers 129 and 131 is described in this
embodiment, the present invention is not limited to this. For
example, a single-layer structure of the insulating layer 129,
a single-layer structure of the insulating layer 131, or a
stacked-layer structure including three or more layers may
be used.

[0098] Next, the insulating layers 129 and 131 are pro-
cessed so that a desired region remains. Thus, the opening
140 is formed (see FIG. 6A).

[0099] Note that the opening 140 is formed to expose at
least the semiconductor layer 119. In this embodiment, the
semiconductor layer 119 is exposed in the opening 140. The
opening 140 can be formed by a dry etching method, for
example. Note that the method for forming the opening 140
is not limited to the dry etching method, and a wet etching
method or a combination of dry etching and wet etching may
be employed.

[0100] For example, in the case where a dry etching
method is used as a method for forming the opening 140 and
an oxide semiconductor film is used for the semiconductor
layer 119, oxygen vacancies may be formed in the oxide
semiconductor film.

[0101] Note that elements which form oxygen vacancies
in the oxide semiconductor film are described as impurity
elements. Typical examples of impurity elements are hydro-
gen, boron, carbon, nitrogen, fluorine, aluminum, silicon,
phosphorus, chlorine, and rare gas elements. Typical
examples of rare gas elements are helium, neon, argon,
krypton, and xenon.

[0102] Next, the insulating layer 133 is formed so as to
cover the insulating layer 131, the semiconductor layer 119,
and the opening 140. The insulating layer 133 includes a
depressed portion along the opening 140 (see FIG. 6B).
[0103] The insulating layer 133 is a film formed using a
material that can prevent an external impurity, such as water,
alkali metal, or alkaline earth metal, from diffusing into the
oxide semiconductor layer, and that further contains hydro-
gen. Thus, when hydrogen in the insulating layer 133 is
diffused to the semiconductor layer 119, hydrogen is bonded
to oxXygen or to oxygen vacancies to generate electrons that
are carriers in the semiconductor layer 119. As a result, the
conductivity of the semiconductor layer 119 is increased, so
that the semiconductor layer 119 becomes a conductive layer
having a light-transmitting property. Note that in drawings in
this embodiment, the semiconductor layer 119 before the
conductivity is increased and the semiconductor layer 119
after the conductivity is increased are indicated by different
hatching patterns.

[0104] Here, an oxide semiconductor film with high con-
ductivity which is used as the semiconductor layer 119 is
described below.

<Oxide Semiconductor Film with High Conductivity>
[0105] When hydrogen is added to an oxide semiconduc-
tor including oxygen vacancies, hydrogen enters oxygen
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vacant sites and forms a donor level in the vicinity of the
conduction band. As a result, the conductivity of the oxide
semiconductor is increased, so that the oxide semiconductor
becomes a conductor. An oxide semiconductor having
become a conductor can be referred to as an oxide conduc-
tor. Oxide semiconductors generally have a visible light
transmitting property because of their large energy gap. An
oxide conductor is an oxide semiconductor having a donor
level in the vicinity of the conduction band. Therefore, the
influence of absorption due to the donor level is small, and
an oxide conductor has a visible light transmitting property
comparable to that of an oxide semiconductor.

[0106] Here, the temperature dependence of resistivity of
a film formed with an oxide semiconductor (hereinafter
referred to as an oxide semiconductor film (OS)) and that of
a film formed with an oxide conductor (hereinafter referred
to as an oxide conductor film (OC)) will be described with
reference to FIG. 24. In FIG. 24, the horizontal axis repre-
sents measurement temperature, and the vertical axis repre-
sents resistivity. Measurement results of the oxide semicon-
ductor film (OS) are plotted as circles, and measurement
results of the oxide conductor film (OC) are plotted as
squares.

[0107] Note that a sample including the oxide semicon-
ductor film (OS) was prepared by forming a 35-nm-thick
In—Ga—7n oxide film over a glass substrate by a sputtering
method using a sputtering target with an atomic ratio of
In:Ga:Zn=1:1:1.2, forming a 20-nm-thick In—Ga—7n
oxide film over the 35-nm-thick In—Ga—Z7n oxide film by
a sputtering method using a sputtering target with an atomic
ratio of In:Ga:Zn=1:4:5, performing heat treatment in a 450°
C. nitrogen atmosphere and then performing heat treatment
in a 450° C. atmosphere of a mixed gas of nitrogen and
oxygen, and forming a silicon oxynitride film over the oxide
films by a plasma CVD method.

[0108] A sample including the oxide conductor film (OC)
was prepared by forming a 100-nm-thick In—Ga—Z7n oxide
film over a glass substrate by a sputtering method using a
sputtering target with an atomic ratio of In:Ga:Zn=1:1:1,
performing heat treatment in a 450° C. nitrogen atmosphere
and then performing heat treatment in a 450° C. atmosphere
of a mixed gas of nitrogen and oxygen, and forming a silicon
nitride film over the oxide film by a plasma CVD method.

[0109] As can be seen from FIG. 24, the temperature
dependence of resistivity of the oxide conductor film (OC)
is lower than the temperature dependence of resistivity of
the oxide semiconductor film (OS). Typically, the range of
variation of resistivity of the oxide conductor film (OC) at
temperatures from 80 K to 290 K is from more than -20%
to less than +20%. Alternatively, the range of variation of
resistivity at temperatures from 150 K to 250 K is from more
than -10% to less than +10%. In other words, the oxide
conductor is a degenerate semiconductor and it is suggested
that the conduction band edge agrees with or substantially
agrees with the Fermi level. Therefore, the oxide conductor
film can be used as one electrode of a capacitor.

[0110] In this embodiment, the method in which hydrogen
is supplied from the insulating layer 133 formed in contact
with the semiconductor layer 119 is described, but the
present invention is not limited to this. For example, a mask
is formed over the semiconductor layer 111 to serve as a
channel of the transistor 103, and a region not covered with
the mask can be supplied with hydrogen. For example, an
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ion doping apparatus or the like can be used to introduce
hydrogen into the semiconductor layer 119.

[0111] For example, a silicon nitride film, a silicon nitride
oxide film, or the like having a thickness of greater than or
equal to 150 nm and less than or equal to 400 nm can be used
as the insulating layer 133. In this embodiment, a 150-nm-
thick silicon nitride film is used as the insulating layer 133.
[0112] The silicon nitride film is preferably formed at a
high temperature to have an improved blocking property; for
example, the silicon nitride film is preferably formed at a
temperature in the range from the substrate temperature of
100° C. to the strain point of the substrate, more preferably
at a temperature in the range from 300° C. to 400° C. When
the silicon nitride film is formed at a high temperature, a
phenomenon in which oxygen is released from the oxide
semiconductor used for the semiconductor layer 111 and the
carrier concentration is increased is caused in some cases;
therefore, the upper limit of the temperature 1s a temperature
at which the phenomenon is not caused.

[0113] Next, the insulating layers 129, 131, and 133 are
processed so that a desired region remains. Thus, the open-
ing 117 1s formed (see FIG. TA).

[0114] The opening 117 is formed to expose the conduc-
tive layer 113. Note that the opening 117 can be formed by
a dry etching method, for example. Note that the method for
forming the opening 117 is not limited to this, and a wet
etching method or a combination of dry etching and wet
etching can be employed.

[0115] Next, a conductive layer is formed over the insu-
lating layer 133 to cover the opening 117, and the conductive
layer is processed so that a desired region remains. Thus, the
pixel electrode 121 is formed. At this stage, the capacitor
105 is formed. Note that the pixel electrode 121 is formed
over the insulating layer 133 along the depressed portion in
the insulating layers 129 and 131 which is formed by the
opening 140. Therefore, the pixel electrode 121 has the
depressed portion (see FIG. 7B).

[0116] The pixel electrode 121 can be formed using the
conductive layer with a light-transmitting conductive mate-
rial such as indium oxide containing tungsten oxide, indium
zinc oxide containing tungsten oxide, indium oxide contain-
ing 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. Further, the conductive layer that can be used
for the pixel electrode 121 can be formed by a sputtering
method, for example.

[0117] The one electrode of the capacitor 105 is the
semiconductor layer 119 formed over the same surface as
the semiconductor layer 111 used for the transistor 103, and
the semiconductor layer 119 is a light-transmitting semicon-
ductor film. Further, the dielectric film of the capacitor 105
is the insulating layer 133 having a light-transmitting prop-
erty which is provided over the semiconductor layer 111 of
the transistor 103. Further, the other electrode of the capaci-
tor 105 is the pixel electrode 121 having a light-transmitting
property which is electrically connected to the transistor
103. Thus, the capacitor 105 can be formed over the same
surface, i.e., in the same steps, as the transistor 103.
[0118] Thus, the capacitor 105 has a light-transmitting
property and thus can be formed large (in a large area) in a
region of the pixel 101 where the transistor 103 is not
formed. Accordingly, one embodiment of the present inven-
tion can provide a display device whose aperture ratio and
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capacitance are increased. Further, the display device can
have an excellent display quality owing to the increase in
aperture ratio.

[0119] Through the above steps, the transistor 103 and the
capacitor 105 can be formed over the substrate 102.
[0120] Next, a structure formed over the substrate 152
facing the substrate 102 is described below.

[0121] First, the substrate 152 is prepared. For materials of
the substrate 152, the materials that can be used for the
substrate 102 can be referred to. Next, the light-blocking
layer 154, the coloring layer 156, and the insulating layer
158 are formed over the substrate 152 (see FIG. 8A).
[0122] The light-blocking layer 154 preferably has a func-
tion of blocking light in a particular wavelength region, and
can be a metal film or an organic insulating film including
a black pigment. The coloring layer 156 is a coloring layer
that transmits light in a specific wavelength range. For
example, a red (R) color filter for transmitting light in a red
wavelength range, a green (G) color filter for transmitting
light in a green wavelength range, a blue (B) color filter for
transmitting light in a blue wavelength range, or the like can
be used. The light-blocking layer 154 and the coloring layer
156 each are formed in a desired position with any of various
materials by a printing method, an inkjet method, an etching
method using a photolithography technique, or the like.
[0123] For the insulating layer 158, for example, an
organic insulating film of an acrylic-based resin or the like
can be used. With the insulating layer 158, impurities or the
like contained in the coloring layer 156 can be prevented
from diffusing into the liquid crystal layer 164 side, for
example. Note that the insulating layer 158 is not necessarily
formed.

[0124] Next, the conductive layer 160 is formed over the
insulating layer 158. Then, the spacer 166 is formed in a
desired region over the conductive layer 160 (see FIG. 8B).
[0125] For materials of the conductive layer 160, materials
that can be used for the pixel electrode 121 can be referred
to.

[0126] The spacer 166 is a columnar spacer obtained by
selective etching of an insulating layer and is provided in
order to control the thickness (cell gap) of the liquid crystal
layer 164. For example, the spacer 166 is preferably a
columnar spacer in the shape of a circle, an ellipse, a
triangle, a quadrangle, or a polygon with more than four
corners. The spacer 166 can be formed using, for example,
an organic material such as an acrylic-based resin or a
polyimide-based resin, or an inorganic material such as a
silicon oxide film, a silicon oxynitride film, a silicon nitride
film, a silicon nitride oxide film, an aluminum oxide film, or
an aluminum nitride film. The thickness (also referred to as
height) of the spacer 166 is more than or equal to 0.5 pm and
less than or equal to 10 pm, preferably more than or equal
to 1.0 um and less than or equal to 4 um.

[0127] In one embodiment of the present invention, in
order to control alignment in the liquid crystal layer 164 with
the spacer 166, the spacer 166 preferably has a taper angle
d greater than or equal to 45° and less than 90°, more
preferably greater than or equal to 60° and less than or equal
to 85° in the cross-sectional view illustrated in FIG. 8B. In
the case where the spacer 166 has a plurality of taper angles
d, it is acceptable as long as at least one of the taper angles
d falls within the above-described range.

[0128] Through the above steps, the structure formed over
the substrate 152 can be formed.
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[0129] Next, the alignment film 135 is formed over the
insulating layer 133 and the pixel electrode 121 which are
formed over the substrate 102. Further, the alignment film
162 is formed in contact with the conductive layer 160 and
the spacer 166 which are formed over the substrate 152. The
alignment films 135 and 162 can be formed by a coating
method or the like. After that, the liquid crystal layer 164 is
formed between the substrate 102 and the substrate 152. The
liquid crystal layer 164 can be formed by a dispenser method
(a dropping method), or an injecting method by which a
liquid crystal is injected using a capillary phenomenon after
the substrate 102 and the substrate 152 are bonded to each
other.

[0130] Through the above process, the display device
illustrated in FIG. 2 can be manufactured.

Modification Example

[0131] Here, modification examples of the top view of the
pixel and its periphery of the display device illustrated in
FIG. 1 will be described with reference to FIGS. 9 to 11.
Note that in top views illustrated in FIGS. 9 to 11, some
components are not illustrated in order to avoid complexity
of the drawings.

[0132] In the top views of the pixel and its periphery
illustrated in FIGS. 9 to 11, portions that are similar to or
have functions similar to those of the portions of the display
device illustrated in FIG. 1 are denoted by the same refer-
ence numerals, and detailed description thereof is omitted.
[0133] Atop view of a pixel and its periphery of a display
device illustrated in FIG. 9 differs from the top view
illustrated in FIG. 1 in the shapes of a capacitor, an opening,
and a semiconductor layer. Specifically, the display device
illustrated in FIG. 9 includes a capacitor 1054. The capacitor
105¢ includes a semiconductor layer 119a having higher
conductivity than that of the semiconductor layer 111
included in the transistor 103 and a light-transmitting prop-
erty, the pixel electrode 121 having a light-transmitting
property, and an insulating layer having a light-transmitting
property (not illustrated in FIG. 9) which is included in the
transistor 103, as a dielectric layer. That is, the capacitor
105a transmits light. An opening 140q is formed over the
semiconductor layer 119a. The opening 140a is formed by
processing an insulating layer (not illustrated in FIG. 9)
provided over the semiconductor layer 119a. The pixel
electrode 121 is formed so as to cover part of the opening
140a and therefore has a depressed portion.

[0134] FIG. 9 illustrates two pixels as an example, in
which the pixel 101 and the adjacent pixel (the pixel on the
left side of the pixel 101 in FI1G. 9) share the capacitor line
115. The capacitor 105a in the pixel 101 and that in the
adjacent pixel are located symmetrically with respect to the
capacitor line 115. Note that a difference of the top view
illustrated in FIG. 9 from the top view illustrated in FIG. 1
is that connecting regions of the semiconductor layer 1192
and the opening 140a between the pixel 101 and the adjacent
pixel are located in a lower portion of the pixel 101.
[0135] A top view of a pixel and its periphery of a display
device illustrated in FIG. 10 differs from the top view
illustrated in FIG. 1 in the shapes of a capacitor, an opening,
and a semiconductor layer. Specifically, the display device
illustrated in FIG. 10 includes a capacitor 1055. The capaci-
tor 1055 includes a semiconductor layer 1195 having higher
conductivity than that of the semiconductor layer 111
included in the transistor 103 and a light-transmitting prop-
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erty, the pixel electrode 121 having a light-transmitting
property, and an insulating layer having a light-transmitting
property (not illustrated in FIG. 10) which is included in the
transistor 103, as a dielectric layer. That is, the capacitor
1056 transmits light. An opening 1405 is formed over the
semiconductor layer 1195. The opening 1405 is formed by
processing an insulating layer (not illustrated in FIG. 10)
provided over the semiconductor layer 1196. The pixel
electrode 121 is formed so as to cover part of the opening
1405 and therefore has a depressed portion.

[0136] FIG. 10 illustrates two pixels as an example, in
which the pixel 101 and the adjacent pixel (the pixel on the
left side of the pixel 101 in FIG. 10) share the capacitor line
115. The capacitor 1055 in the pixel 101 and that in the
adjacent pixel are located symmetrically with respect to the
capacitor line 115. Note that a difference of the top view
illustrated in FIG. 10 from the top view illustrated in FIG. 1
is that connecting regions of the semiconductor layer 1195
and the opening 1405 between the pixel 101 and the adjacent
pixel are located roughly in a middle portion of the pixel
101.

[0137] A top view of a pixel and its periphery of a display
device illustrated in FIG. 11 differs from the top view
illustrated in FIG. 1 in the shapes of a capacitor, an opening,
and a semiconductor layer. Specifically, the display device
illustrated in FIG. 11 includes a capacitor 105¢. The capaci-
tor 105¢ includes a semiconductor layer 119¢ having higher
conductivity than that of the semiconductor layer 111
included in the transistor 103 and a light-transmitting prop-
erty, the pixel electrode 121 having a light-transmitting
property, and an insulating layer having a light-transmitting
property (not illustrated in FIG. 11) which is included in the
transistor 103, as a dielectric layer. That is, the capacitor
105¢ transmits light. An opening 140c¢ is formed over the
semiconductor layer 119¢. The opening 140c¢ is formed by
processing an insulating layer (not illustrated in FIG. 11)
provided over the semiconductor layer 119¢. The pixel
electrode 121 is formed so as to cover part of the opening
140¢ and therefore has a depressed portion.

[0138] FIG. 11 illustrates two pixels as an example, in
which the pixel 101 and the adjacent pixel (the pixel on the
left side of the pixel 101 in FIG. 11) share the capacitor line
115. The capacitor 105¢ in the pixel 101 and that in the
adjacent pixel are located symmetrically with respect to the
capacitor line 115. Note that a difference of the top view
illustrated in FIG. 11 from the top view illustrated in FIG. 1
is that connecting regions of the semiconductor layer 119¢
and the opening 140c¢ between the pixel 101 and the adjacent
pixel are located continuously from upper to lower portions
of the pixel 101 without gaps.

[0139] This embodiment can be combined with any of the
other embodiments in this specification as appropriate.

Embodiment 2

[0140] In this embodiment, an example of an oxide semi-
conductor layer that can be used for the transistor and the
capacitor of the display device described in Embodiment 1
is described.

<Crystallinity of Oxide Semiconductor Layer>

[0141] A structure of an oxide semiconductor layer is
described below.
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[0142] An oxide semiconductor layer is classified roughly
into a non-single-crystal oxide semiconductor layer and a
single crystal oxide semiconductor layer. The non-single-
crystal oxide semiconductor layer includes any of a c-axis
aligned crystalline oxide semiconductor (CAAC-OS) film, a
polycrystalline oxide semiconductor layer, a microcrystal-
line oxide semiconductor layer, an amorphous oxide semi-
conductor layer, and the like.

[0143] First, a CAAC-OS film is described.

[0144] The CAAC-OS film is one of oxide semiconductor
layers including a plurality of crystal parts, and most of the
crystal parts each fit inside a cube whose one side is less than
100 nm. Thus, there is a case where a crystal part included
in the CAAC-OS film fits inside a cube whose one side is
less than 10 nm, less than 5 nm, or less than 3 nm.

[0145] In a transmission electron microscope (TEM)
image of the CAAC-OS film, a boundary between crystal
parts, that is, a grain boundary is not clearly observed. Thus,
in the CAAC-OS film, a reduction in electron mobility due
to the grain boundary is less likely to occur.

[0146] According to a TEM image of the CAAC-OS film
observed in a direction substantially parallel to a sample
surface (cross-sectional TEM image), metal atoms are
arranged in a layered manner in the crystal parts. Each metal
atom layer has a morphology reflected by a surface where
the CAAC-OS film is formed (hereinafter, a surface where
the CAAC-OS film is formed is also referred to as a
formation surface) or a top surface of the CAAC-OS film,
and is arranged in parallel to the formation surface or the top
surface of the CAAC-OS film.

[0147] Note that in this specification, the term “parallel”
indicates that the angle formed between two straight lines is
greater than or equal to —10° and less than or equal to 10°,
and accordingly also includes the case where the angle is
greater than or equal to -5° and less than or equal to 5°. In
addition, the term “perpendicular” indicates that the angle
formed between two straight lines is greater than or equal to
80° and less than or equal to 100°, and accordingly also
includes the case where the angle is greater than or equal to
85° and less than or equal to 95°.

[0148] On the other hand, according to a TEM image of
the CAAC-OS film observed in a direction substantially
perpendicular to the sample surface (plan TEM image),
metal atoms are arranged in a triangular or hexagonal
configuration in the crystal parts. However, there is no
regularity of arrangement of metal atoms between different
crystal parts.

[0149] From the results of the cross-sectional TEM image
and the plan TEM image, alignment is found in the crystal
parts in the CAAC-OS film.

[0150] A CAAC-OS film is subjected to structural analysis
with an X-ray diffraction (XRD) apparatus. For example,
when the CAAC-OS film including an InGaZnO, crystal is
analyzed by an out-of-plane method, a peak appears fre-
quently when the diffraction angle (20) is around 31°. This
peak is derived from the (009) plane of the InGaZnQO,
crystal, which indicates that crystals in the CAAC-OS film
have c-axis alignment, and that the c-axes are aligned in a
direction substantially perpendicular to the formation sur-
face or the top surface of the CAAC-OS film.

[0151] On the other hand, when the CAAC-OS film is
analyzed by an in-plane method in which an X-ray enters a
sample in a direction substantially perpendicular to the
c-axis, a peak appears frequently when 20 is around 56°.
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This peak is derived from the (110) plane of the InGaZnO,
crystal. Here, analysis (¢ scan) is performed under condi-
tions where the sample is rotated around a normal vector of
a sample surface as an axis (¢ axis) with 26 fixed at around
56°. In the case where the sample is a single crystal oxide
semiconductor layer of InGaZnO,, six peaks appear. The six
peaks are derived from crystal planes equivalent to the (110)
plane. On the other hand, in the case of a CAAC-OS film,
apeak is not clearly observed even when ¢ scan is performed
with 20 fixed at around 56°.

[0152] According to the above results, in the CAAC-OS
film having c-axis alignment, while the directions of a-axes
and b-axes are different between crystal parts, the c-axes are
aligned in a direction parallel to a normal vector of a
formation surface or a normal vector of a top surface. Thus,
each metal atom layer arranged in a layered manner
observed in the cross-sectional TEM image corresponds to
a plane parallel to the a-b plane of the crystal.

[0153] Note that the crystal part is formed concurrently
with deposition of the CAAC-OS film or is formed through
crystallization treatment such as heat treatment. As
described above, the c-axis of the crystal is aligned in a
direction parallel to a normal vector of a formation surface
or a normal vector of a top surface of the CAAC-OS film.
Thus, for example, in the case where a shape of the CAAC-
OS film is changed by etching or the like, the c-axis might
not be necessarily parallel to a normal vector of a formation
surface or a normal vector of a top surface of the CAAC-OS
film.

[0154] Further, the degree of crystallinity in the CAAC-
OS film is not necessarily uniform. For example, in the case
where crystal growth leading to the CAAC-OS film occurs
from the vicinity of the top surface of the film, the degree of
the crystallinity in the vicinity of the top surface is higher
than that in the vicinity of the formation surface in some
cases. Further, when an impurity is added to the CAAC-OS
film, the crystallinity in a region to which the impurity is
added is changed, and the degree of crystallinity in the
CAAC-OS film varies depending on regions.

[0155] Note that when the CAAC-OS film with an
InGaZnO, crystal is analyzed by an out-of-plane method, a
peak of 26 may also be observed at around 36°, in addition
to the peak of 28 at around 31°. The peak of 26 at around 36°
indicates that a crystal having no c-axis alignment is
included in part of the CAAC-OS film. It is preferable that
in the CAAC-OS film, a peak of 20 appear at around 31° and
a peak of 20 do not appear at around 36°.

[0156] The CAAC-OS film is an oxide semiconductor
layer with a low impurity concentration. The impurity is an
element other than the main components of the oxide
semiconductor layer, such as hydrogen, carbon, silicon, or a
transition metal element. In particular, an element that has
higher bonding strength to oxygen than a metal element
included in the oxide semiconductor layer, such as silicon,
disturbs the atomic arrangement of the oxide semiconductor
layer by depriving the oxide semiconductor layer of oxygen
and causes a decrease in crystallinity. Further, a heavy metal
such as iron or nickel, argon, carbon dioxide, or the like has
a large atomic radius (molecular radius), and thus disturbs
the atomic arrangement of the oxide semiconductor layer
and causes a decrease in crystallinity when it is contained in
the oxide semiconductor layer. Note that the impurity con-
tained in the oxide semiconductor layer might serve as a
carrier trap or a carrier generation source.
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[0157] The CAAC-OS film is an oxide semiconductor
layer having a low density of defect states.

[0158] With use of the CAAC-OS film in a transistor, a
variation in the electrical characteristics of the transistor due
to irradiation with visible light or ultraviolet light is small.

[0159] Next, a microcrystalline oxide semiconductor layer
is described.
[0160] In an image obtained with the TEM, crystal parts

cannot be found clearly in the microcrystalline oxide semi-
conductor layer in some cases. In most cases, the size of a
crystal part in the microcrystalline oxide semiconductor
layer is greater than or equal to 1 nm and less than or equal
to 100 nm, or greater than or equal to 1 nm and less than or
equal to 10 nm. A microcrystal with a size greater than or
equal to 1 nm and less than or equal to 10 nm, or a size
greater than or equal to 1 nm and less than or equal to 3 nm,
is specifically referred to as nanocrystal (nc). An oxide
semiconductor layer including nanocrystal is referred to as
an nc-OS (nanocrystalline oxide semiconductor) film. In an
image of the nc-OS film which is obtained with the TEM, for
example, a boundary is not clearly detected in some cases.

[0161] In the nc-OS film, a microscopic region (for
example, a region with a size greater than or equal to 1 nm
and less than or equal to 10 nm, in particular, a region with
a size greater than or equal to 1 nm and less than or equal
to 3 nm) has a periodic atomic order. There is no regularity
of crystal orientation between different crystal parts in the
nc-OS film. Thus, the orientation of the whole film is not
observed. Accordingly, in some cases, the nc-OS film cannot
be distinguished from an amorphous oxide semiconductor
layer depending on an analysis method. For example, when
the nc-OS film is subjected to structural analysis by an
out-of-plane method with an XRD apparatus using an X-ray
having a diameter larger than the size of a crystal part, a peak
which shows a crystal plane does not appear. Further, a
diffraction pattern like a halo pattern appears in a selected-
area electron diffraction pattern of the nc-OS film which is
obtained by using an electron beam having a diameter (e.g,,
larger than or equal to 50 nm) larger than the size of a crystal
part. Meanwhile, spots are observed in an electron diffrac-
tion pattern of the nc-OS film obtained by using an electron
beam having a diameter (e.g., larger than or equal to 1 nm
and smaller than or equal to 30 nm) close to or smaller than
the size of a crystal part. Further, in a nanobeam electron
diffraction pattern of the nc-OS film, for example, bright
regions in a circular (or ring-shaped) pattern are shown in
some cases. Also in a nanobeam electron diffraction pattern
of the nc-OS film, a plurality of spots are shown in a
ring-like region in some cases.

[0162] The nc-OS film is an oxide semiconductor layer
that has high regularity as compared to an amorphous oxide
semiconductor layer. Therefore, the nc-OS film has a lower
density of defect states than an amorphous oxide semicon-
ductor layer. Note that there is no regularity of crystal
orientation between different crystal parts in the nc-OS film.
Therefore, the nc-OS film has a higher density of defect
states than the CAAC-OS film.

[0163] Note that an oxide semiconductor layer may be a
stacked film including two or more kinds of an amorphous
oxide semiconductor layer, a microcrystalline oxide semi-
conductor layer, and a CAAC-OS film, for example.
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<Method for Forming CAAC-OS Film>

[0164] For example, a CAAC-OS film is deposited by a
sputtering method using a polycrystalline oxide semicon-
ductor sputtering target. When ions collide with the sput-
tering target, a crystal region included in the sputtering target
may be separated from the target along an a-b plane; in other
words, a sputtered particle having a plane parallel to an a-b
plane (flat-plate-like sputtered particle or pellet-like sput-
tered particle) may flake off from the sputtering target. In
that case, the flat-plate-like or pellet-like sputtered particle
reaches a substrate while maintaining their crystal state,
whereby the CAAC-OS film can be formed.

[0165] The flat-plate-like or pellet-like sputtered particle
has, for example, an equivalent circle diameter of a plane
parallel to the a-b plane of greater than or equal to 3 nm and
less than or equal to 10 nm, and a thickness (length in the
direction perpendicular to the a-b plane) of greater than or
equal to 0.7 nm and less than 1 nm. Note that in the
flat-plate-like or pellet-like sputtered particle, the plane
parallel to the a-b plane may be a regular triangle or a regular
hexagon. Here, the term “equivalent circle diameter of a
plane” refers to the diameter of a perfect circle having the
same area as the plane.

[0166] For the deposition of the CAAC-OS film, the
following conditions are preferably used.

[0167] By increasing the substrate temperature during the
deposition, migration of a sputtered particle s likely to occur
after the sputtered particle reaches a substrate surface.
Specifically, the substrate temperature during the deposition
is higher than or equal to 100° C. and lower than or equal to
740° C., preferably higher than or equal to 200° C. and lower
than or equal to 500° C. By increasing the substrate tem-
perature during the deposition, when the flat-plate-like or
pellet-like sputtered particle reaches the substrate, migration
occurs on the substrate surface, so that a flat plane of the
sputtered particle is attached to the substrate. At this time,
the sputtered particles are positively charged, thereby being
attached to the substrate while repelling each other; thus, the
sputtered particles are not stacked unevenly, so that a
CAAC-OS film with a uniform thickness can be deposited.

[0168] By reducing the amount of impurities entering the
CAAC-OS film during the deposition, the crystal state can
be prevented from being broken by the impurities. For
example, the concentration of impurities (e.g., hydrogen,
water, carbon dioxide, or nitrogen) which exist in a depo-
sition chamber may be reduced. Furthermore, the concen-
tration of impurities in a deposition gas may be reduced.
Specifically, a deposition gas whose dew point is —80° C. or
lower, preferably =100° C. or lower is used.

[0169] Furthermore, preferably, the proportion of oxygen
in the deposition gas is increased and the power is optimized
in order to reduce plasma damage at the deposition. The
proportion of oxygen in the deposition gas is 30 vol % or
higher, preferably 100 vol %.

[0170] Alternatively, the CAAC-OS film is formed by the
following method.

[0171] First, a first oxide semiconductor layer is formed to
a thickness of greater than or equal to 1 nm and less than 10
nm. The first oxide semiconductor layer is formed by a
sputtering method. Specifically, the substrate temperature is
set to higher than or equal to 100° C. and lower than or equal
to 500° C., preferably higher than or equal to 150° C. and
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lower than or equal to 450° C., and the proportion of oxygen
in a deposition gas is set to higher than or equal to 30 vol %,
preferably 100 vol %.

[0172] Next, heat treatment is performed so that the first
oxide semiconductor layer becomes a first CAAC-OS film
with high crystallinity. The temperature of the heat treatment
is higher than or equal to 350° C. and lower than or equal to
740° C., preferably higher than or equal to 450° C. and lower
than or equal to 650° C. Further, the heat treatment is
performed for 1 minute to 24 hours, preferably 6 minutes to
4 hours. The heat treatment may be performed in an inert
atmosphere or an oxidation atmosphere. It is preferable to
perform heat treatment in an inert atmosphere and then
perform heat treatment in an oxidation atmosphere. The heat
treatment in an inert atmosphere can reduce the concentra-
tion of impurities in the first oxide semiconductor layer in a
short time. At the same time, the heat treatment in an inert
atmosphere may generate oxygen vacancies in the first oxide
semiconductor layer. In such a case, the heat treatment in an
oxidation atmosphere can reduce the oxygen vacancies.
Note that the heat treatment may be performed under a
reduced pressure, such as 1000 Pa or lower, 100 Pa or lower,
10 Pa or lower, or 1 Pa or lower. The heat treatment under
the reduced pressure can reduce the concentration of impu-
rities in the first oxide semiconductor layer in a shorter time.

[0173] The first oxide semiconductor layer with a thick-
ness of greater than or equal to 1 nm and less than 10 nm can
be easily crystallized by heat treatment as compared to the
case where the first oxide semiconductor layer has a thick-
ness of greater than or equal to 10 nm.

[0174] Next, a second oxide semiconductor layer having
the same composition as the first oxide semiconductor layer
is formed to a thickness of greater than or equal to 10 nm and
less than or equal to 50 nm. The second oxide semiconductor
layer is formed by a sputtering method. Specifically, the
substrate temperature is set to higher than or equal to 100°
C. and lower than or equal to 500° C., preferably higher than
or equal to 150° C. and lower than or equal to 450° C., and
the proportion of oxygen in a deposition gas is set to higher
than or equal to 30 vol %, preferably 100 vol %.

[0175] Next, heat treatment is performed so that solid
phase growth of the second oxide semiconductor layer from
the first CAAC-OS film occurs, whereby the second oxide
semiconductor film is turned into a second CAAC-OS film
having high crystallinity. The temperature of the heat treat-
ment is higher than or equal to 350° C. and lower than or
equal to 740° C., preferably higher than or equal to 450° C.
and lower than or equal to 650° C. Further, the heat
treatment is performed for 1 minute to 24 hours, preferably
6 minutes to 4 hours. The heat treatment may be performed
in an inert atmosphere or an oxidation atmosphere. It is
preferable to perform heat treatment in an inert atmosphere
and then perform heat treatment in an oxidation atmosphere.
The heat treatment in an inert atmosphere can reduce the
concentration of impurities in the second oxide semicon-
ductor layer in a short time. At the same time, the heat
treatment in an inert atmosphere may generate oxygen
vacancies in the second oxide semiconductor layer. In such
a case, the heat treatment in an oxidation atmosphere can
reduce the oxygen vacancies. Note that the heat treatment
may be performed under a reduced pressure, such as 1000 Pa
or lower, 100 Pa or lower, 10 Pa or lower, or 1 Pa or lower.
The heat treatment under the reduced pressure can reduce
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the concentration of impurities in the second oxide semi-
conductor layer in a shorter time.

[0176] In the above-described manner, a CAAC-OS film
having a total thickness of 10 nm or more can be formed.
The CAAC-OS film can be favorably used as the oxide
semiconductor layer in an oxide stack.

[0177] Next, a method for forming an oxide film in the
case where a formation surface has a low temperature (e.g.,
a temperature lower than 130° C., lower than 100° C., or
lower than 70° C., or about a room temperature (20° C. to
25° C.)) because, for example, the substrate is not heated is
described.

[0178] In the case where the formation surface has a low
temperature, sputiered particles fall irregularly to the for-
mation surface. For example, migration does not occur;
therefore, the sputtered particles are randomly deposited on
the formation surface including a region where other sput-
tered particles have been deposited. That is, an oxide film
obtained by the deposition might have a non-uniform thick-
ness and a disordered crystal alignment. The oxide film
obtained in the above manner maintains the crystallinity of
the sputtered particles to a certain degree and thus has a
crystal part (nanocrystal).

[0179] For example, in the case where the pressure at the
deposition is high, the frequency with which the flying
sputtered particle collides with another particle (e.g., an
atom, a molecule, an ion, or a radical) of argon or the like
is increased. When the flying sputtered particle collides with
another particle (or is resputtered), the crystal structure of
the sputtered particle might be broken. For example, when
the sputtered particle collides with another particle, the
flat-plate-like or pellet-like shape of the sputtered particle
cannot be kept, and the sputtered particle might be broken
into parts (e.g., atomized). At this time, when atoms obtained
from the sputtered particle are deposited on the formation
surface, an amorphous oxide semiconductor film might be
formed.

[0180] In the case where not a sputtering method using a
target including polycrystalline oxide but a deposition
method using liquid or a method for depositing a film by
vaporizing a solid such as a target is used, the atoms
separately fly and are deposited to the formation surface;
therefore, an amorphous oxide film might be formed. Fur-
ther, for example, by a laser ablation method, atoms, mol-
ecules, ions, radials, clusters, or the like released from the
target fly and are deposited to the formation surface; there-
fore, an amorphous oxide film might be formed.

[0181] An oxide semiconductor layer included in a resistor
and a transistor in one embodiment of the present invention
may have any of the above crystal states. Further, in the case
of stacked oxide semiconductor layers, the crystal states of
the oxide semiconductor layers may be different from each
other. Note thata CAAC-OS film is preferably applied to the
oxide semiconductor layer functioning as a channel of the
transistor. Further, the oxide semiconductor layer included
in the resistor has a higher impurity concentration than that
of the oxide semiconductor layer included in the transistor;
thus, the crystallinity is lowered in some cases.

[0182] The structures, methods, and the like described in
this embodiment can be used as appropriate in combination
with any of the structures, methods, and the like described
in other embodiments.
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Embodiment 3

[0183] In this embodiment, a display device in one
embodiment of the present invention will be described with
reference to FIGS. 12A and 12B. Note that portions that are
similar to the portions in Embodiment 1 are denoted by the
same reference numerals, and detailed description thereof is
omitted.

[0184] The display device illustrated in FIG. 12A includes
a region including display elements in pixels (hereinafter,
the region is referred to as a pixel portion 302), a circuit
portion being provided outside the pixel portion 302 and
including a circuit for driving the pixels (hereinafter, the
portion is referred to as a driver circuit portion 304), circuits
each having a function of protecting an element (hereinafter,
the circuits are referred to as protection circuits 306), and a
terminal portion 307. Note that the protection circuits 306
are not necessarily provided.

[0185] A part or the whole of the driver circuit portion 304
is preferably formed over a substrate over which the pixel
portion 302 is formed, in which case the number of com-
ponents and the number of terminals can be reduced. When
a part or the whole of the driver circuit portion 304 is not
formed over the substrate over which the pixel portion 302
is formed, the part or the whole of the driver circuit portion
304 can be mounted by COG or TAB.

[0186] The pixel portion 302 includes a plurality of cir-
cuits for driving display elements arranged in a matrix of X
rows (X is a natural number of 2 or more) and Y columns (Y
is a natural number of 2 or more) (hereinafter, such circuits
are referred to as pixels 101). The driver circuit portion 304
includes driver circuits such as a circuit for supplying a
signal (scan signal) to select a pixel (hereinafter, the circuit
is referred to as a gate driver 304a) and a circuit for
supplying a signal (data signal) to drive a display element in
a pixel (hereinafter, the circuit is referred to as a source
driver 304b).

[0187] The gate driver 3044 includes a shift register or the
like. The gate driver 304a receives a signal for driving the
shift register through the terminal portion 307 and outputs a
signal. For example, the gate driver 304a receives a start
pulse signal, a clock signal, or the like and outputs a pulse
signal. The gate driver 304a has a function of controlling the
potentials of wirings supplied with scan signals (hereinafter,
such wirings are referred to as scan lines GL_1 to GL_X).
Note that a plurality of gate drivers 304a may be provided
to control the scan lines GL_1 to GL_X separately. Alter-
natively, the gate driver 3044 has a function of supplying an
initialization signal. Without being limited thereto, the gate
driver 304a can supply another signal.

[0188] The source driver 3045 includes a shift register or
the like. The source driver 3045 receives a signal (video
signal) from which a data signal is derived, as well as a
signal for driving the shift register, through the terminal
portion 307. The source driver 3045 has a function of
generating a data signal to be written to the pixels 101 which
is based on the video signal. In addition, the source driver
3045 has a function of controlling output of a data signal in
response to a pulse signal produced by input of a start pulse
signal, a clock signal, or the like. Further, the source driver
304b has a function of controlling the potentials of wirings
supplied with data signals (hereinafter, such wirings are
referred to as data lines DL_1 to DL_Y). Alternatively, the
source driver 3045 has a function of supplying an initial-
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ization signal. Without being limited thereto, the source
driver 3045 can supply another signal.

[0189] The source driver 3045 includes a plurality of
analog switches or the like, for example. The source driver
3045 can output, as the data signals, signals obtained by
time-dividing the video signal by sequentially turning on the
plurality of analog switches.

[0190] A pulse signal and a data signal are input to each of
the plurality of pixels 101 through one of the plurality of
scan lines GL supplied with scan signals and one of the
plurality of data lines DL supplied with data signals, respec-
tively. Writing and holding of the data signal to and in each
of the plurality of pixels 101 are controlled by the gate driver
304a. For example, to the pixel 101 in the m-th row and the
n-th column (m is a natural number of less than or equal to
X, and n is a natural number of less than or equal to Y), a
pulse signal is input from the gate driver 304a through the
scan line GL_m, and a data signal is input from the source
driver 3044 through the data line DI,_n in accordance with
the potential of the scan line GL_m.

[0191] The protection circuit 306 shown in FIG. 12A is
connected to, for example, the scan line GL between the gate
driver 304a and the pixel 101. Alternatively, the protection
circuit 306 is connected to the data line DL between the
source driver 304b and the pixel 101. Alternatively, the
protection circuit 306 can be connected to a wiring between
the gate driver 304a and the terminal portion 307. Alterna-
tively, the protection circuit 306 can be connected to a
wiring between the source driver 3045 and the terminal
portion 307. Note that the terminal portion 307 means a
portion having terminals for inputting power, control sig-
nals, and video signals to the display device from external
circuits.

[0192] The protection circuit 306 is a circuit that electri-
cally connects a wiring connected to the protection circuit to
another wiring when a potential out of a certain range is
applied to the wiring connected to the protection circuit.

[0193] As illustrated in FIG. 12A, the protection circuits
306 are provided for the pixel portion 302 and the driver
circuit portion 304, so that the resistance of the display
device to overcurrent generated by electrostatic discharge
(ESD) or the like can be improved. Note that the configu-
ration of the protection circuits 306 is not limited to that, and
for example, a configuration in which the protection circuits
306 are connected to the gate driver 304a but not to the
source driver 3045 or a configuration in which the protection
circuits 306 are connected to the source driver 3045 but not
to the gate driver 304a may be employed. Alternatively, the
protection circuits 306 may be configured to be connected to
the terminal portion 307.

[0194] InFIG. 12A, an example in which the driver circuit
portion 304 includes the gate driver 304 and the source
driver 3045 is shown; however, the structure is not limited
thereto. For example, only the gate driver 304¢ may be
formed and a separately prepared substrate where a source
driver circuit is formed (e.g., a driver circuit substrate
formed with a single crystal semiconductor film or a poly-
crystalline semiconductor film) may be mounted.

[0195] Each of the plurality of pixels 101 in FIG. 12A can
have a structure illustrated in FIG. 12B, for example.
[0196] The pixel 101 illustrated in FIG. 12B includes the
liquid crystal element 170, the transistor 103, and the
capacitor 105. Note that the liquid crystal element 170, the
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transistor 103, and the capacitor 105 can be those in the
display device in FIG. 1 described in Embodiment 1.
[0197] The potential of one of a pair of electrodes of the
liquid crystal element 170 is set in accordance with the
specifications of the pixel 101 as appropriate. The alignment
state of the liquid crystal element 170 depends on written
data. A common potential may be supplied to one of the pair
of electrodes of the liquid crystal element 170 included in
each of the plurality of pixels 101. Further, the potential
supplied to one of the pair of electrodes of the liquid crystal
element 170 in the pixel 101 in one row may be different
from the potential supplied to one of the pair of electrodes
of the liquid crystal element 170 in the pixel 101 in another
row.

[0198] As an example of a driving method of the display
device including the liquid crystal element 170, a vertical
alignment (VA) mode is preferably used.

[0199] The liquid crystal element may be formed using a
liquid crystal composition including liquid crystal exhibiting
a blue phase and a chiral material. The liquid crystal
exhibiting a blue phase has a short response time of 1 msec
or less and is optically isotropic; therefore, alignment treat-
ment is not necessary and viewing angle dependence is
small.

[0200] In the pixel 101 in the m-th row and the n-th
column, one of a source and a drain of the transistor 103 is
electrically connected to the data line DL_n, and the other is
electrically connected to the other of the pair of electrodes
of the liquid crystal element 170. A gate of the transistor 103
is electrically connected to the scan line GL_m. The tran-
sistor 103 has a function of controlling whether to write a
data signal by being turned on or off.

[0201] One of a pair of electrodes of the capacitor 105 is
electrically connected to a wiring to which a potential is
supplied (hereinafter referred to as a potential supply line
VL), and the other is electrically connected to the other of
the pair of electrodes of the liquid crystal element 170. The
potential of the potential supply line VL is set in accordance
with the specifications of the pixel 101 as appropriate. The
capacitor 105 functions as a storage capacitor for storing
written data.

[0202] For example, in the display device including the
pixel 101 in FIG. 12A, the pixels 101 are sequentially
selected row by row by the gate driver 304a, whereby the
transistors 103 are turned on and a data signal is written.
[0203] When the transistors 103 are turned off, the pixels
101 in which the data has been written are brought into a
holding state. This operation is sequentially performed row
by row; thus, an image can be displayed.

[0204] The structure described in this embodiment can be
used as appropriate in combination with any of the structures
described in the other embodiments.

Embodiment 4

[0205] In this embodiment, structures of transistors that
can be used in a display device of one embodiment of the
present invention are described with reference to FIGS. 18A
to 18C and FIGS. 19A to 19C. The transistors described in
this embodiment can each be used as the transistor in the
pixel 101 described in Embodiment 1 or the transistor in the
driver circuit portion 304 described in Embodiment 3. Note
that portions that are similar to the portions in the above
embodiments are denoted by the same reference numerals,
and detailed description thereof is omitted.
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[0206] First, a transistor 250 illustrated in FIGS. 18A to
18C is described below.

[0207] FIGS. 18A to 18C are a top view and cross-
sectional views of the transistor 250. FIG. 18A is a top view
of the transistor 250, FIG. 18B is a cross-sectional view
taken along dashed-dotted line A-B in FIG. 18A, and FIG.
18C is a cross-sectional view taken along dashed-dotted line
C-D in FIG. 18A. Note that in FIG. 18A, a substrate 102, an
insulating layer 127, an insulating layer 129, and an insu-
lating layer 133 which function as gate insulating layers of
the transistor 250, and the like are not illustrated for clarity.

[0208] The transistor 250 illustrated in FIGS. 18A to 18C
is a channel-etched transistor and includes a gate electrode
207 provided over the substrate 102, the insulating layer 127
formed over the substrate 102 and the gate electrode 207, a
semiconductor layer 111 overlapping with the gate electrode
207 with the insulating layer 127 provided therebetween,
and a pair of electrodes 209 and 213 in contact with the
semiconductor layer 111. Over the insulating layer 127, the
semiconductor layer 111, and the pair of electrodes 209 and
213, the transistor 250 further includes a gate insulating
layer 228 including the insulating layer 129, the insulating
layer 131, and the insulating layer 133, and a gate electrode
251 formed over the gate insulating layer 228. The gate
electrode 251 is connected to the gate electrode 207 through
an opening 242 provided in the insulating layer 127 and the
gate insulating layer 228. A pixel electrode 121 connected to
one of the pair of electrodes 209 and 213, here the electrode
213, is formed over the gate insulating layer 228.

[0209] The gate electrode 251 is formed at the same time
as the pixel electrode 121. A feature of the transistor 250 in
this embodiment is that the gate electrode 251 functioning as
a second gate electrode of the transistor 250 is formed in the
same step as the pixel electrode 121.

[0210] The gate electrode 207 can be formed using a
material and a formation method which are similar to those
of the scan line 107 described in Embodiment 1. The
opening 242 can be formed at the same time as an opening
241. The opening 241 can be formed by a formation method
similar to that of the opening 117 described in Embodiment
1. The pair of electrodes 209 and 213 can be formed using
amaterial and a formation method which are similar to those
of the data line 109 and the conductive layer 113 described
in Embodiment 1.

[0211] In the transistor 250 described in this embodiment,
the semiconductor layer 111 is provided between the gate
electrodes 207 and 251. In the top view as illustrated in FIG.
18A, the gate electrode 251 overlaps with side surfaces of
the semiconductor layer 111 with the gate insulating layer
228 provided therebetween.

[0212] A plurality of openings are provided in the insu-
lating layer 127 and the gate insulating layer 228. Typically,
as illustrated in FIG. 18B, the opening 241 for exposing one
of the pair of electrodes 209 and 213 is provided. Further-
more, as illustrated in FI1G. 18C, outside a side surface on
one side of the semiconductor layer 111, the gate electrode
251 is connected to the gate electrode 207 through the
opening 242 provided in the insulating layer 127 and the
gate insulating layer 228. The gate electrode 251 faces the
side surface of the semiconductor layer 111 at a side surface
of the opening 242. Outside a side surface on the other side
of the semiconductor layer 111, the gate electrode 251 is not
connected to the gate electrode 207. End portions on both
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sides of the gate electrode 251 are located outside the side
surfaces on the corresponding sides of the semiconductor
layer 111.

[0213] Note that in the channel width direction as illus-
trated in FIG. 18C, a distance d from the side surface of the
semiconductor layer 111 to a projected end portion of the
gate electrode 251 on the interface between the insulating
layer 127 and the gate insulating layer 228 is preferably 1 to
7.5 times the sum of a thickness t1 of the insulating layer 127
and a thickness t2 of the gate insulating layer 228. In the case
where the distance d is equal to or larger than the sum of the
thickness t1 of the insulating layer 127 and the thickness t2
of the gate insulating layer 228, an electric field of the gate
electrode 251 affects the side surface of the semiconductor
layer 111 or an end portion including the side surface and its
vicinity of the semiconductor layer 111, which makes it
possible to suppress generation of a parasitic channel at the
side surface or the end portion of the semiconductor layer
111. In the case where the distance d is smaller than or equal
to 7.5 times the sum of the thickness tl of the insulating
layer 127 and the thickness t2 of the gate insulating layer
228, the area of the transistor 250 can be decreased.
[0214] In the channel width direction of the transistor 250
illustrated in FIGS. 18A to 18C, outside the side surface on
one side of the semiconductor layer 111, the gate electrode
207 and the gate electrode 251 are connected to each other,
and outside the side surface on the other side of the semi-
conductor layer 111, the gate electrode 207 and the gate
electrode 251 face each other with the insulating layer 127
and the gate insulating layer 228 provided therebetween.
Note that since the gate electrode 207 and the gate electrode
251 are connected to each other, the same potential can be
supplied to the gate electrode 207 and the gate electrode 251.
However, one embodiment of the present invention is not
limited to this example. It is possible that the opening 242
is not provided and the gate electrode 207 and the gate
electrode 251 are not connected to each other, so that
different potentials are supplied to the gate electrode 207 and
the gate electrode 251.

[0215] Next, a transistor 260 illustrated in FIGS. 19A to
19C is described below.

[0216] FIGS. 19A to 19C are a top view and cross-
sectional views of the transistor 260. FIG. 19A is a top view
of the transistor 260, FIG. 19B is a cross-sectional view
taken along dashed-dotted line A-B in FIG. 19A, and FIG.
19C is a cross-sectional view taken along dashed-dotted line
C-D in FIG. 19A. Note that in FIG. 19A, a substrate 102, an
insulating layer 127, an oxide insulating layer 229, an oxide
insulating layer 231, and a nitride insulating layer 233 which
function as gate insulating layers, and the like are not
illustrated for clarity.

[0217] The transistor 260 illustrated in FIGS. 19A to 19C
is a channel-etched transistor and includes a gate electrode
207 provided over the substrate 102, the insulating layer 127
formed over the substrate 102 and the gate electrode 207, a
semiconductor layer 111 overlapping with the gate electrode
207 with the insulating layer 127 provided therebetween,
and a pair of electrodes 209 and 213 in contact with the
semiconductor layer 111. Over the insulating layer 127, the
semiconductor layer 111, and the pair of electrodes 209 and
213, the transistor 260 further includes a gate insulating
layer 288 including the oxide insulating layer 229, the oxide
insulating layer 231, and the nitride insulating layer 233 and
a gate electrode 291 formed over the gate insulating layer
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288. The gate electrode 291 is connected to the gate elec-
trode 207 through an opening 294 provided in the insulating
layer 127 and the nitride insulating layer 233. An electrode
292 connected to one of the pair of electrodes 209 and 213,
here the electrode 213, is formed over the nitride insulating
layer 233. The electrode 292 is connected to the electrode
213 through an opening 293 provided in the nitride insulat-
ing layer 233. Note that the electrode 292 functions as a
pixel electrode.

[0218] The insulating layer 127 includes a nitride insulat-
ing layer 2154 and an oxide insulating layer 2155. The oxide
insulating layer 2154 is formed in a region overlapping with
the semiconductor layer 111, the pair of electrodes 209 and
213, and the oxide insulating layer 231.

[0219] The gate electrode 207 can be formed using a
material and a formation method which are similar to those
of the scan line 107 described in Embodiment 1. The nitride
insulating layer 215a is formed using a silicon nitride film.
The oxide insulating layer 2155 is formed using a silicon
oxide film, a silicon oxynitride film, or the like. The nitride
insulating layer 215¢ and the oxide insulating layer 2155 can
be formed using a formation method similar to that of the
insulating layer 127 described in Embodiment 1. The pair of
electrodes 209 and 213 can be formed using a material and
a formation method which are similar to those of the data
line 109 and the conductive layer 113 described in Embodi-
ment 1. The oxide insulating layer 229 can be formed as
appropriate using a material and a formation method which
are similar to those of the insulating layer 129 described in
Embodiment 1. The oxide insulating layer 231 can be
formed as appropriate using a material and a formation
method which are similar to those of the insulating layer 131
described in Embodiment 1. The nitride insulating layer 233
can be formed as appropriate using a material and a forma-
tion method which are similar to those of the insulating layer
133 described in Embodiment 1. The gate electrode 291 and
the electrode 292 can be formed as appropriate using a
material and a formation method which are similar to those
of the pixel electrode 121 described in Embodiment 1.
[0220] The oxide insulating layer 229 and the oxide insu-
lating layer 231 are separated from those in other transistors
and overlap with the semiconductor layer 111. Specifically,
in the channel length direction in FIG. 19B, end portions of
the oxide insulating layer 229 and the oxide insulating layer
231 are positioned over the pair of electrodes 209 and 213,
and in the channel width direction in FIG. 19C, end portions
of the oxide insulating layer 229 and the oxide insulating
layer 231 are positioned on the outer side of the semicon-
ductor layer 111. The nitride insulating layer 233 is formed
so as to cover upper and side surfaces of the oxide insulating
layer 231 and the oxide insulating layer 229 and is in contact
with the nitride insulating layer 2154. Note that the end
portions of the oxide insulating layer 229 and the oxide
insulating layer 231 may be provided not over the pair of
electrodes 209 and 213 but over the nitride insulating layer
215a in the channel length direction.

[0221] Inthe channel width direction in FIG. 19C, the gate
electrode 291 faces a side surface of the semiconductor layer
111 with side surfaces of the oxide insulating layer 229 and
the oxide insulating layer 231 positioned therebetween.
[0222] In the channel width direction of the transistor 260
described in this embodiment, the semiconductor layer 111
is provided between the gate electrode 207 and the gate
electrode 291 with the insulating layer 127 provided
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between the semiconductor layer 111 and the gate electrode
207 and with the gate insulating layer 288 provided between
the semiconductor layer 111 and the gate electrode 291. In
the top view as illustrated in FIG. 19A, the gate electrode
291 overlaps with the side surfaces of the semiconductor
layer 111 with the gate insulating layer 288 provided ther-
ebetween.

[0223] As illustrated in FIG. 19C, outside the side surface
on one side of the semiconductor layer 111, the gate elec-
trode 291 is connected to the gate electrode 207 through the
opening 294 provided in the insulating layer 127 and the
nitride insulating layer 233. The gate electrode 291 faces the
side surface of the semiconductor layer 111 at side surfaces
of the oxide insulating layers 229 and 231. Outside the side
surface on the other side of the semiconductor layer 111, the
gate electrode 291 is not connected to the gate electrode 207.
End portions on both sides of the gate electrode 291 are
located outside the side surfaces on the corresponding sides
of the semiconductor layer 111.

[0224] Although the gate electrode 207 and the gate
electrode 291 are connected to each other only outside the
side surface on one side of the semiconductor layer 111 in
the channel width direction of the transistor 260 as illus-
trated in FIG. 19C, the gate electrode 207 and the gate
electrode 291 may be connected to each other outside the
side surfaces on both sides of the semiconductor layer 111.
Note that since the gate electrode 207 and the gate electrode
291 are connected to each other, the same potential can be
supplied to the gate electrode 207 and the gate electrode 291.
However, one embodiment of the present invention is not
limited to this example. It is possible that the opening 294
is not provided and the gate electrode 207 and the gate
electrode 291 are not connected to each other, so that
different potentials are supplied to the gate electrode 207 and
the gate electrode 291.

[0225] In the transistor 260 described in this embodiment,
the nitride insulating layer 215¢ and the nitride insulating
layer 233 are in contact with each other with the semicon-
ductor layer 111 and the oxide insulating layer 231 partly
provided therebetween. The nitride insulating layer 215a
and the nitride insulating layer 233 in which the diffusion
coefficient of oxygen is low have a barrier property against
oxygen. Thus, part of oxygen contained in the oxide insu-
lating layer 231 can be efficiently moved to the semicon-
ductor layer 111, whereby the amount of oxygen vacancies
in the semiconductor layer 111 can be reduced. The nitride
insulating layer 2154 and the nitride insulating layer 233 in
which the diffusion coeflicient of water, hydrogen, or the like
is low have a barrier property against water, hydrogen, or the
like. Thus, it is possible to prevent water, hydrogen, or the
like from diffusing into the semiconductor layer 111 from the
outside. Accordingly, the transistor 260 has high reliability.

[0226] Note that the steps for forming the transistor 260
are as follows.
[0227] First, a step similar to the step illustrated in FIG. 5C

in Embodiment 1 is performed. Next, the oxide insulating
layers 229 and 231 having an island shape are formed by
separation at the same time as the opening 140. Then, the
nitride insulating layer 233 is formed. After that, the nitride
insulating layer 233 is processed; thus, the opening 293
reaching the electrode 213 is formed. In addition, the nitride
insulating layer 233 and the insulating layer 127 are pro-
cessed; thus, the opening 294 reaching the gate electrode
207 is formed at the same time as the opening 293. After
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that, a conductive layer is formed over the nitride insulating
layer 233 and is processed; thus, the gate electrode 291 and
the electrode 292 functioning as a pixel electrode are
formed.

Embodiment 5

[0228] In this embodiment, one structure of the driver
circuit portion 304 of the display device described in
Embodiment 3 is described with reference to FIGS. 20A and
20B and FIGS. 21A and 21B. The driver circuit portion 304
can be manufactured using any of the transistors described
in Embodiments 1 and 4 as appropriate. Here, an example of
the driver circuit portion 304 is described using a buffer
formed in the gate driver 304a.

[0229] FIG. 20A is a circuit diagram of a buffer 500. The
buffer 500 includes transistors M1 to M3 and a capacitor C.
A gate of the transistor M1 is connected to a wiring to which
a potential VDD is supplied. One of a source and a drain of
the transistor M1 is connected to a terminal A, and the other
of the source and the drain of the transistor M1 is connected
to a gate of the transistor M2. One of a source and a drain
of the transistor M2 is connected to an output terminal OUT
of the buffer 500, and the other of the source and the drain
of the transistor M2 is connected to a wiring to which a
signal CLK is input. A gate of the transistor M3 is connected
to a terminal B. One of a source and a drain of the transistor
M3 is connected to a wiring to which a potential VSS is
supplied, and the other of the source and the drain is
connected to the output terminal OUT. One of a pair of
electrodes of the capacitor C is connected to the other of the
source and the drain of the transistor M1 and the gate of the
transistor M2, and the other of the pair of electrodes of the
capacitor C is connected to the other of the source and the
drain of the transistor M3 and the output terminal OUT.
[0230] In the buffer described in this embodiment, any of
the transistors described in Embodiments 1 and 4 can be
used as the transistors M1 to M3 as appropriate.

[0231] Next, structures of the transistors M1 and M2 are
described. FIG. 20B illustrates a top view of the transistors
M1 and M2. A cross-sectional view taken along dashed-
dotted lines A1-A2 and B1-B2 in the top view is illustrated
in FIG. 21A, and a cross-sectional view taken along dashed-
dotted line C1-C2 is illustrated in FIG. 21B. Note that FIG.
21A illustrates a cross-sectional view of the transistors M1
and M2 in the channel direction, and FIG. 21B illustrates a
cross-sectional view of the transistor M1 in the channel
width direction.

[0232] A cross-sectional structure of the transistor M1
illustrated in FIGS. 21A and 21B is as follows.

[0233] A conductive layer 507a serving as a first gate
electrode of the transistor M1 is provided over a substrate
102. An insulating layer 127 serving as a gate insulating
layer of the transistor M1 is provided over the conductive
layer 507a. Semiconductor layers 511a_1 and 511a_2 are
provided over the insulating layer 127 so as to overlap with
the conductive layer 507a, and serve as semiconductor
layers of the transistor M1. A conductive layer 5094 serving
as a source electrode of the transistor M1 and a conductive
layer 513a serving as a drain electrode of the transistor M1
are provided over the semiconductor layers 511a_1 and
511a_2 and the insulating layer 127. Insulating layers 129
and 131 serving as a protective insulating layer of the
transistor M1 are provided over the conductive layer 509a,
the semiconductor layers 511a_1 and 511a_2, the conduc-
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tive layer 513a, and the insulating layer 127. An insulating
layer 133 is formed over the insulating layer 131, and a
conductive layer 517a serving as a second gate electrode of
the transistor M1 is formed over the insulating layer 133. An
opening 523 reaching the conductive layer 513a is provided
in the insulating layers 129, 131, and 133. Openings 521 and
522 reaching the insulating layer 127 are provided in the
insulating layers 129 and 131. The insulating layer 133 is
formed so as to cover the openings 521 and 522, and an
opening 524 reaching the conductive layer 507a and an
opening 525 reaching a conductive layer 5075 are provided
in the insulating layer 127 and the insulating layer 133. The
conductive layer 517a is provided over the insulating layer
133 and the openings 521 and 524. That is, the conductive
layer 517a serving as the second gate electrode has the same
potential as the conductive layer 507a serving as the first
gate electrode. A conductive layer 519 is provided over the
insulating layer 133 and the openings 522, 523, and 525.
That is, the conductive layer 513a serving as the drain
electrode of the transistor M1 and the conductive layer 5075
serving as a first gate electrode of the transistor M2 are
connected through the conductive layer 519.

[0234] FIG. 21B is a cross-sectional view of the transistor
M1 in the channel width direction. In this embodiment, the
transistor M1 is formed using the transistor 250 described in
Embodiment 4, and an end portion of the conductive layer
517a serving as the gate electrode is located on the outer side
of an end portion of the semiconductor layer 511a_1.

[0235] The conductive layer 5075 serving as the first gate
electrode of the transistor M2 is provided over the substrate
102. The insulating layer 127 serving as a gate insulating
layer of the transistor M2 is provided over the conductive
layer 5075. A semiconductor layer 5115 is provided over the
insulating layer 127 so as to overlap with the conductive
layer 507b, and serve as a semiconductor layer of the
transistor M2. A conductive layer 5095 serving as a source
electrode of the transistor M2 and a conductive layer 5135
serving as a drain electrode of the transistor M2 are provided
over the semiconductor layer 5116 and the insulating layer
127. The insulating layers 129 and 131 serving as a protec-
tive insulating layer of the transistor M2 are provided over
the conductive layer 5095, the semiconductor layer 5115, the
conductive layer 5135, and the insulating layer 127. The
insulating layer 133 is formed over the insulating layer 131,
and a conductive layer 517b serving as a second gate
electrode of the transistor M2 is formed over the insulating
layer 133. Although not illustrated, the conductive layer
507b and the conductive layer 5175 are connected through
an opening provided in the insulating layer 127, the insu-
lating layer 129, the insulating layer 131, and the insulating
layer 133. That is, the conductive layer 5175 serving as the
second gate electrode has the same potential as the conduc-
tive layer 5075 serving as the first gate electrode.

[0236] Next, a method for manufacturing the transistors
M1 and M2 is described with reference to FIGS. 5A 10 7B,
which are described in Embodiment 1, and FIGS. 21A and
21B.

[0237] By the same process as the scan line 107 which is
illustrated in FIG. 5A, the conductive layers 5074 and 5075
are formed over the substrate 102. Next, the insulating layer
127 is formed. Then, by the same process as the semicon-
ductor layers 111 and 119 which is illustrated in FIG. 5A, the
semiconductor layers 511a_1, 511a_2, and 5115 are formed.
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[0238] Next, by the same process as the data line 109 and
the conductive layer 113 which is illustrated in FIG. 5B, the
conductive layers 509a, 513a, 5095, and 5135 are formed
over the insulating layer 127 and the semiconductor layers
511a_1, 511a_2, and 5115.

[0239] Next, the insulating layer 129 and the insulating
layer 131 are formed as illustrated in FIG. 5C.

[0240] Next, by the same process as the opening 140
which is illustrated in FIG. 6A, the opening 521 and the
opening 522 are formed.

[0241] Next, the insulating layer 133 is formed as illus-
trated in FIG. 6B.

[0242] Next, by the same process as the opening 117
which is illustrated in FIG. 7A, the opening 523, the opening
524, and the opening 525 are formed.

[0243] Next, by the same process as the pixel electrode
121 which is illustrated in FIG. 7B, the conductive layer
517a, the conductive layer 5175, and the conductive layer
519 are formed.

[0244] Through the above process, the transistor M1 and
the transistor M2 can be manufactured.

[0245] When the transistors M1 to M3 are manufactured
using transistors including a pair of gate electrodes which
overlap with each other with a semiconductor layer provided
therebetween and which have the same potential as
described in Embodiment 4, a channel formation region in
the semiconductor layer of each transistor is enlarged and
drain currents of the transistors M1 to M3 can be increased.
Thus, while a decrease in on-state current is suppressed, the
sizes of the transistors M1 to M3 can be decreased, and
therefore, the area of the buffer 500 and hence that of a
driver circuit including the buffer 500 can be decreased. The
transistor M2 provided on the output side of the buffer 500
should have a higher current supply capability than that of
the transistor M1. In the case where the transistor M2
includes such a pair of gate electrodes as described above,
the effect in decreasing the area of the buffer 500 or the
driver circuit is particularly larger than in the case where the
transistor M1 has the same structure.

Embodiment 6

[0246] In this embodiment, a display module and elec-
tronic devices that can be formed using a display device of
one embodiment of the present invention are described with
reference to FIG. 13 and FIGS. 14A to 14H.

[0247] In a display module 8000 illustrated in FIG. 13, a
touch panel 8004 connected to an FPC 8003, a display panel
8006 connected to an FPC 8005, a backlight 8007, a frame
8009, a printed board 8010, and a battery 8011 are provided
between an upper cover 8001 and a lower cover 8002.
[0248] The display device of one embodiment of the
present invention can be used for, for example, the display
panel 8006.

[0249] The shapes and sizes of the upper cover 8001 and
the lower cover 8002 can be changed as appropriate in
accordance with the sizes of the touch panel 8004 and the
display panel 8006.

[0250] The touch panel 8004 can be a resistive touch panel
or a capacitive touch panel and can be formed to overlap
with the display panel 8006. A counter substrate (sealing
substrate) of the display panel 8006 can have a touch panel
function. A photosensor may be provided in each pixel of the
display panel 8006 to form an optical touch panel.
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[0251] The backlight 8007 includes a light source 8008.
The light source 8008 may be provided at an end portion of
the backlight 8007 and a light diffusing plate may be used.
[0252] The frame 8009 protects the display panel 8006
and also functions as an electromagnetic shield for blocking
electromagnetic waves generated by the operation of the
printed board 8010. The frame 8009 may function as a
radiator plate.

[0253] The printed board 8010 is provided with a power
supply circuit and a signal processing circuit for outputting
a video signal and a clock signal. As a power source for
supplying power to the power supply circuit, an external
commercial power source or a power source using the
battery 8011 provided separately may be used. The battery
8011 can be omitted in the case of using a commercial power
source.

[0254] The display module 8000 may be additionally
provided with a member such as a polarizing plate, a
retardation plate, or a prism sheet.

[0255] FIGS. 14A to 14H illustrate electronic devices.
These electronic devices can include a housing 5000, a
display portion 5001, a speaker 5003, an LED lamp 5004,
operation keys 5005 (including a power switch or an opera-
tion switch), a connection terminal 5006, a sensor 5007 (a
sensor having a function of measuring or sensing force,
displacement, position, speed, acceleration, angular veloc-
ity, rotational frequency, distance, light, liquid, magnetism,
temperature, chemical substance, sound, time, hardness,
electric field, current, voltage, electric power, radiation, flow
rate, humidity, gradient, oscillation, odor, or infrared ray), a
microphone 5008, and the like.

[0256] FIG. 14A illustrates a mobile computer that can
include a switch 5009, an infrared port 5010, and the like in
addition to the above components. FIG. 14B illustrates a
portable image reproducing device (e.g., a DVD player) that
is provided with a memory medium and can include a
second display portion 5002, a memory medium reading
portion 5011, and the like in addition to the above compo-
nents. FIG. 14C illustrates a goggle-type display that can
include the second display portion 5002, a support 5012, an
earphone 5013, and the like in addition to the above com-
ponents. FIG. 14D illustrates a portable game machine that
can include the memory medium reading portion 5011 and
the like in addition to the above components. FIG. 14E
illustrates a digital camera that has a television reception
function and can include an antenna 5014, a shutter button
5015, an image receiving portion 5016, and the like in
addition to the above components. FIG. 14F illustrates a
portable game machine that can include the second display
portion 5002, the memory medium reading portion 5011,
and the like in addition to the above components. FIG. 14G
illustrates a television receiver that can include a tuner, an
image processing portion, and the like in addition to the
above components. FIG. 14H illustrates a portable television
receiver that can include a charger 5017 capable of trans-
mitting and receiving signals, and the like in addition to the
above components.

[0257] The electronic devices illustrated in FIGS. 14A to
14H can have a variety of functions, for example, a function
of displaying a variety of data (a still image, a moving
image, a text image, and the like) on the display portion, a
touch panel function, a function of displaying a calendar,
date, time, and the like, a function of controlling a process
with a variety of software (programs), a wireless commu-
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nication function, a function of being connected to a variety
of computer networks with a wireless communication func-
tion, a function of transmitting and receiving a variety of
data with a wireless communication function, a function of
reading a program or data stored in a memory medium and
displaying the program or data on the display portion, and
the like. Further, the electronic device including a plurality
of display portions can have a function of displaying image
data mainly on one display portion while displaying text
data on another display portion, a function of displaying a
three-dimensional image by displaying images on a plurality
of display portions with a parallax taken into account, or the
like. Furthermore, the electronic device including an image
receiving portion can have a function of shooting a still
image, a function of taking a moving image, a function of
automatically or manually correcting a shot image, a func-
tion of storing a shot image in a memory medium (an
external memory medium or a memory medium incorpo-
rated in the camera), a function of displaying a shot image
on the display portion, or the like. Note that functions that
can be provided for the electronic devices illustrated in
FIGS. 14A to 14H are not limited to those described above,
and the electronic devices can have a variety of functions.
[0258] The electronic devices described in this embodi-
ment each include the display portion for displaying some
sort of data.

[0259] The structure described in this embodiment can be
used as appropriate in combination with any of the structures
described in the other embodiments.

Example 1

[0260] In this example, the transmittance of a display
device of one embodiment of the present invention was
calculated. The structure of the display device used for the
calculation in this example is described below with refer-
ence to FIG. 15.

[0261] The display device illustrated in FIG. 15 and used
for the calculation includes a substrate 402, conductive
layers 407 and 419 over the substrate 402, an insulating
layer 431 over the substrate 402 and the conductive layers
407 and 419, a spacer 466 over the insulating layer 431, an
electrode 421 over the insulating layer 431, an electrode 460
over the spacer 466, a substrate 452 over the electrode 460,
and a liquid crystal layer 464 between the electrode 421 and
the electrode 460.

[0262] The electrode 421 is provided along a depressed
portion formed in the insulating layer 431. Therefore, the
electrode 421 has a depressed portion. One end portion of
the spacer 466 is denoted by X, and one end portion of the
depressed portion of the electrode 421 is denoted by Y.
[0263] Note that the structure of the display device illus-
trated in FIG. 15 and used for the calculation is a simplified
structure of the display device of one embodiment of the
present invention illustrated in FIG. 3 for the sake of simple
calculation. Specifically, the substrate 402 corresponds to
the substrate 102 illustrated in FIG. 3 over which the
transistor 103 is formed. The conductive layer 407 corre-
sponds to the scan line 107 illustrated in FIG. 3. The
conductive layer 419 corresponds to the semiconductor layer
119 illustrated in FIG. 3. The insulating layer 431 corre-
sponds to the insulating layer 131 illustrated in FIG. 3. The
spacer 466 corresponds to the spacer 166 illustrated in FIG.
3. The pixel electrode 421 corresponds to the pixel electrode
121 illustrated in FIG. 3. The electrode 460 corresponds to
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the conductive layer 160 illustrated in FIG. 3. The substrate
452 corresponds to the substrate 152 illustrated in FIG. 3.
The liquid crystal layer 464 corresponds to the liquid crystal
layer 164 illustrated in FIG. 3.

[0264] Numerical values 0, 10, 20, 30, 40, and 49.5 (um)
in FIG. 15 represent distances in the horizontal direction in
the above-described structure used for the calculation.
Numerical values 0.0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0
(um) in FIG. 15 represent distances in the vertical direction
in the above-described structure used for the calculation.
Specifically, the depth (the distance in the vertical direction)
of the depressed portion formed in the insulating layer 431
is 0.5 pm. The taper angle of the depressed portion is 15°.
The thickness of the electrodes 421 and 460 is 0.1 um.
[0265] The resolution of the display device illustrated in
FIG. 15 and used for the calculation was set to three values
of 326 ppi, 353 ppi, and 513 ppi in the calculation. Note that
in the case where the resolution was 326 ppi, the distance in
the horizontal direction in the structure of the display device
illustrated in FIG. 15 was set to 78 um; in the case where the
resolution was 353 ppi, the distance in the horizontal direc-
tion in the structure of the display device illustrated in FIG.
15 was set to 72 pm; and in the case where the resolution was
513 ppi, the distance in the horizontal direction in the
structure of the display device illustrated in FIG. 15 was set
to 49.5 pm.

[0266] The voltages applied to the conductive layers and
the electrodes illustrated in FIG. 15 were set as follows: the
conductive layer 407, -9 V; the conductive layer 419, 0 V;
the electrode 421, 5V, and the electrode 460, 0 V. A liquid
crystal material of the liquid crystal layer 464 was assumed
to be MLC-2039 (produced by Merck).

[0267] Under the above conditions, the transmittances of
the liquid crystal layer 464 at different times were calcu-
lated. Note that LCD Master (produced by SHINTECH,
Inc.) was used as calculation software.

[0268] FIG. 16 shows results of calculation of the trans-
mittances. In FIG. 16, the horizontal axis represents time
(msec) and the vertical axis represents normalized transmit-
tance (%).

[0269] The calculation results in FIG. 16 show that in the
structure of the display device illustrated in FIG. 15, the
normalized transmittance rises in a shorter time as the
resolution increases. This implies that the response speed of
the liquid crystal layer 464 increases as the resolution
increases in the structure of the display device illustrated in
FIG. 15.

[0270] Next, changes of the transmittance of the liquid
crystal layer over time in the structure of the display device
illustrated in FIG. 15 and used for the calculation were
calculated. Note that the transmittances of the liquid crystal
layer 464 after 0 msec, 5 msec, 10 msec, 15 msec, 20 msec,
25 msec, and 30 msec were calculated with the resolution set
to 513 ppi (the distance in the horizontal direction set to 49.5
um). Note that the other conditions for the calculation were
similar to those described above.

[0271] FIG. 17 shows the results of calculation of the
transmittances. In FIG. 17, the horizontal axis represents
distance (um) and the vertical axis represents transmittance
(%). In addition, in FIG. 17, X and Y indicate portions
corresponding to X and Y in FIG. 15.

[0272] The calculation results shown in FIG. 17 confirm
that the transmittance increases over time from two points of
X (end portion of the spacer 466) and Y (end portion of the



US 2018/0321559 Al

depressed portion of the electrode 421) as starting points
toward the middle of the pixel. Thus, the points X and Y are
origins of alignment control, which implies that the response
speed increases as the distance between X and Y decreases.
In other words, as the resolution of the display device
increases, the structure of the display device of one embodi-
ment of the present invention becomes more effective.
[0273] The structure described in this example can be used
as appropriate in combination with any of the structures
described in the other embodiments.

Example 2

[0274] In this example, a display device of one embodi-
ment of the present invention was manufactured and evalu-
ated. One embodiment of the display device manufactured
in this example is described below.

[0275] First, specifications of the display device manufac-
tured in this example are shown in Table 1.
TABLE 1
Backplane CAAC-IGZO
Panel size 4.3 inches
Number of effective pixels 1080 x RGB (H) x 1920 (V): FHD
Pixel size 16.5 pm (H) x 49.5 pm (V)

External panel size
Display region

55.46 mm (H) x 137.96 mm (V)
53.46 mm (H) x 95.04 mm (V)

Resolution 513 ppi

Number of masks 6 (CE transistor)

LCD Vertical electric field liquid crystal
Coloring method CF

Aperture ratio 50.3%

Drive frequency 60 Hz

Video signal format Analog line sequential

Gate driver Built-in (driver width: 0.72 mm)

(bezel width: 1.0 mm)
Source driver COF
(bezel width: 4.3 mm)

[0276] As shown in Table 1, CAAC-IGZO was used in a
backplane. The panel size was 4.3 inches. The number of
effective pixels was 1080xRGB (H)x1920 (V) which cor-
responds to full high definition (FHD). The pixel size was
16.5 pm (H)x49.5 um (V). The external panel size was 55.46
mm (H)x137.96 mm (V). The display region was 53.46 mm
(H)x95.04 mm (V). The resolution was 513 ppi. The number
of masks was six and a channel-etched (CE) transistor was
used. A vertical electric field liquid crystal was used in the
LCD. A color filter (CF) method was used as the coloring
method. The aperture ratio was 50.3%. The drive frequency
was 60 Hz. The video signal format was analog line sequen-
tial. The gate driver was built-in, the driver width was 0.72
mm, and the bezel width was 1.0 mm. The source driver was
chip on film (COF), and the bezel width was 4.3 mm.

[0277] Note that the pixel structure was similar to that
shown in the top view illustrated in FIG. 1 and the cross-
sectional views illustrated in FIGS. 2 to 4.

[0278] FIG. 22 shows a result of display on the display
device of one embodiment of the present invention which
was manufactured in this example. As shown in FIG. 22,
excellent display on the display device of one embodiment
of the present invention has been confirmed.

[0279] Next, the state of liquid crystal alignment in a pixel
portion was observed using a test element group (TEG)
substrate having the same structure as that of the display
device shown in FIG. 22. Note that a black matrix (BM) and
a color filter (CF) were not provided in the TEG substrate for
easy observation of the state of liquid crystal alignment in
the pixel portion.
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[0280] Note that the state of liquid crystal alignment was
observed using a polarizing microscope under crossed
nicols, and a reflection image and a transmission image were
observed.

[0281] FIGS. 23A and 23B show observation results of
states of liquid crystal alignment. Note that FIG. 23A shows
the observation result of state of liquid crystal alignment in
the reflection image, and FIG. 23B shows the observation
result of state of liquid crystal alignment in the transmission
image.

[028gZ] As shown in FIGS. 23A and 23B, favorable align-
ment states without defective alignment have been con-
firmed.

[0283] As described above, it has been confirmed in this
example that the 4.3-inch high-resolution (513 ppi) FHD
liquid crystal display device can be manufactured with six
masks.

[0284] This application is based on Japanese Patent Appli-
cation serial no. 2013-118550 filed with Japan Patent Office
on Jun. 5, 2013, Japanese Patent Application serial no.
2013-122849 filed with Japan Patent Office on Jun. 11, 2013,
and Japanese Patent Application serial no. 2014-037205
filed with Japan Patent Office on Feb. 27, 2014, the entire
contents of which are hereby incorporated by reference.

What is claimed is:

1. A display device comprising:

a first pixel comprising:

a first pixel electrode;

a first counter electrode;

a first liquid crystal layer between the first pixel elec-
trode and the first counter electrode;

a first spacer in the first liquid crystal layer and between
the first pixel electrode and the first counter elec-
trode; and

a first transistor electrically connected to the first pixel
electrode;

a second pixel comprising:

a second pixel electrode;

a second counter electrode;

a second liquid crystal layer between the second pixel
electrode and the second counter electrode;

a second spacer in the second liquid crystal layer and
between the second pixel electrode and the second
counter electrode; and

a second transistor electrically connected to the second
pixel electrode;

a capacitor line between the first pixel and the second

pixel; and

an insulating layer over the first transistor and the second

transistor, the insulating layer having an opening,

wherein the first pixel electrode and the second pixel
electrode are provided over the insulating layer and
partly overlap with the opening,

wherein the first pixel electrode includes a first depressed

portion along the opening, and

wherein the second pixel electrode includes a second

depressed portion along the opening.

2. The display device according to claim 1,

wherein the first spacer and the first depressed portion do

not overlap with each other, and

wherein the second spacer and the second depressed

portion do not overlap with each other.

3. The display device according to claim 1, further com-
prising a pair of alignment films facing each other with the
first liquid crystal layer and the second liquid crystal layer
provided therebetween.
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4. The display device according to claim 1,

wherein alignment in the first liquid crystal layer is
controlled by the first depressed portion and the first
spacer, and

wherein alignment in the second liquid crystal layer is
controlled by the second depressed portion and the
second spacer.

5. The display device according to claim 1,

wherein the first pixel comprises a first capacitor com-
prising:
the first pixel electrode; and
a conductive layer having a light-transmitting property,

wherein the second pixel comprises a second capacitor
comprising:
the second pixel electrode; and
the conductive layer having a light-transmitting prop-

erty,
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wherein the conductive layer includes a first region over-

lapping with the capacitor line, and

wherein the opening includes a second region overlapping

with the first region.

6. The display device according to claim 5, wherein the
first capacitor and the second capacitor are located sym-
metrically with respect to the capacitor line.

7. The display device according to claim 5,

wherein the first transistor and the second transistor each

comprise a channel formation region in an oxide semi-
conductor layer, and

wherein the oxide semiconductor layer and the conductive

layer are provided over a same surface and include a
same material.

8. An electronic device comprising the display device
according to claim 1.

* ok %k
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