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FIG. 14A
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FIG. 15A
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FIG. 16B

Electron beam incident to the sample ~ Electron beam incident to the sample
surface along a direction surface along a direction
parallel to the surface perpendicular to the surface
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SEMICONDUCTOR DEVICE AND DISPLAY
DEVICE

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] One embodiment of the present invention relates to
a touch sensor. Another embodiment of the present invention
relates to a display device including a touch sensor or a
display panel, or a touch sensor and a display panel in com-
bination.

[0003] Note that the term “display panel” in this specifica-
tion and the like means all display devices such as a liquid
crystal panel, an organic EL panel, and an inorganic EL panel.
The term “semiconductor device” means all devices which
can operate by utilizing semiconductor characteristics. A
semiconductor element such as a transistor, a semiconductor
circuit, an arithmetic device, and amemory device are each an
embodiment of a semiconductor device. An imaging device,
adisplay device, a liquid crystal display device, a light-emit-
ting device, an electro-optical device, and an electronic
device may have a semiconductor device. In addition, a dis-
play device including a touch sensor and a display panel is
referred to as a display module in some cases.

[0004] Note that one embodiment of the present invention
is not limited to the above technical field. One embodiment of
the invention disclosed in this specification and the like
relates to an object, a method, or a fabricating method. One
embodiment of the present invention relates to a process, a
machine, manufacture, or a composition of matter. Thus,
more specific examples of the technical field of one embodi-
ment of the present invention disclosed in this specification
include a semiconductor device, a display device, a light-
emitting device, an electronic device, an input device, an
input/output device, a method for driving any of them, and a
method for fabricating any of them.

[0005] 2. Description of the Related Art

[0006] As a flat panel display, a display device including a
liquid crystal is known. An electronic device in which the
display device is used for a display portion is known. Such an
electronic device includes an input portion used for operating
the electronic device, for example.

[0007] A touch sensor is known as an example of the input
portion. An electronic device including a touch sensor over-
lapping with a display panel, in which display images can be
changed by an input with the use of the touch sensor, has been
desired. In the touch sensor, a capacitive touch technology, a
resistive touch technology, an optical touch technology, and
the like are known as its method for detecting an input signal.

REFERENCE

Patent Document

[0008] [Patent Document 1] Japanese Published Patent
Application No. H09-281508

SUMMARY OF THE INVENTION

[0009] When a display module including a touch sensor is
fabricated, a surface of a display portion included in a display
panel for displaying images is apart from a detection surface
of a touch sensor for detecting input signals because a touch
panel is provided over a display panel with an adhesive layer
interposed therebetween. Thus, some problems arise in that
input is not smoothly performed, for example. Specifically,
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when the display surface is seen diagonally through a touch
sensor, icons displayed on the display surface deviate from
the sensing positions of the touch panel, which inhibits an
accurate input.

[0010] Inview ofthe above technical background, an object
of one embodiment of the present invention is to provide a
display module including a touch sensor in which wrong
input can be reduced. Another object of one embodiment of
the present invention is to improve the reliability of a display
module including a touch sensor.

[0011] When a display module including a touch sensor is
fabricated, a touch sensor overlaps with a display panel,
which makes it difficult to reduce the thickness. An object of
one embodiment of the present invention is to reduce the
thickness of a display module including a touch sensor.
Another object of one embodiment of the present invention is
to reduce the weight of a display module including a touch
Sensor.

[0012] When a display module including a touch sensor is
fabricated, a touch sensor and a display panel are fabricated
separately and then need to be combined with each other,
whichleads to an increase in fabricating cost. Anobject of one
embodiment of the present invention is to prevent an increase
in fabricating cost of a display module including a touch
Sensor.

[0013] Another object of one embodiment of the present
invention is to provide a novel structure of a display module
including a touch sensor. Another object of one embodiment
of the present invention is to provide a novel touch sensor.
Another object of one embodiment of the present invention is
to provide a novel display. Another object of one embodiment
of the present invention is to provide a novel display module.
[0014] Note that the descriptions of these objects do not
disturb the existence of other objects. One embodiment of the
present invention does not necessarily solve all the objects.
Other objects will be apparent from and can be derived from
the description of the specification, the drawings, the claims,
and the like.

[0015] 1In one embodiment of the present invention, a dis-
play device which includes a first substrate, a second sub-
strate, and liquid crystal interposed between the first substrate
and the second substrate includes a display portion. The dis-
play portion includes a sensor unit and a pixel. The sensor unit
includes a first transistor, a first conductive film electrically
connected to a gate of the first transistor, and a second con-
ductive film. At least part of the first conductive film overlaps
with at least part of the second conductive film. The pixel
includes a second transistor, and a pixel electrode electrically
connected to the second transistor. At least part of the pixel
electrode overlaps with at least part of the first conductive
film.

[0016] In another embodiment of the present invention, a
display device which includes a first substrate, a second sub-
strate, and liquid crystal interposed between the first substrate
and the second substrate includes a display portion. The dis-
play portion includes a sensor unit and a pixel. The sensor unit
includes a first transistor, a first conductive film electrically
connected to a gate of the first transistor, and a second con-
ductive film. The first transistor and the first conductive film
are provided between the first substrate and the liquid crystal.
The second conductive film is provided so as to face the first
conductive film with the first substrate interposed therebe-
tween. At least part of the first conductive film overlaps with
at least part of the second conductive film. The pixel includes
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a second transistor, and a pixel electrode electrically con-
nected to the second transistor. At least part of the pixel
electrode overlaps with at least part of the first conductive
film.

[0017] In another embodiment of the present invention, a
display device which includes a first substrate, a second sub-
strate, and liquid crystal interposed between the first substrate
and the second substrate includes a display portion. The dis-
play portion includes a sensor unit and a pixel. The sensor unit
includes a first transistor, a first conductive film electrically
connected to a gate of the first transistor, and a second con-
ductive film. The first transistor and the first conductive film
are provided between the first substrate and the liquid crystal.
The second conductive film is provided so as to face the first
conductive film with the liquid crystal interposed therebe-
tween. At least part of the first conductive film overlaps with
at least part of the second conductive film. The pixel includes
a second transistor, and a pixel electrode electrically con-
nected to the second transistor. At least part of the pixel
electrode overlaps with at least part of the first conductive
film.

[0018] In another embodiment of the present invention, a
display device which includes a first substrate, a second sub-
strate, and liquid crystal interposed between the first substrate
and the second substrate includes a display portion. The dis-
play portion includes a sensor unit and a pixel. The sensor unit
includes a first transistor, a first conductive film electrically
connected to a gate of the first transistor, and a second con-
ductive film. At least part of the first conductive film is adja-
cent to at least part of the second conductive film. The pixel
includes a second transistor, and a pixel electrode electrically
connected to the second transistor. At least part of the pixel
electrode overlaps with at least part of the first conductive
film.

[0019] Intheabove, the first transistor is preferably formed
in the same fabrication process at the same time as the second
transistor.

[0020] According to one embodiment of the present inven-
tion, a sensor unit can be formed at the same time as a pixel,
which can reduce fabricating cost of a display device inte-
grated with a sensor. The thickness of a display device inte-
grated with a sensor can be reduced. The weight of a display
device integrated with a sensor can be reduced. The thickness
and weight of a display device integrated with an active
matrix sensor can be reduced. A highly reliable display device
integrated with a sensor whose detection sensitivity is
improved canbe provided. According to another embodiment
of the present invention, a novel structure of a display module
including a touch sensor can be provided. Another embodi-
ment of the present invention can provide a novel touch sen-
sor. Another embodiment of the present invention can provide
anovel display. Another embodiment of the present invention
can provide a novel display module.

[0021] Note that the description of these effects does not
disturb the existence of other effects. One embodiment of the
present invention does not necessarily achieve all the effects.
Other effects will be apparent from and can be derived from
the description of the specification, the drawings, the claims,
and the like.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] In the accompanying drawings:
[0023] FIGS. 1A and 1B illustrate structure examples of a
display device;
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[0024] FIG. 2 illustrates a structure example of a display
device;

[0025] FIG. 3 illustrates a structure example of a display
device;

[0026] FIGS. 4A and 4B illustrate examples of driving
methods;

[0027] FIGS. 5A and 5B illustrate examples of driving
methods;

[0028] FIG. 6 illustrates a structure example of a circuit;
[0029] FIG. 7 illustrates an example of driving method,
[0030] FIG. 8 illustrates a structure example of a circuit;
[0031] FIG. 9 illustrates a structure example of a circuit;
[0032] FIG. 10 illustrates a structure example of a display
device;

[0033] FIG. 11 illustrates a structure example of a circuit;
[0034] FIG. 12 illustrates a structure example of a circuit;
[0035] FIGS.13A to 13D are Cs-corrected high-resolution

TEM images of a cross section of a CAAC-OS and a cross-
sectional schematic view of a CAAC-OS;

[0036] FIGS.14A to 14D are Cs-corrected high-resolution
TEM images of a plane of a CAAC-OS;

[0037] FIGS. 15A to 15C show structural analysis of a
CAAC-0S and asingle crystal oxide semiconductor by XRD;
[0038] FIGS. 16A and 16B show electron diffraction pat-
terns of a CAAC-OS;

[0039] FIG. 17 shows a change of crystal parts of an In-Ga-
Zn oxide owing to electron irradiation;

[0040] FIGS. 18A to 18F each illustrate an example of an
electronic appliance;

[0041] FIG. 19 illustrates a structure example of a display
device; and

[0042] FIG. 20 illustrates a structure example of a display
device.

DETAILED DESCRIPTION OF THE INVENTION

[0043] Hereinafter, embodiments of the present invention
will be described in detail. Note that the present invention is
not limited to the description below, and it is easily under-
stood by those skilled in the art that a variety of changes and
modifications can be made without departing from the spirit
and scope of the present invention. Therefore, the present
invention is not construed as being limited to the description
of the embodiments given below.

[0044] Note that in the structures of the invention described
below, the same portions or portions having similar functions
are denoted by the same reference numerals in different draw-
ings, and description of such portions is not repeated. Further,
the same hatching patternis applied to portions having similar
functions, and the portions are not especially denoted by
reference numerals in some cases.

[0045] Note that in each drawing described in this specifi-
cation, the size, the film thickness, or the region of each
component is exaggerated for clarity in some cases. There-
fore, embodiments of the present invention are not limited to
such a scale.

[0046] Note that in this specification and the like, ordinal
numbers such as “first,” “second,” and the like are used in
order to avoid confusion among components and do not limit
the number.

[0047] Atransistorisakind of semiconductor elements and
can achieve amplification of current or voltage, switching
operation for controlling conduction or non-conduction, or
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the like. A transistor in this specification includes an insu-
lated-gate field effect transistor (IGFET) and a thin film tran-
sistor (TFT).

[0048] A “source” ofatransistor means asource region that
is part of a semiconductor film or a source electrode con-
nected to the semiconductor film. Similarly, a “drain” of the
transistor means a drain region that is part of the semiconduc-
tor film or a drain electrode connected to the semiconductor
film. A “gate” means a gate electrode.

[0049] The terms “source” and “drain” of a transistor inter-
change with each other depending on the conductivity type of
the transistor or levels of potentials applied to terminals. In
general, inan n-channel transistor, a terminal to which alower
potential is applied is called a source, and a terminal to which
a higher potential is applied is called a drain. Further, in a
p-channel transistor, a terminal to which a lower potential is
applied is called a drain, and a terminal to which a higher
potential is applied is called a source. In this specification,
although connection relation of the transistor is described
assuming that the source and the drain are fixed in some cases
for convenience, actually, the names of the source and the
drain interchange with each other depending on the relation
of the potentials.

[0050] In addition, even when different components are
connected to each other in a circuit diagram, there is actually
a case where one conductive film has functions of a plurality
of components such as a case where part of a wiring serves as
an electrode. The term “connection” also means such a case
where one conductive film has functions of a plurality of
components.

Embodiment 1

[0051] In this embodiment, a touch sensor and a liquid
crystal display device integrated with a touch sensor, of one
embodiment of the present invention, are described (FIGS.
1A and 1B).

[0052] FIG. 1A illustrates a schematic view of a display
device integrated with an active matrix touch sensor of one
embodiment of the present invention. A display device 10
integrated with an active matrix touch sensor of one embodi-
ment of the present invention includes a display region 100, a
gate line 104 provided in the display region 100, a gate line
driver circuit 20 electrically connected to the gate line 104, a
source line 105 provided in the display region 100, a source
line driver circuit 30 electrically connected to the source line
105, a bus line 102 provided in the display region 100, a
sensor unit driver circuit 40 for the active matrix touch sensor
electrically connected to the bus line 102, a bus line 103
provided in the display region 100, a conversion circuit 50 for
the active matrix touch sensor electrically connected to the
bus line 103. The display device 10 includes a flexible printed
circuit (FPC) 60.

[0053] A chip on glass (COG) method may be used as a
method for mounting the sensor unit driver circuit 40, the
conversion circuit 50, and the source line driver circuit 30.
The sensor unit driver circuit 40, the conversion circuit 50,
and the source line driver circuit 30 may be formed on one IC
chip or formed on respective IC chips. All or part of the sensor
unit driver circuit 40 may be formed over the display device
10 using a thin film transistor. All or part of the conversion
circuit 50 may be formed over the display device 10 using a
thin film transistor. All or part of the source line driver circuit
30 may be formed over the display device 10 using a thin film
transistor.
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[0054] FIG. 1B illustrates a schematic view of the display
region 100 of the display device integrated with an active
matrix touch sensor. The display region 100 includes at least
the active matrix touch sensor, the gate line 104, the source
line 105, a transistor 106, and a pixel electrode 107. A gate of
the transistor 106 is electrically connected to the gate line
104. One of a source and a drain of the transistor 106 is
electrically connected to the source line 105. The other of the
source and the drain of the transistor 106 is electrically con-
nected to the pixel electrode 107. The active matrix touch
sensor includes the bus line 102, the bus line 103, and a sensor
unit 101. The bus line 102 is electrically connected to the
sensor unit 101. The bus line 103 is electrically connected to
the sensor unit 101. Examples of the bus line 102 include a
wiring VRES, a wiring RES, a scanning line GL (k), a wiring
CS, a wiring VPI (see FIG. 6). Examples of the bus line 103
include a signal line DL (n) (see FIG. 6).

[0055] The active matrix touch sensor of one embodiment
of the present invention includes the sensor unit 101. The
sensor unit 101 includes a first transistor and a first capacitor.
The first capacitor includes a first electrode, a second elec-
trode, and a dielectric provided therebetween, for example. At
least part of the second electrode of the first capacitor over-
laps with part of a pixel electrode. A transistor which can be
formed over the first substrate at the same time as when the
transistor 106 is formed can be used as the first transistor. The
first transistor and the transistor 106 are formed over the first
substrate, which can simplify the process for fabricating the
touch panel and reduce the fabricating cost.

[0056] FIG. 2 is a cross-sectional view of a liquid crystal
display device integrated with an active matrix touch sensor
of one embodiment of the present invention. In FIG. 2, a cross
section a-a' illustrates part of a display element; b-b', part ofa
sensor unit; and c-c', part of a circuit.

[0057] The liquid crystal display device integrated with an
active matrix touch sensor of one embodiment of the present
invention includes conductive films 202, 203, 204, and 205
over a substrate 201. The conductive films 202, 203, and 205
each function as a gate electrode of a transistor. An insulating
film 206 is provided over the conductive films 202, 203, 204,
and 205. Part of the insulating film 206 can function as a gate
insulating film of the transistor. Semiconductor films 207,
208, and 209 are provided over the insulating film 206. Con-
ductive films 210 and 211 are provided over the semiconduc-
tor film 207. Conductive films 212 and 213 are provided over
the semiconductor film 208. Conductive films 214 and 215
are provided over the semiconductor film 209. The conduc-
tive films 210, 211, 212, 213, 214, and 215 each can function
as asource ora drain of a transistor. Insulating films 216,217,
and 218 are provided over the conductive films 210, 211, 212,
213, 214, and 215. The insulating film 218 is preferably an
insulator having planarity. The insulating films 216, 217, and
218 have openings 219 and 220. A conductive film 221 is
provided over the insulating film 218. The conductive film
221 is electrically connected to the conductive film 204
through the opening 220. At least part of the conductive film
221 functions as acommon electrode. An insulating film 222
is provided over the conductive film 221. An opening 223 is
provided into the insulating film 222. A conductive film 224 is
provided over the insulating film 222. The conductive film
224 is electrically connected to the conductive film 211
through the opening 223. At least part of the conductive film
224 can function as a pixel electrode. The conductive film 224
includes at least one slit, whereby the liquid crystal can be
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controlled by an electric field generated between the conduc-
tive films 224 and 221. At least part of the conductive film 221
overlaps with at least part of the conductive film 224 with the
insulating film 222 interposed therebetween and functions as
an electrode forming a storage capacitor for storing a poten-
tial of the pixel electrode for a predetermined period. A liquid
crystal layer 226 is provided over the conductive film 224. A
coloring film 227 and a light-blocking film 228 are provided
over the liquid crystal layer 226. As the color filter 227, a red
(R) color filter, a green (G) color filter, and a blue (B) color
filter can be used. These colors may also be combined with a
white (W) or yellow (Y) color filter. A substrate 229 is pro-
vided over the coloring film 227 and the light-blocking film
228. A conductive film 225 is provided under the substrate
201. The conductive film 225 overlaps with the conductive
film 221 at least with the substrate 201 interposed therebe-
tween and functions as the first capacitor of the sensor unit
101. A transparent conductive material is preferably used as
the conductive films 221, 224, and 225.

[0058] At least part of the conductive film 221 overlaps
with at least part of the conductive film 225 with a dielectric
interposed therebetween, thereby forming a capacitor. In the
active matrix touch sensor of one embodiment of the present
invention, capacitance formed between an object to be
detected such as a finger or a stylus and the conductive film
221 is measured to detect touch motion. Specifically, touch
motion can be detected by measuring a change in the potential
of the conductive film 221 due to capacitance formed between
the object to be detected and the conductive film 221 by the
touch motion when a predetermined potential difference is
applied between the conductive film 221 and the conductive
film 225.

[0059] At least part of the conductive film 221 also func-
tions as an electrode of a storage capacitor for storing a
voltage of the pixel electrode for a predetermined period and
further functions as an electrode of a first capacitor provided
in the sensor unit 101 for detecting touch motion.

[0060] The liquid crystal display device integrated with the
active matrix touch sensor of one embodiment of the present
invention can detect positional information based on the
change in capacitance at the time of touch motion. Images can
be displayed on the display region. Because the active matrix
touch sensor, the gate line 104, the source line 105, the tran-
sistor 106, and the pixel electrode 107 are formed over the
substrate 201, a thin and light liquid crystal display device
integrated with the active matrix touch sensor can be
obtained. A transistor used for the active matrix touch sensor
can be formed at the same time as the transistor 106 in the
pixel, which can simplify the fabricating process and reduce
the fabricating cost.

[0061] A structure of a transistor used for the liquid crystal
display device integrated with the active matrix touch sensor
of one embodiment of the present invention is not particularly
limited and transistors with various structures can be used.
Although the bottom-gate transistor is shown in this embodi-
ment, the transistor is not limited to this. For example, a
top-gate transistor may be used.

[0062] At least part of this embodiment can be imple-
mented in combination with any of the embodiments
described in this specification as appropriate.

Embodiment 2

[0063] FIG. 3 is a cross-sectional view of a liquid crystal
display device integrated with an active matrix touch sensor
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of one embodiment of the present invention. In FIG. 3, a cross
section a-a' illustrates part of a display element; b-b', a sensor
unit; and c-¢', part of circuit.

[0064] FIG. 2illustrates a structure in which the conductive
film 225 is provided under the substrate 201. FIG. 3 illustrates
an example in which a conductive film 301 corresponding to
the conductive film 225 is provided on the substrate 229 side.
Since the structure provided over the substrate 201 in FIG. 3
is similar to that of FIG. 2 except for the conductive film 225,
the description is omitted. An example in which a conductive
film 301 is provided over the liquid crystal is described in
FIG. 3.

[0065] In one embodiment of the present invention, the
conductive film 301 overlaps with the conductive film 224
with the liquid crystal layer 226 interposed therebetween. In
the structure of FIG. 3, the liquid crystal is controlled by the
conductive films 221, 224, and 301. The specific resistivity of
the liquid crystal material used for the liquid crystal is pref-
erably greater than or equal to 1.0x10"* Q-cm, further pref-
erably greater than or equal to 1.0x10"> Q-cm. A negative
liquid crystal material is preferably used for the liquid crystal.
With this structure, the liquid crystal display device causes
less change in transmittance of the liquid crystal and few
image flickers perceivable by users even when the number of
operations for writing image signals in a given period is
reduced. Specifically, the liquid crystal molecules are con-
trolled by an electric field generated between the conductive
films 224 and 221, and the use of the conductive film 301
makes it possible for the alignment of the liquid crystal to be
controlled more stably. A potential of the conductive film 301
is preferably equal to that of the conductive film 221. A
transparent conductive material is preferably used as the con-
ductive film 301.

[0066] A structure of a transistor used for the liquid crystal
display device integrated with the active matrix touch sensor
of one embodiment of the present invention is not particularly
limited and transistors with various structures can be used.
Although bottom-gate transistors are shown in this embodi-
ment, this embodiment is not limited to this. For example,
top-gate transistors may be used.

[0067] At least part of this embodiment can be imple-
mented in combination with any of the embodiments
described in this specification as appropriate.

Embodiment 3

[0068] Inthis embodiment, a driving method by which the
frequency of screen updating is reduced as much as possible
is described as a method for driving a liquid crystal of one
embodiment of the present invention.

[0069] A liquid crystal display device to which the driving
method is applied displays images by at least two driving
methods (modes). One is a driving method in which screen
updating is successively performed. This method is called
“normal driving.” The other is a driving method in which
screen writing is stopped after screen writing processing is
executed. This method is called “idling stop (IDS) driving. In
a“normal mode (state)” and an “IDS mode (state),” the liquid
crystal display device is operated by the normal drive and the
IDS drive, respectively.

[0070] Moving images are displayed by the normal drive.
Still images are displayed by the normal drive or the IDS
drive. For displaying still images, the same picture is dis-
played; therefore, screen updating is not necessarily per-
formed successively. The liquid crystal display device is oper-
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ated by the IDS driving for displaying still images, which can
reduce flicker in the images. The power consumption can also
be reduced. The normal driving and the IDS driving are
described below with reference to FIGS. 4A and 4B and
FIGS. 5A and 5B.

[0071] FIG. 4A shows a display method of still images by
the normal drive, and FIG. 4B shows a display method of still
images by the IDS drive.

[0072] FIGS. 5A and 5B are timing chart examples of the
normal driving and the IDS driving, respectively. In FIGS. SA
and 5B, Video is an image signal input to the liquid crystal
display device, which is an image data signal supplied to a
source line from a source line driver circuit. GVDD is a power
supply voltage on a high potential side of the gate line driver
circuit.

[0073] Inthe normal drive, screen (data) is updated succes-
sively. Specifically, when the frame frequency is 60 Hz, one
frame period is about Yeo seconds; thus, screen is updated
every about Yo second.

[0074] In the IDS driving,. processing performed as shown
in the timing chart includes data updating processing (also
referred to as writing processing) and data retention process-
ing.

[0075] Regarding the frequency of data updating, data
updating is executed once per frame period (period Tpd) as in
the normal drive, whereby data is written to a pixel. After data
is written, data updating is stopped. A pixel transistor is
turned off so that data is retained.

[0076] The number of data updating operations in one data
updating processing may be one or more. FIG. 4B and FIG.
5B each show an example in which the number of data updat-
ing operations is three.

[0077] The number of data updating operations can be set
in consideration of the length of the one frame period. The
time required for data updating operation is at most 1 second,
and is preferably about less than or equal to 0.5 seconds, or
about less than or equal to 0.2 seconds.

[0078] The number of data writing operations is preferably
adjusted so that the polarity of Video signal retained in the
pixel in the data retention period is opposite to that of Video
signal retained in the pixel in the preceding data retention
period. This can inhibit degradation of the liquid crystal due
to the IDS driving.

[0079] Ascanbeseen from FIGS. 4A and 4B and FIGS. SA
and 5B, in the IDS mode, a still image can be displayed while
data is updated much less frequently than in the normal mode.
Accordingly, display of still images in the IDS mode results in
reduced screen flicker and less eye strain. In the data retention
period, the gate line driver circuit and the source line driver
circuit also stop operating; thus, power consumption can be
reduced.

[0080] At least part of this embodiment can be imple-
mented in combination with any of the embodiments
described in this specification as appropriate.

Embodiment 4

[0081] In this embodiment, a structure example of a touch
sensor of one embodiment of the present invention and a
driving method thereof is described with reference to draw-
ings.

[0082] FIG. 6 illustrates a circuit diagram of a display por-
tion including an active matrix touch sensor of one embodi-
ment of the present invention. FIG. 7 shows an example of
signals which can be input to the circuit of FIG. 6.
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[0083] The display portion in FIG. 6 includes at least a
sensor unit and a pixel. The sensor unit includes at least a
capacitor C1, and transistors M1, M2, and M3. The pixel
includes at least a liquid crystal element LC, a capacitor Cle,
and a transistor Mp.

[0084] A gate line Gpixel (1) is electrically connected to a
gate of the transistor Mp. A source line Spixel (o) is electri-
cally connected to one of a source and a drain of the transistor
Mp (1 and o are each an integer of 1 or more). The other of the
source and the drain of the transistor Mp is electrically con-
nected to a pixel electrode and a first electrode of the capacitor
Cle

[0085] A scanning line GL (k) is electrically connected to a
gate of the transistor M2. A wiring DL (n) is electrically
connected to one of a source and a drain of the transistor M2
(k and n are each an integer of 1 or more). A wiring VRES is
electrically connected to one of a source and a drain of the
transistor M3. A wiring RES is electrically connected to a
gate of the transistor M3. A wiring VPI is electrically con-
nected to one of a source and a drain of the transistor M1. A
wiring CS is electrically connected to the second electrode of
the capacitor C1.

[0086] Theotherofthe source and the drain ofthe transistor
M1 and the other of the source and the drain of the transistor
M2 are electrically connected to each other. A gate of the
transistor M1 is electrically connected to the other of the
source and the drain of the transistor M3 and the first elec-
trode of the capacitor C1.

[0087] A common electrode COM included in the liquid
crystal element LC is electrically connected to the gate of the
transistor M1. The second electrode of the capacitor Clec in
the pixel portion is electrically connected to the gate of the
transistor M1.

[0088] The gate line Gpixel is electrically connected to the
gate line driver circuit.

[0089] The source line Spixel is electrically connected to
the source line driver circuit. The wiring VRES is electrically
connected to a sensor unit driver circuit. The wiring RES is
electrically connected to the sensor unit driver circuit. The
wiring CS and the wiring VPI each may be electrically con-
nected to the sensor unit driver circuit or electrically con-
nected to a FPC otherwise than via the sensor unit driver
circuit.

[0090] Thewiring DL is electrically connected to a conver-
sion circuit. Any of a variety of circuits can be used as the
conversion circuit. FIG. 8 illustrates one example.

[0091] The sensor unit includes the capacitor C1 including
the first electrode and the second electrode. In FIG. 2, the
conductive film 225 corresponds to the second electrode and
the conductive film 221 corresponds to the first electrode. In
FIG. 3, the conductive film 301 corresponds to the second
electrode and the conductive film 221 corresponds to the first
electrode.

[0092] A driving method is described with reference to
FIG. 6 and FIG. 7.

[0093] A timing chart of one frame period is shown in FIG.
7. One frame period includes a writing period and a sensing
period. The writing period is a period in which image signals
are written to each of the pixels of the display portion. The
sensing period is a period in which touch motion is detected
from the sensor unit.
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[Writing Period]

[First Step]

[0094] When a control signal is input to the wiring RES, so
that the wiring RES is selected, the transistor M3, which is
electrically connected to the wiring RES, is turned on. A low
potential is supplied to the wiring VRES. The potential sup-
plied to the wiring VRES is supplied to the common electrode
COM through the transistor M3 in the on state. In such a
manner, the common electrode in the pixel has an electrical
connection to the wiring VRES and has a constant potential
during the updating period.

[Second Step]

[0095] The gate line Gpixel is selected. The transistor Mp,
which is connected to the selected gate line Gpixel, is turned
on. A video signal supplied to the source line Spixel is sup-
plied to the pixel electrode and the capacitor Clc through the
transistor Mp. In such a manner, the gate lines Gpixel in the
first to the last rows are sequentially selected, and video
signals are written to each of the pixel electrodes and each of
the capacitors Cle. In FIG. 7, a timing chart from Gpixel (1) to
Gpixel (I+m) (m is an integer of 1 or more) is shown as an
example.

[Sensing Period]

[Third Step]

[0096] In the sensing period, none of the gate lines Gpixel
is selected and the transistor Mp is turned off.

[Fourth Step]

[0097] The potentials of the wirings VPI and CS are low.
The wiring RES is selected and the transistor M3 is turned on.
A high potential is supplied to the wiring VRES and a high
potential is supplied to the gate of the transistor M1. At this
time, a low potential is supplied to the second electrode of the
capacitor C1 electrically connected to the wiring CS, and a
high potential is supplied to the first electrode of the capacitor
C1 electrically connected to the gate of the transistor M1. For
example, when the low potential is OV and the high potential
is 5V, a voltage of 5V is applied between the second potential
and the first potential of the capacitor C1. Then, the wiring
RES is not selected so that the transistor M3 is turned off, and
voltages at both ends of the capacitor C1 are retained.

[Fifth Step]

[0098] In the case where the capacitor C1 is put in the air,
when anobject whose dielectric constant is higher than that of
the air, for example a human finger 901, is placed in the
proximity to the first electrode of the capacitor C1, the capaci-
tance C2 is generated between the first electrode of the
capacitor C1 and the finger (see FIG. 9). In this state, the
potential of the wiring CS is shifted from low to high. A gate
potential of part of the transistor M1 where an object whose
dielectric constant is higher than that of the air, for example a
human finger, is placed in the proximity to the first electrode
of the capacitor C1 is less likely to be changed compared to a
gate potential of part of the transistor M1 where an object
whose dielectric constant is higher than that of the air, for
example a human finger, is not placed in the proximity to the
first electrode of the capacitor C1. Measuring this difference
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determines the position of a human finger, for example. For
measuring this difference, the conversion circuitin FIG. 8 can
be used, for example.

[0099] In the conversion circuit 50 of FIG. 8, the transistor
M4 in the conversion circuit is turned on by a signal supplied
from the wirings VPO and BR while the transistor M2 in the
sensor unit is turned off;, so that the potential of the wiring DL
is set to a determined potential. After that, the transistor M4 is
turned off. Then, the transistor M2 in the sensor unit is turned
on, and the change in the potential of the wiring DL is mea-
sured. After the measurement for one screen is executed, the
potential of the wiring CS is shifted to low.

[0100] As described above, the operation in one frame
includes the first to fifth steps.

[0101] The IDS driving in Embodiment 3 can be used in
combination.
[0102] This embodiment shows an example of the touch

sensor of one embodiment of the present invention. Note that
one embodiment of the present invention is not limited to the
above examples. For example, the touch sensor of one
embodiment of the present invention can be of resistive, sur-
face acoustic wave, infrared, electromagnetic induction, sur-
face capacitive, or projected capacitive type.

[0103] At least part of this embodiment can be imple-
mented in combination with any of the embodiments
described in this specification as appropriate.

Embodiment 5

[0104] FIG. 10 is a cross-sectional view of a liquid crystal
display device integrated with an active matrix touch sensor
of one embodiment of the present invention. In FIG. 10, a
cross section a-a' illustrates part of a display element; b-b', a
sensor unit; and ¢-¢', part of circuit.

[0105] FIG. 2illustrates a structure in which the conductive
film 225 is provided under the substrate 201. FIG. 10 illus-
trates an example in which the conductive film 225 is not
provided. In the circuit diagram in FIG. 6, the conductive film
225 corresponds to the wiring CS. FIG. 11 illustrates a circuit
diagram ofa display portion in which a layer corresponding to
the conductive film 225 in F1G. 2 is not provided as illustrated
in FIG. 10. The sensor unit includes the capacitor C1 includ-
ing the first electrode and the second electrode. In FIG. 10, the
conductive film 221 corresponds to the first electrode, and the
conductive film 221 that is not connected to the transistor in
the sensor unit corresponds to the second electrode. Since the
stacked structure of FIG. 10 is similar to that of FIG. 2 except
for the conductive film 225, the description is omitted.
[0106] InFIG. 11, the common electrode of part of the pixel
functions as the wiring CS. That is, although the conductive
film 225 is provided in FIG. 2 to be used as the wiring CS, part
of the conductive film 221 functioning as the common elec-
trode is patterned and used as the wiring CS in FIG. 11;
therefore, the conductive film 225 is not necessarily provided
as the wiring CS. FIG. 12 illustrates an example of a layout of
the conductive film 221. In the example in FIG. 12, an elec-
trode 1201 corresponds to the second electrode of the capaci-
tor C1, and an electrode 1202 corresponds to the first elec-
trode of the capacitor C1.

[0107] FIG. 11 illustrates a circuit diagram of a display
portion including an active matrix touch sensor of one
embodiment of the present invention. FIG. 7 1s a timing chart
of one example of signals which can be input to the circuit in
FIG. 11.
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[0108] The IDS driving in Embodiment 3 can be used in
combination.
[0109] This embodiment shows an example of the touch

sensor of one embodiment of the present invention. Note that
one embodiment of the present invention is not limited to the
above examples. For example, the touch sensor of one
embodiment of the present invention can be of resistive, sur-
face acoustic wave, infrared, electromagnetic induction, sut-
face capacitive, or projected capacitive type.

[0110] At least part of this embodiment can be imple-
mented in combination with any of the embodiments
described in this specification as appropriate.

Embodiment 6

[0111] An insulator, a semiconductor, and a conductor that
can be favorably used for a semiconductor device of one
embodiment of the present invention, and a formation method
and a processing method thereofare described in this embodi-
ment.

[0112] The insulator can be formed with a single layer or a
stack using silicon oxide, silicon oxynitride, silicon nitride
oxide, silicon nitride, aluminum oxide, aluminum oxynitride,
aluminum nitride oxide, aluminum nitride, and the like.
[0113] As ahigh-dielectric constant material (also referred
to as a high-k material) that can be used as the insulator, a
metal oxide such as a tantalum oxide, a hafhium oxide, a
hafnium silicate oxide, a zirconium oxide, an aluminum
oxide, or a titanium oxide; or a rare-earth oxide such as a
lanthanum oxide, can be used.

[0114] Inthe case of using an oxide semiconductor for the
semiconductor, an oxide material from which oxygen is
partly released due to heating is preferably used for the insu-
lator which is in contact with the oxide semiconductor. As the
oxide material from which oxygen is released due to heating,
oxide containing oxygen in excess of the stoichiometric com-
position is preferably used, for example. The oxide film con-
taining oxygen in excess of the stoichiometric composition is
an oxide film of which the amount of released oxygen con-
verted into oxygen atoms is greater than or equal to 1.0x10'®
atoms/cm?, and preferably greater than or equal to 3.0x10%°
atoms/cm? in thermal desorption spectroscopy (TDS) analy-
sis at a surface temperature of the film of higher than or equal
to 100° C. and lower than or equal to 700° C., or higher than
or equal to 100° C. and lower than or equal to 500° C. For
example, as such a material, a material containing silicon
oxide or silicon oxynitride is preferably used. Alternatively, a
metal oxide can be used. In this specification, “silicon oxyni-
tride” refers to a material that contains oxygen at a higher
proportion than nitrogen, and “silicon nitride oxide” refers to
a material that contains nitrogen at a higher proportion than
oxygen.

[0115] The insulator may be formed by a sputtering
method, a chemical vapor deposition (CVD) method (includ-
ing a thermal CVD method, a metal organic CVD (MOCVD)
method, a plasma enhanced CVD (PECVD) method, and the
like), a molecular beam epitaxy (MBE) method, an atomic
layer deposition (ALD) method, a pulsed laser deposition
(PLD) method, or the like.

[0116] For the insulator having planarity, a heat-resistant
organic material, such as polyimide, acrylic, benzocy-
clobutene-based resin, polyamide, or epoxy can be used.
Other than such organic materials, it is also possible to use a
siloxane-based resin, PSG (phosphosilicate glass), BPSG
(borophosphosilicate glass), or the like. Note that the insula-
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tor may be formed by stacking a plurality of insulating films
formed using these materials. Depending on the material, the
insulator can be formed by a method such as a CVD method,
a sputtering method, an SOG method, spin coating, dipping,
spray coating, or a droplet discharge method (such as an ink
jet method), a printing method (such as screen printing or
offset printing), or with a tool (equipment) such as a doctor
knife, a roll coatet, a curtain coater, or a knife coater.

[0117] As a method for forming the insulator having pla-
narity, other than the above-described method, a chemical
mechanical polishing (CMP) method can be used. After the
formation of the insulator, the surface of the insulator is
subjected to CMP treatment, so that a plane surface can be
obtained.

[0118] For the semiconductor, a semiconductor such as a
polycrystalline semiconductor, a microcrystalline semicon-
ductor, an amorphous semiconductor, or a compound semi-
conductor can be used. For example, amorphous silicon,
polycrystalline silicon or single crystal silicon, or such a
semiconductor doped with an element belonging to Group 15
such as phosphorus of the periodic table may be used. Alter-
natively, an oxide semiconductor such as an In—Ga—Z7n—
O-based oxide semiconductor may be used.

[0119] A metal formed with aluminum, titanium, chro-
mium, nickel, copper, yttrium, zirconium, molybdenum, sil-
ver, tantalum, niobium, or tungsten, or an alloy material or a
compound material containing any of these as its main com-
ponent can be used for the conductor. Alternatively, polycrys-
talline silicon to which an impurity such as phosphorus is
added can be used. The conductor may have a single-layer
structure or a stack of a plurality of materials. For example, a
single-layer structure of an aluminum film containing silicon,
a two-layer structure in which an aluminum film is stacked
over a titanium film, a two-layer structure in which an alumi-
num film is stacked over a tungsten film, a two-layer structure
in which a copper film is stacked over a copper-magnesium-
aluminum alloy film, a two-layer structure in which a copper
film is stacked over a titanium film, a two-layer structure in
which a copper film is stacked over a tungsten film, a three-
layer structure in which a titanium film or a titanium nitride
film, an aluminum film ora copper film, and atitanivm 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 molyb-
denum film or a molybdenum nitride film are stacked in this
order, and the like can be given. When the metal nitride film
is provided, adhesiveness of the metal film can be increased,
thus, separation can be prevented. Note that a transparent
conductive material containing indium oxide, tin oxide, or
zine oxide may be used.

[0120] The conductor can be formed by a sputtering
method, an evaporation method, a CVD method, or the like.
The CVD method can be classified into a plasma enhanced
CVD (PECVD) method using plasma, a thermal CVD
(TCVD) method using heat, and the like. Depending on the
used source gas, the CVD method can be classified into a
metal CVD (MCVD) method and a metal organic CVD
(MOCVD) method. By using the PECVD method, a high-
quality film can be formed at a relatively low temperature. By
using the TCVD method, in which plasma is not used, a film
can be formed with few defects because damage caused by
plasma does not occur.

[0121] Here, a method for processing a film is described. In
the case of finely processing a film, a variety of fine process-
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ing techniques can be used. For example, a method may be
used in which a resist mask formed by a photolithography
process or the like is subjected to thinning treatment. Alter-
natively, a method may be used in which a dummy pattern is
formed by a photolithography process or the like, the dummy
pattern is provided with a sidewall and is then removed, and a
film is etched using the remaining sidewall as a resist mask. In
order to achieve a high aspect ratio, anisotropic dry etching is
preferably used for etching of a film. Alternatively, a hard
mask formed of an inorganic film or a metal film may be used.
[0122] As light used to form the resist mask, light with an
i-line (with a wavelength of356 nm), light with a g-line (with
a wavelength of 436 nm), light with an h-line (with a wave-
length of 405 nm), or light in which the i-line, the g-line, and
the h-line are mixed can be used. Alternatively, KrF laser
light, ArF laser light, or the like can be used. Exposure may be
performed by liquid immersion exposure technique. As the
light for the exposure, extreme ultra-violet light (EUV) or
X-rays may be used. Instead of the light for the exposure, an
electron beam can be used. It is preferable to use extreme
ultra-violet light, X-rays, or an electron beam because
extremely minute processing can be performed. Note that in
the case of performing exposure by scanning a beam such as
an electron beam, a photomask is not needed.

[0123] An organic resin film having a function of improv-
ing adhesion between the film to be processed and aresist film
may be formed before the resist film serving as a resist mask
is formed. The organic resin film can be formed to have a
plane surface by covering a step thereunder by a spin coating
method or the like, and thus can reduce variation in thickness
of the resist mask over the organic resin film. In the case of
fine processing, in particular, a material serving as a film
having a function of preventing reflection of light for the
exposure is preferably used for the organic resin film.
Examples of such an organic resin film include a bottom
anti-reflection coating (BARC) film. The organic resin film
may be removed at the same time as the removal of the resist
mask or afier the removal of the resist mask.

[0124] At least part of this embodiment can be imple-
mented in combination with any of the embodiments
described in this specification as appropriate.

Embodiment 7

[0125] An oxide semiconductor that can be favorably used
for a semiconductor film of one embodiment of the present
invention is described in this embodiment.

[0126] An oxide semiconductor has a wide energy gap of
3.0 eV or more. A transistor including an oxide semiconduc-
tor film obtained by processing of the oxide semiconductor in
an appropriate condition and a sufficient reduction in carrier
density of the oxide semiconductor can have much lower
leakage current between a source and a drain in an off state
(off-state current) than a conventional transistor including
silicon.

[0127] An applicable oxide semiconductor preferably con-
tains at least indium (In) or zinc (Zn). In particular, In and Zn
are preferably contained. In addition, as a stabilizer for reduc-
ing variation in electric characteristics of the transistor using
the oxide semiconductor, one or more selected from gallium
(Ga), tin (Sn), hafhium (HY), zirconium (Zr), titanium (Ti),
scandium (Sc), yttrium (Y), and an lanthanoid (such as
cerium (Ce), neodymium (Nd), or gadolinium (Gd), for
example) is preferably contained.
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[0128] As the oxide semiconductor, for example, any of the
following can be used: indium oxide, tin oxide, zinc oxide, an
In—7n-based oxide, a Sn—Zn-based oxide, an Al—Zn-
based oxide, a Zn—Mg-based oxide, a Sn—Mg-based oxide,
an In—Mg-based oxide, an In—Ga-based oxide, an
In—Ga—7n-based oxide (also referred to as 1GZ0), an
In—Al—Zn-based oxide, an In—Sn—Zn-based oxide, a
Sn—Ga—7Zn-based oxide, an Al—Ga—Zn-based oxide, a
Sn—Al—Z7n-based oxide, an In—Hf—Zn-based oxide, an
In—7r—7n-based oxide, an In—Ti—Zn-based oxide, an
In—Sc—7n-based oxide, an In—Y—Zn-based oxide, an
In—La—Zn-based oxide, an In—Ce—Zn-based oxide, an
In—Pr—7n-based oxide, an In—Nd—Zn-based oxide, an
In—Sm—Z7n-based oxide, an In—Eu—Zn-based oxide, an
In—Gd—Zn-based oxide, an In—Tb—Z7n-based oxide, an
In—Dy—Z7n-based oxide, an In—Ho—7n-based oxide, an
In—FEr—7n-based oxide, an In—Tm—Z7n-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—Zn-based
oxide, an In—Al—Ga—Zn-based oxide, an In—Sn—Al—
7Zn-based oxide, an In—Sn—Hf—Zn-based oxide, or an
In—Hf—Al—Zn-based oxide.

[0129] Here, an “In—Ga—Zn-based oxide” means an
oxide containing In, Ga, and Zn as its main components and
there is no particular limitation on the ratio of In, Ga, and Zn.
The In—Ga—Z7n-based oxide may contain another metal
element in addition to In, Ga, and Zn.

[0130] Alternatively, a material represented by In, , M, _
«05(Zn0),, (-1=a=<l, m>0, and m is not an integer) may be
used as an oxide semiconductor. Note that M represents one
or more metal elements selected from Ga, Fe, Mn, and Co, or
the above-described element as a stabilizer. Alternatively, as
the oxide semiconductor, a material represented by In,SnO,
(Zn0),, (n>0, and n is a natural number) may be used.
[0131] For example, In—Ga—Zn-based oxide with an
atomic ratio of In:Ga:Zn=1:1:1, 1:3:2, 1:3:4, 1:3:6, 3:1:2, or
2:1:3, or an oxide whose composition is in the neighborhood
of the above compositions may be used.

[0132] When an oxide semiconductor film contains a large
amount of hydrogen, the hydrogen and an oxide semiconduc-
tor are bonded to each other, so that part of the hydrogen
serves as a donor and causes generation of an electron which
is a carrier. As a result, the threshold voltage of the transistor
shifts in the negative direction. Therefore, it is preferable that,
after formation of the oxide semiconductor film, dehydration
treatment (dehydrogenation treatment) be performed to
remove hydrogen or moisture from the oxide semiconductor
film so that the oxide semiconductor film is highly purified to
contain impurities as little as possible.

[0133] Note that oxygen in the oxide semiconductor film is
also reduced by the dehydration treatment (dehydrogenation
treatment) in some cases. For this reason, it 1s preferred that
oxygen be added to the oxide semiconductor to fill oxygen
vacancies increased by the dehydration treatment (dehydro-
genation treatment). In this specification and the like, supply-
ing oxygen to an oxide semiconductor film may be expressed
as oxygen adding treatment, and treatment for making the
oxygen content of an oxide semiconductor film be in excess
of that in the stoichiometric composition may be expressed as
treatment for making an oxygen-excess state.

[0134] In this manner, hydrogen or moisture is removed
from the oxide semiconductor film by the dehydration treat-
ment (dehydrogenation treatment) and oxygen vacancies
therein are filled by the oxygen adding treatment, whereby the
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oxide semiconductor film can be turned into an i-type (intrin-
sic) oxide semiconductor film or a substantially i-type (intrin-
sic) oxide semiconductor film which is extremely close to an
i-type oxide semiconductor film. Note that “substantially
intrinsic” means that the oxide semiconductor film contains
extremely few (close to zero) carriers derived from a donor
and has a carrier density which is 1x10'"/ecm® or lower,
1x10'/cm® or lower, 1x10"°/cm> or lower, 1x10*%cm? or
lower, or 1x10'%/cm® or lower.

[0135] Thus, the transistor including an i-type or substan-
tially i-type oxide semiconductor film can have extremely
favorable off-state current characteristics. For example, the
drain current at the time when the transistor including an
oxide semiconductor film is in an off-state can be less than or
equal to 1x107'® A, preferably less than or equal to 1x107>!
A, further preferably less than or equal to 1x107>* A at room
temperature (about 25° C.); or less than or equal to 1x107"° A,
preferably less than or equal to 1x107'8 A, further preferably
less than or equal to 1x107! A at 85° C. Note that an off state
of an n-channel transistor refers to a state where the gate
voltage is sufficiently lower than the threshold voltage. Spe-
cifically, the transistor is in an off state when the gate voltage
is lower than the threshold voltage by 1V or more, preferably
by 2V or more, or 3V or more.

<Structure of Oxide Semiconductor>

[0136] A structure of an oxide semiconductor is described
below.
[0137] An oxide semiconductor is classified into a single

crystal oxide semiconductor and a non-single-crystal oxide
semiconductor. Examples of a non-single-crystal oxide semi-
conductor include a ¢-axis aligned crystalline oxide semicon-
ductor (CAAC-08), a polycrystalline oxide semiconductor, a
nanocrystalline oxide semiconductor (nc-OS), an amor-
phous-like oxide semiconductor (a-like OS), and an amor-
phous oxide semiconductor.

[0138] From another perspective, an oxide semiconductor
is classified into an amorphous oxide semiconductor and a
crystalline oxide semiconductor. Examples of a crystalline
oxide semiconductor include a single crystal oxide semicon-
ductor, a CAAC-OS, a polycrystalline oxide semiconductor,
and an nc-OS.

[0139] Itis known that an amorphous structure is generally
defined as being metastable and unfixed, and being isotropic
and having no non-uniform structure. In other words, an
amorphous structure has a flexible bond angle and a short-
range order but does not have a long-range order.

[0140] This means that an inherently stable oxide semicon-
ductor cannot be regarded as a completely amorphous oxide
semiconductor. Moreover, an oxide semiconductor that is not
isotropic (e.g., an oxide semiconductor that has a periodic
structure in a microscopic region) cannot be regarded as a
completely amorphous oxide semiconductor. Note that an
a-like OS has a periodic structure in a microscopic region, but
at the same time has a void and has an unstable structure. For
this reason, an a-like OS has physical properties similar to
those of an amorphous oxide semiconductor.

<CAAC-0S>

[0141] First, a CAAC-OS is described.

[0142] 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
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accordingly also includes the case where the angle is greater
than or equal to —=5° and less than or equal to 5°. In addition,
the term “substantially parallel” indicates that the angle
formed between two straight lines is greater than or equal to
-30° and less than or equal to 30°. 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°. The term
“substantially perpendicular” indicates that the angle formed
between two straight lines is greater than or equal to 60° and
less than or equal to 120°.

[0143] In this specification, trigonal and rhombohedral
crystal systems are included in a hexagonal crystal system.

[0144] The CAAC-OS is one of oxide semiconductors hav-
ing a plurality of c-axis aligned crystal parts (also referred to
as pellets).

[0145] In a combined analysis image (also referred to as a
high-resolution TEM image) of a bright-field image and a
diffraction pattern of a CAAC-OS, which is obtained using a
transmission electron microscope (TEM), a plurality of pel-
lets can be observed. However, in the high-resolution TEM
image, a boundary between pellets, that is, a grain boundary
is not clearly observed. Thus, in the CAAC-OS, areduction in
electron mobility due to the grain boundary is less likely to
occur.

[0146] A CAAC-OS observed with TEM will be described
below. FIG. 13A shows a high-resolution TEM image of a
cross section of the CAAC-OS which is observed from a
direction substantially parallel to the sample surface. The
high-resolution TEM image is obtained with a spherical aber-
ration corrector function. The high-resolution TEM image
obtained with a spherical aberration corrector function is
particularly referred to as a Cs-corrected high-resolution
TEM image. The Cs-corrected high-resolution TEM image
can be obtained with, for example, an atomic resolution ana-
Iytical electron microscope JEM-ARM200F manufactured
by JEOL Ltd.

[0147] FIG. 13B is an enlarged Cs-corrected high-resolu-
tion TEM image of a region (1) in FIG. 13A. FIG. 13B shows
that metal atoms are arranged in a layered manner in a pellet.
Bach metal atom layer has a configuration reflecting uneven-
ness of a surface over which a CAAC-OS film is formed
(hereinafter, the surface is referred to as a formation surface)
or atop surface of the CAAC-OS film, and is arranged parallel
to the formation surface or the top surface of the CAAC-OS
film.

[0148] As shown in FIG. 13B, the CAAC-OS has a char-
acteristic atomic arrangement. The characteristic atomic
arrangement is denoted by an auxiliary line in FIG. 13C.
FIGS. 13B and 13C prove that the size of a pellet is approxi-
mately greater than or equal to 1 nm and less than or equal to
3 nm, and the size of a space caused by tilt of the pellets is
approximately 0.8 nm. Therefore, the pellet can also be
referred to as a nanocrystal (nc). Furthermore, the CAAC-OS
can also be referred to as an oxide semiconductor including
c-axis aligned nanocrystals (CANC).

[0149] Here, according to the Cs-corrected high-resolution
TEM images, the schematic arrangement of pellets 5100 of a
CAAC-OS over a substrate 5120 is illustrated by such a
structure in which bricks or blocks are stacked (see FIG.
13D). The part in which the pellets are tilted as observed in
FIG. 13C corresponds to a region 5161 shown in FIG. 13D.
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[0150] FIG. 14A shows a Cs-corrected high-resolution
TEM image of a plane of the CAAC-OS observed from a
direction substantially perpendicular to the sample surface.
FIGS. 14B, 14C, and 14D are enlarged Cs-corrected high-
resolution TEM images of regions (1), (2), and (3) in FIG.
14A, respectively. FIGS. 14B, 14C, and 14D indicate that
metal atoms are arranged in a triangular, quadrangular, or
hexagonal configuration in a pellet. However, there is no
regularity of arrangement of metal atoms between different
pellets.

[0151] Next, a CAAC-OS analyzed by X-ray diffraction
(XRD) will be described. For example, when the structure of
aCAAC-OS including an InGaZnQO, crystal is analyzed by an
out-of-plane method, a peak appears at a diffraction angle
(28) of around 31° as shown in FIG. 15A. This peak is derived
from the (009) plane of the InGaZnO, crystal, which indicates
that crystals in the CAAC-OS have c-axis alignment, and that
the c-axes are aligned in a direction substantially perpendicu-
lar to the formation surface or the top surface of the CAAC-
OS.

[0152] Note that in structural analysis of the CAAC-OS by
an out-of-plane method, another peak may appear when 20 is
around 36°, in addition to the peak at 28 of around 31°. The
peak at 20 of around 36° indicates that a crystal having no
c-axis alignment is included in part of the CAAC-OS. It is
preferable that, in the CAAC-OS analyzed by an out-of-plane
method, a peak appear when 20 is around 31° and that a peak
not appear when 20 is around 36°.

[0153] On the other hand, in structural analysis of the
CAAC-OS by an in-plane method in which an X-ray beam is
incident on a sample in a direction substantially perpendicu-
lar to the c-axis, a peak appears when 26 is around 56°. This
peak is attributed to the (110) plane of the InGaZnO, crystal.
In the case of the CAAC-OS, when analysis (¢ scan) is pet-
formed with 26 fixed at around 56° and with the sample
rotated using a normal vector of the sample surface as an axis
(¢ axis), as shown in FIG. 15B, a peak is not clearly observed.
In contrast, in the case of a single crystal oxide semiconductor
of InGaZnO,, when ¢ scan is performed with 26 fixed at
around 56°, as shown in FIG. 15C, six peaks which are
derived from crystal planes equivalent to the (110) plane are
observed. Accordingly, the structural analysis using XRD
shows that the directions of a-axes and b-axes are irregularly
oriented in the CAAC-OS.

[0154] Next, a CAAC-OS analyzed by electron diffraction
will be described. For example, when an electron beam with
a probe diameter of 300 nm is incident on a CAAC-OS
including an InGaZnQ, crystal in a direction parallel to the
sample surface, a diffraction pattern (also referred to as a
selected-area transmission electron diffraction pattern)
shown in FIG. 16 A can be obtained. In this diffraction pattern,
spots derived from the (009) plane of an InGaZnQ, crystal are
included. Thus, the electron diffraction also indicates that
pellets included in the CAAC-OS have c-axis alignment and
that the c-axes are aligned in a direction substantially perpen-
dicular to the formation surface or the top surface of the
CAAC-0S. Meanwhile, FIG. 16B shows a diffraction pattern
obtained in such a manner that an electron beam with a probe
diameter of 300 nm is incident on the same sample in a
direction perpendicular to the sample surface. As shown in
FIG. 16B, a ring-like diffraction pattern is observed. Thus, the
electron diffraction also indicates that the a-axes and b-axes
of the pellets included in the CAAC-OS do not have regular
alignment. The first ring in FIG. 16B is considered to be
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derived from the (010) plane, the (100) plane, and the like of
the InGaZnO, crystal. The second ring in FIG. 16B is con-
sidered to be derived from the (110) plane and the like.
[0155] As described above, the CAAC-OS is an oxide
semiconductor with high crystallinity. Entry of impurities,
formation of defects, or the like might decrease the crystal-
linity of an oxide semiconductor. This means that the CAAC-
OS has small amounts of impurities and defects (e.g., oxygen
vacancies).

[0156] Note that the impurity means an element other than
the main components of the oxide semiconductor, such as
hydrogen, carbon, silicon, or a transition metal element. For
example, an element (specifically, silicon or the like) having
higher strength of bonding to oxygen than a metal element
included in an oxide semiconductor extracts oxygen from the
oxide semiconductor, which results in disorder of the atomic
arrangement and reduced crystallinity of the oxide semicon-
ductor. A heavy metal such as iron or nickel, argon, carbon
dioxide, or the like has a large atomic radius (or molecular
radius), and thus disturbs the atomic arrangement of the oxide
semiconductor and decreases crystallinity.

[0157] The characteristics of an oxide semiconductor hav-
ing impurities or defects might be changed by light, heat, or
the like. For example, impurities contained in the oxide semi-
conductor might serve as carrier traps or carrier generation
sources. Furthermore, oxygen vacancies in the oxide semi-
conductor serve as carrier traps or serve as carrier generation
sources when hydrogen is captured therein.

[0158] The CAAC-OS having small amounts of impurities
and oxygen vacancies is an oxide semiconductor with a low
carrier density (specifically, lower than 8x10'"/cm?, prefer-
ably lower than 1x10**/em?, further preferably lower than
1x10*°/cm?, and is higher than or equal to 1x10~*/cm?®). Such
an oxide semiconductor is referred to as a highly purified
intrinsic or substantially highly purified intrinsic oxide semi-
conductor. A CAAC-OS has a low impurity concentration and
a low density of defect states. Thus, the CAAC-OS can be
referred to as an oxide semiconductor having stable charac-
teristics.

<nc-0S>

[0159] Next, an nc-OS will be described.

[0160] An nc-OS has a region in which a crystal part is
observed and a region in which a crystal part is not clearly
observed in a high-resolution TEM image. In most cases, the
size of a crystal part included in the nc-OS is greater than or
equal to 1 nm and less than or equal to 10 nm, or greater than
or equal to 1 nm and less than or equal to 3 nm. Note that an
oxide semiconductor including a crystal part whose size is
greater than 10 nm and less than or equal to 100 nm is
sometimes referred to as a microcrystalline oxide semicon-
ductor. In a high-resolution TEM image of the nc-OS, for
example, a grain boundary is not clearly observed in some
cases. Note that there is a possibility that the origin of the
nanocrystal is the same as that of a pellet in a CAAC-OS.
Therefore, a crystal part of the nc-OS may be referred to as a
pellet in the following description.

[0161] In the nc-OS, 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 arrangement. There is no regularity of crystal
orientation between different pellets in the nc-OS. Thus, the
orientation of the whole film is not observed. Accordingly, the
nc-08 cannot be distinguished from an a-like OS or an amor-
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phous oxide semiconductor, depending on an analysis
method. For example, when the nc-OS is analyzed by an
out-of-plane method using an X-ray beam having a diameter
larger than the size of a pellet, a peak which shows a crystal
plane does not appear. Furthermore, a diffraction pattern like
a halo pattern is observed when the nc-OS is subjected to
electron diffraction using an electron beam with a probe
diameter (e.g., 50 nm or larger) that is larger than the size of
a pellet. Meanwhile, spots appear in a nanobeam electron
diffraction pattern of the nc-OS when an electron beam hav-
ing a probe diameter close to or smaller than the size of a
pellet is applied. Moreover, in a nanobeam electron diffrac-
tion pattern of the nc-OS, bright regions in a circular (ring)
pattern are shown in some cases. Also ina nanobeam electron
diffraction pattern of the nc-OS, a plurality of spots are shown
in a ring-like region in some cases.

[0162] Since there is no regularity of crystal orientation
between the pellets (nanocrystals) as mentioned above, the
nc-0OS can also be referred to as an oxide semiconductor
including random aligned nanocrystals (RANC) or an oxide
semiconductor including non-aligned nanocrystals (NANC).
[0163] The nc-OS is an oxide semiconductor that has high
regularity as compared with an amorphous oxide semicon-
ductor. Therefore, the nc-O8 is likely to have a lower density
of defect states than an a-like OS and an amorphous oxide
semiconductor. Note that there is no regularity of crystal
orientation between different pellets in the nc-OS. Therefore,
the nc-OS has a higher density of defect states than the
CAAC-OS.

<a-Like OS>

[0164] An a-like OS has a structure intermediate between
those of the nc-OS and the amorphous oxide semiconductor.
[0165] In ahigh-resolution TEM image of the a-like OS, a
void may be observed. Furthermore, in the high-resolution
TEM image, there are a region where a crystal part is clearly
observed and a region where a crystal part is not observed.
[0166] The a-like OS has an unstable structure because it
contains a void. To verify that an a-like OS has an unstable
structure as compared with a CAAC-OS and an nc-OS, a
change in structure caused by electron irradiation is described
below.

[0167] An a-like OS (referred to as Sample A), an nc-OS
(referred to as Sample B), and a CAAC-OS (referred to as
Sample C) are prepared as samples subjected to electron
irradiation. Each of the samples is an In—Ga—Zn oxide.
[0168] First, a high-resolution cross-sectional TEM image
of each sample is obtained. The high-resolution cross-sec-
tional TEM images show that all the samples have crystal
parts.

[0169] Note that which part is regarded as a crystal part is
determined as follows. It is known that a unit cell of an
InGaZnO, crystal has a structure in which nine layers includ-
ing three In—O layers and six Ga—Zn—O layers are stacked
in the c-axis direction. The distance between the adjacent
layers is equivalent to the lattice spacing on the (009) plane
(also referred to as d value). The value is calculated to be 0.29
nm from crystal structural analysis. Accordingly, a portion
where the lattice spacing between lattice fringes is greater
than or equal to 0.28 nm and less than or equal to 0.30 nm is
regarded as a crystal part of InGaZnO,. Each of lattice fringes
corresponds to the a-b plane of the InGaZnQO, crystal.
[0170] FIG. 17 shows change in the average size of crystal
parts (at 22 points to 45 points) in each sample. Note that the
crystal part size corresponds to the length of a lattice fringe.
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FIG. 17 indicates that the crystal part size in the a-like OS
increases with an increase in the cumulative electron dose.
Specifically, as shown by (1) in FIG. 17, a crystal part of
approximately 1.2 nm (also referred to as an initial nucleus) at
the start of TEM observation grows to a size of approximately
2.6 nm at a cumulative electron dose of 4.2x10° e/nm”. In
contrast, the crystal part size in the nc-OS and the CAAC-OS
shows little change from the start of electron irradiation to a
cumulative electron dose of 4.2x10® e /nm?. Specifically, as
shown by (2) and (3) in FIG. 17, the average crystal sizes in an
nc-08 and a CAAC-OS are approximately 14 nm and
approximately 2.1 nm, respectively, regardless of the cumu-
lative electron dose.

[0171] Inthis manner, growth of thecrystal partin thea-like
OS is induced by electron irradiation. In contrast, in the
nc-08 and the CAAC-OS, growth of the crystal part is hardly
induced by electron irradiation. Therefore, the a-like OS has
an unstable structure as compared with the nc-OS and the
CAAC-0S.

[0172] The a-like OS has a lower density than the nc-OS
and the CAAC-OS because it contains a void. Specifically, the
density of the a-like OS is higher than or equal to 78.6% and
lower than 92.3% of the density of the single crystal oxide
semiconductor having the same composition. The density of
each of the nc-OS and the CAAC-OS is higher than or equal
to 92.3% and lower than 100% of the density of the single
crystal oxide semiconductor having the same composition. It
is difficult to deposit an oxide semiconductor having a density
of lower than 78% of the density of the single crystal oxide
semiconductor.

[0173] For example, in the case of an oxide semiconductor
having an atomic ratio of In:Ga:Zn=1:1:1, the density of
single crystal InGaZnO, with a rhombohedral crystal struc-
ture is 6.357 glem®. Accordingly, in the case of the oxide
semiconductor having an atomic ratio of In:Ga:Zn=1:1:1, the
density of the a-like OS is higher than or equal to 5.0 g/cm®
and lower than 5.9 g/cm®. For example, in the case of the
oxide semiconductor having an atomic ratio of In:Ga:Zn=1:
1:1, the density of each of the nc-OS and the CAAC-OS is
higher than or equal to 5.9 g/cm® and lower than 6.3 g/em®.

[0174] Note that there is a possibility that an oxide semi-
conductor having a certain composition cannot exist in a
singlecrystal structure. In that case, single crystal oxide semi-
conductors with different compositions are combined at an
adequate ratio, which makes it possible to calculate density
equivalent to that of a single crystal oxide semiconductor with
the desired composition. The density of a single crystal oxide
semiconductor having the desired composition can be calcu-
lated using a weighted average according to the combination
ratio of the single crystal oxide semiconductors with different
compositions. Note that it is preferable to use as few kinds of
single crystal oxide semiconductors as possible to calculate
the density.

[0175] As described above, oxide semiconductors have
various structures and various properties. Note that an oxide
semiconductor may be a stacked layer including two or more
films of an amorphous oxide semiconductor, an a-like OS, an
nc-08, and a CAAC-OS, for example.

[0176] At least part of this embodiment can be imple-
mented in combination with any of the embodiments
described in this specification as appropriate.
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Embodiment 8

[0177] A semiconductor device of one embodiment of the
present invention can be used for display devices, personal
computers, and image reproducing devices provided with
recording media (typically, devices that reproduce the content
of recording media such as digital versatile discs (DVD) and
have displays for displaying the reproduced images). Other
than the above, as an electronic device which can be provided
with the semiconductor device of an embodiment of the
present invention, mobile phones, game consoles including
portable game consoles, portable information terminals,
e-book readers, cameras such as video cameras and digital
still cameras, goggle-type displays (head mounted displays),
navigation systems, audio reproducing devices (e.g., car
audio systems and digital audio players), copiers, facsimiles,
printers, multifunction printers, automated teller machines
(ATM), vending machines, medical equipment, and the like
canbe given. FIGS. 18A to 18F illustrate specific examples of
these electronic devices.

[0178] FIG. 18A illustrates a portable game console, which
includes a housing 5001, a housing 5002, a display portion
5003, a display portion 5004, a microphone 5005, speakers
5006, operation keys 5007, a stylus 5008, and the like. The
semiconductor device of one embodiment of the present
invention can be used for a variety of integrated circuits
included in portable game consoles. Note that although the
portable game console illustrated in FIG. 18A includes the
two display portions 5003 and 5004, the number of display
portions included in the portable game console is not limited
to two.

[0179] FIG. 18B illustrates a portable information termi-
nal, which includes a first housing 5601, a second housing
5602, a first display portion 5603, a second display portion
5604, a joint 5605, an operation key 5606, a biometric authen-
tication device 5607, and the like. The semiconductor device
of one embodiment of the present invention can be used for a
variety of integrated circuits included in portable information
terminals. The first display portion 5603 is provided in the
first housing 5601, and the second display portion 5604 is
provided in the second housing 5602. The first housing 5601
and the second housing 5602 are connected to each other with
the joint 5605, and the angle between the first housing 5601
and the second housing 5602 can be changed with the joint
5605. An image on the first display portion 5603 may be
switched depending on the angle between the first housing
5601 and the second housing 5602 at the joint 5605.

[0180] FIG. 18C illustrates a laptop personal computer,
which includes a housing 5401, a display portion 5402, a
keyboard 5403, a pointing device 5404, a biometric authen-
tication device 5405, and the like. The semiconductor device
of one embodiment of the present invention can be used for a
variety of integrated circuits included in laptop personal com-
puters.

[0181] FIG. 18D illustrates a hand mirror, which includes a
first housing 5301, a second housing 5302, a mirror 5303, a
joint 5304, a switch 5305, and the like. The first housing 5301
and the second housing 5302 are connected with the joint
5304, and the angle between the first housing 5301 and the
second housing 5302 can be changed with the joint 5304.
Lighting devices are used for the first housing 5301 and the
second housing 5302. The switch 5305 controls light, on/off,
and the like of the lighting devices. The lighting device
includes a planar light-emitting element. This light-emitting
element may have a structure of switching between the light-
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emission state and the non-light-emission state in accordance
with the angle between the first housing 5301 and the second
housing 5302 at the joint 5304. The semiconductor device of
one embodiment of the present invention can be used for a
variety of integrated circuits for controlling operation of the
lighting device.

[0182] FIG. 18E illustrates a display device, which
includes a housing 5701 having a curved surface, a display
portion 5702, and the like. The semiconductor device of one
embodiment of the present invention can be used for a variety
of integrated circuits for controlling operation of the display
device used as the display portion 5702.

[0183] FIG. 18F illustrates a mobile phone, which includes
adisplay portion 5902, a microphone 5907, a speaker 5904, a
camera 5903, an external connection port 5906, and an opera-
tion button 5905 in a housing 5901 with a curved surface. The
semiconductor device of one embodiment of the present
invention can be used for a variety of integrated circuits for
controlling operation of the display device used as the display
portion 5902.

Embodiment 9

[0184] FIG. 19 is a cross-sectional view of a liquid crystal
display device integrated with an active matrix touch sensor
of one embodiment of the present invention. In FIG. 19, a
cross section a-a' illustrates part of a display element; b-b', a
sensor unit; and c-c', part of circuit.
[0185] FIG. 19 illustrates an example in which the shape of
the conductive film 221 in FIG. 3 is modified. In FIG. 3, the
conductive film 221 is not provided with a slit; while the
conductive film 221 is provided with a slit in FIG. 19. Since
the structure of FIG. 19 is similar to that of FIG. 3 except for
the shape of the conductive film 221, the description is omit-
ted.
[0186] FIG. 20 is a cross-sectional view of a liquid crystal
display device integrated with an active matrix touch sensor
of one embodiment of the present invention. In FIG. 20, a
cross section a-a' illustrates part of a display element; b-b', a
sensor unit; and c-¢', part of circuit.
[0187] FIG. 20 illustrates an example in which the conduc-
tive films 224 and 221 in FIG. 3 are formed over the insulating
film 218. FIG. 20 illustrates an example in which the conduc-
tive films 224 and 221 are formed over the same surface.
[0188] A structure of a transistor used for the liquid crystal
display device integrated with the active matrix touch sensor
of one embodiment of the present invention is not particularly
limited and transistors with various structures can be used.
Although the bottom-gate transistor is shown in this embodi-
ment, this embodiment is not limited to this. For example, a
top-gate transistor may be used.
[0189] At least part of this embodiment can be imple-
mented in combination with any of the embodiments
described in this specification as appropriate.
[0190] This application is based on Japanese Patent Appli-
cation serial no. 2014-243995 filed with Japan Patent Office
on Dec. 2, 2014, the entire contents of which are hereby
incorporated by reference.

What is claimed is:

1. A display device comprising:

a first substrate;

a second substrate; and

a liquid crystal layer interposed between the first substrate
and the second substrate,
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wherein a display portion is provided,

wherein the display portion includes a sensor unit and a
pixel,

wherein the sensor unit includes a first transistor, a first
conductive film electrically connected to a gate of the
first transistor, and a second conductive film,

wherein at least part of the first conductive film overlaps
with at least part of the second conductive film,

wherein the pixel includes a second transistor and a pixel
electrode electrically connected to the second transistor,
and

wherein at least part of the pixel electrode overlaps with at
least part of the first conductive film.

2. A display device comprising:

a first substrate;

a second substrate; and

liquid crystal interposed between the first substrate and the
second substrate,

wherein a display portion is provided,

wherein the display portion includes a sensor unit and a
pixel,

wherein the sensor unit includes a first transistor, a first
conductive film electrically connected to a gate of the
first transistor, and a second conductive film,

wherein the first transistor and the first conductive film are
between the first substrate and the liquid crystal,

wherein the second conductive film overlaps with the first
conductive film with the first substrate interposed thet-
ebetween,

wherein at least part of the first conductive film overlaps
with at least part of the second conductive film,

wherein the pixel includes a second transistor and a pixel
electrode electrically connected to the second transistor,
and

wherein at least part of the pixel electrode overlaps with at
least part of the first conductive film.

3. A display device comprising:

a first substrate;

a second substrate; and

liquid crystal interposed between the first substrate and the
second substrate,

wherein a display portion is provided,

wherein the display portion includes a sensor unit and a
pixel,

wherein the sensor unit includes a first transistor, a first
conductive film electrically connected to a gate of the
first transistor, and a second conductive film,

13
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wherein the first transistor and the first conductive film are
between the first substrate and the liquid crystal,

wherein the second conductive film overlaps with the first
conductive film with the liquid crystal interposed ther-
ebetween,

wherein at least part of the first conductive film overlaps
with at least part of the second conductive film,

wherein the pixel includes a second transistor and a pixel
electrode electrically connected to the second transistor,
and

wherein at least part of the pixel electrode overlaps with at
least part of the first conductive film.

4. The display device according to claim 1,

wherein the gate of the first transistor and a gate of the
second transistor are on a same surface.

5. The display device according to claim 2,

wherein the gate of the first transistor and a gate of the
second transistor are on and in contact with a same
surface.

6. The display device according to claim 3,

wherein the gate of the first transistor and a gate of the
second transistor are on and in contact with a same
surface.

7. The display device according to claim 1,

wherein the display device comprises additional pixels
each including an additional pixel electrode, and

wherein the sensor unit overlaps with each of the additional
pixel electrodes.

8. The display device according to claim 2,

wherein the display device comprises additional pixels
each including an additional pixel electrode, and

wherein the sensor unit overlaps with each of the additional
pixel electrodes.

9. The display device according to claim 3,

wherein the display device comprises additional pixels
each including an additional pixel electrode, and

wherein the sensor unit overlaps with each of the additional
pixel electrodes.

10. An electronic device comprising the display device

according to claim 1.

11. An electronic device comprising the display device

according to claim 2.

12. An electronic device comprising the display device

according to claim 3.
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