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DESCRIPTION

DISPLAY DEVICE AND ELECTRONIC DEVICE

TECHNICAL FIELD
[0001]

One embodiment of the present invention relates to a display device.
[0002]

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

[0003]

In this specification and the like, a semiconductor device generally means a device that
can function by utilizing semiconductor characteristics. A transistor and a semiconductor
circuit are embodiments of semiconductor devices. In some cases, a memory device, a display

device, an imaging device, or an electronic device includes a semiconductor device.

BACKGROUND ART
[0004]

A technique for fabricating a transistor with the use of a metal oxide formed over a
substrate has been attracting attention. For example, Patent Documents 1 and 2 each disclose
that a transistor containing zinc oxide or In-Ga-Zn-based oxide is used for a switching element or
the like of a pixel in a display device.

[0005]
Patent Document 3 discloses a memory device in which a transistor with an ultralow
off-state current is used in a memory cell.
[Patent Documents]
[0006]
Patent Document 1: Japanese Published Patent Application No. 2007-123861
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Patent Document 2: Japanese Published Patent Application No. 2007-096055

Patent Document 3: Japanese Published Patent Application No. 2011-119674

DISCLOSURE OF INVENTION
[0007]

With the increase in display resolution, hardware capable of displaying images with
8K4K resolution (7680 x 4320 pixels) or higher is being developed. Meanwhile, an enormous
amount of data is required for high-resolution images; thus, technologies for peripherals such as
an imaging device, a memory device, and a communication device need to be developed as well
in order to make high-resolution display devices widely available.

[0008]

One of techniques for producing high-resolution image data is image correction such as
upconversion. With image correction, a low-resolution image can be converted into a pseudo
higher-resolution image. Data for image correction is produced by peripheral equipment of a
display device; the equipment dealing with original image data can employ a conventional
technique.

[0009]

Equipment performing image correction analyzes an enormous amount of image data
and produces new image data; thus, the circuit scale and power consumption of the equipment
are increased. Moreover, the amount of processing is sometimes too much to handle in real
time, causing a delay in displaying images.

[0010]

Although image correction presents such problems, the problems associated with power
consumption and delay are possibly alleviated, for example, when functions related to the image
correction are distributed among a plurality of devices.

[0011]

In a display device, variations in characteristics of transistors included in pixels
sometimes contribute to a reduction in display quality. Methods for compensating for
variations in transistor characteristics are internal correction in which image data is corrected
with a circuit included in a pixel, and external correction in which a correction value per pixel is
obtained and then corrected image data is supplied to each pixel.

[0012]

Although internal correction can be performed frame by frame, a shorter horizontal

selection period in a higher-resolution display device makes it difficult to take sufficient time for

the correction. External correction can be employed in a high-resolution display device but
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puts a large load on an external device because all image data needs to be subjected to the
correction. Ideally, a high-resolution display device is preferably operated without correction;
however, it 1s extremely difficult to eliminate variations in transistor characteristics, leading to a
demand for a novel correction method.

[0013]

In light of the above, an object of one embodiment of the present invention is to provide
a display device capable of performing image processing. Another object is to provide a
display device capable of performing upconversion operation. Another object is to provide a
display device capable of correcting image data.

[0014]

Another object is to provide a display device with low power consumption. Another
object is to provide a highly reliable display device. Another object is to provide a novel
display device or the like. Another object is to provide a method for driving any of the above
display devices. Another object is to provide a novel semiconductor device or the like.

[0015]

Note that the description of these objects does not preclude the existence of other
objects. In one embodiment of the present invention, there is no need to achieve all these
objects. Other objects will be apparent from and can be derived from the description of the
specification, the drawings, the claims, and the like.

[0016]

One embodiment of the present invention relates to a display device capable of
performing image processing or a display device capable of correcting image data.
[0017]

One embodiment of the present invention is a display device including a first transistor,
a second transistor, a first capacitor, and a display element. One of a source and a drain of the
first transistor is electrically connected to one electrode of the first capacitor. The other
electrode of the first capacitor is electrically connected to one of a source and a drain of the
second transistor. The one of the source and the drain of the second transistor is electrically
connected to one electrode of the display element.

[0018]

The display device may also include a second capacitor. One electrode of the second

capacitor may be electrically connected to the one electrode of the display element.
[0019]
The display device may also include a third transistor. One of a source and a drain of

the third transistor may be electrically connected to the one of the source and the drain of the
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second transistor. The other of the source and the drain of the third transistor may be
electrically connected to the one electrode of the display element.
[0020]

The display device may also include a fourth transistor. One of a source and a drain of
the fourth transistor may be electrically connected to the one electrode of the display element.
The other of the source and the drain of the fourth transistor may be electrically connected to a
wiring that supplies a constant potential.

[0021]

It is preferred that at least the second transistor and the third transistor contain a metal
oxide in their channel formation regions, and that the metal oxide contain In, Zn, and M (Al, Ti,
Ga, Sn, Y, Zr, La, Ce, Nd, or Hf).

[0022]

As the display element, a liquid crystal element can be used.
[0023]

According to one embodiment of the present invention, it is possible to provide a
display device capable of performing image processing, a display device capable of performing
upconversion operation, or a display device capable of correcting image data.

[0024]

Alternatively, it is possible to provide a display device with low power consumption, a

highly reliable display device, a novel display device or the like, a method for driving any of the

above display devices, or a novel semiconductor device or the like.

BRIEF DESCRIPTION OF DRAWINGS
[0025]
In the accompanying drawings:
FIG. 1 illustrates a pixel circuit;
FIGS. 2A and 2B are timing charts each illustrating operation of a pixel circuit;
FIGS. 3A and 3B are diagrams illustrating upconversion;
FIGS. 4A and 4B illustrate pixel circuits, and FIGS. 4C and 4D are timing charts;
FIGS. 5A and 5B illustrate pixel circuits;
FIGS. 6A to 6C are block diagrams each illustrating a display device;
FIG. 7 illustrates a pixel array;
FIGS. 8A to 8D show pixel simulation results;
FIGS. 9A to 9C show pixel simulation results;
FIGS. 10A to 10D show pixel simulation results;
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FIG. 11 shows pixel simulation results;

FIG. 12A illustrates a pixel circuit, and FIGS. 12B and 12C are timing charts each
illustrating operation of the pixel circuit;

FIGS. 13A to 13C illustrate display devices;

FIGS. 14A and 14B illustrate a touch panel;

FIG. 15 illustrates a display device;

FIGS. 16A1, 16A2, 16B1, 16B2, 16C1, and 16C2 illustrate transistors;

FIGS. 17A1 to 17A3, 17B1, 17B2, 17C1, and 17C2 illustrate transistors;

FIG. 18 is a cross-sectional view illustrating a structure example of a DOSRAM,;

FIGS. 19A and 19B illustrate a configuration example of a neural network;

FIG. 20 illustrates a configuration example of a semiconductor device;

FIG. 21 illustrates a configuration example of memory cells;

FIG. 22 illustrates a configuration example of an offset circuit;

FIG. 23 is a timing chart illustrating operation of a semiconductor device; and

FIGS. 24A to 24F illustrate electronic devices.

BEST MODE FOR CARRYING OUT THE INVENTION
[0026]

Embodiments will be described in detail with reference to the drawings. Note that the
present invention is not limited to the following description, and it will be readily appreciated by
those skilled in the art that modes and details can be modified in various ways without departing
from the spirit and scope of the present invention. Therefore, the present invention should not
be interpreted as being limited to the following description of the embodiments. In structures
of the invention described below, the same portions or portions having similar functions may be
denoted by the same reference numerals in different drawings, and description thereof is not
repeated in some cases. Note that the same components may be denoted by different hatching
patterns or shown without a hatching pattern in different drawings.

[0027]
(Embodiment 1)

In this embodiment, a display device that is one embodiment of the present invention
will be described with reference to drawings.
[0028]

One embodiment of the present invention is a display device having a function of
adding correction data to image data. A memory node is provided in each pixel, and intended

correction data is held in the memory node. The correction data is produced in an external
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device and written into each pixel.
[0029]

The correction data is added to image data owing to capacitive coupling, and the
resulting data is supplied to a display element. Thus, a corrected image can be displayed with
the display element. The correction performed in this manner enables image upconversion, for
example, or can compensate for an image quality reduction due to characteristics variations of
transistors included in the pixels.

[0030]

FIG. 1 illustrates a pixel 11a that can be used for the display device of one embodiment
of the present invention. The pixel 11a includes a transistor 101, a transistor 102, a transistor
103, a capacitor 104, a capacitor 105, and a liquid crystal element 106.

[0031]

One of a source and a drain of the transistor 101 is electrically connected to one
electrode of the capacitor 104. The other electrode of the capacitor 104 is electrically
connected to one of a source and a drain of the transistor 102. The one of the source and the
drain of the transistor 102 is electrically connected to one of a source and a drain of the transistor
103. The other of the source and the drain of the transistor 103 is electrically connected to one
electrode of the capacitor 105. The one electrode of the capacitor 105 is electrically connected
to one electrode of the liquid crystal element 106.

[0032]

Here, a wiring to which the other electrode of the capacitor 104, the one of the source
and the drain of the transistor 102, and the one of the source and the drain of the transistor 103
are connected is referred to as a node NM. A wiring to which the other of the source and the
drain of the transistor 103, the one electrode of the capacitor 105, and the one electrode of the
liquid crystal element 106 are connected is referred to as a node NA.

[0033]

A gate of the transistor 101 is electrically connected to a wiring 122. A gate of the
transistor 102 is electrically connected to a wiring 121. A gate of the transistor 103 is
electrically connected to a wiring 126. The other of the source and the drain of the transistor
101 is electrically connected to a wiring 125. The other of the source and the drain of the
transistor 102 is electrically connected to a wiring 124.

[0034]

The other electrode of the capacitor 105 is electrically connected to a common wiring

132. The other electrode of the liquid crystal element 106 is electrically connected to a

common wiring 133. Note that a given potential can be supplied to each of the common
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wirings 132 and 133, and the common wirings 132 and 133 may be electrically connected to
each other.
[0035]

The wirings 121, 122, and 126 can function as a signal line for controlling the operation
of the corresponding transistor. The wiring 125 can function as a signal line for supplying
image data. The wiring 124 can function as a signal line for writing data into the node NM.
[0036]

The node NM is a memory node; a signal supplied to the wiring 124 can be written into
the node NM when the transistor 102 is turned on and the transistor 103 is turned off. The use
of a transistor with an ultralow off-state current as the transistors 102 and 103 enables the
potential of the node NM to be held for a long time. As the transistor with an ultralow off-state
current, a transistor containing a metal oxide in its channel formation region (hereinafter referred
to as an OS transistor) can be used, for example.

[0037]

Note that an OS transistor may also be used as the other transistor included in the pixel.
Alternatively, as the transistors in the pixel, a transistor containing Si in its channel formation
region (hereinafter referred to as a Si transistor) may be used, or both an OS transistor and a Si
transistor may be used. Examples of a Si transistor include a transistor containing amorphous
silicon and a transistor containing crystalline silicon (typically, low-temperature polysilicon or
single crystal silicon).

[0038]

When the display element is a reflective liquid crystal element, a silicon substrate can be
used; thus, a Si transistor and an OS transistor can be formed to overlap each other at least partly.
Consequently, the pixel density can be increased even with a comparatively large number of
transistors.

[0039]

As a semiconductor material used for an OS transistor, a metal oxide having an energy
gap of 2 eV or more, preferably 2.5 eV or more, further preferably 3 eV or more can be used. A
typical example is an oxide semiconductor containing indium, and a CAAC-OS or a CAC-0OS
described later can be used, for example. The CAAC-OS is suitable for a transistor required to
have high reliability, for example, because of the stability of atoms composing crystals therein.
The CAC-OS exhibits high mobility and thus is suitable for a transistor that is driven at high
speed, for example.

[0040]

An OS transistor exhibits ultralow off-state current characteristics because of a large

7



10

15

20

25

30

35

WO 2019/053549 PCT/IB2018/056715

energy gap. Unlike in a Si transistor, impact ionization, avalanche breakdown, short-channel
effects, and the like do not occur in an OS transistor; accordingly, OS transistors can configure a
highly reliable circuit. Moreover, variations in electrical characteristics due to crystallinity
unevenness, which are caused in Si transistors, are less likely to occur in OS transistors.

[0041]

A semiconductor layer included in an OS transistor can be, for example, a film of an
In-M-Zn-based oxide that contains indium, zinc, and A (a metal such as aluminum, titanium,
gallium, germanium, yttrium, zirconium, lanthanum, cerium, tin, neodymium, or hafnium).
[0042]

In the case where an oxide semiconductor contained in the semiconductor layer is an
In-M-Zn-based oxide, the atomic ratio of the metal elements of a sputtering target used to deposit
the In-AM-Zn oxide preferably satisfy In > M and Zn > M. The atomic ratio of the metal
elements (In:M:Zn) of such a sputtering target is preferably 1:1:1, 1:1:1.2, 3:1:2, 4:2:3, 4:2:4.1,
5:1:6, 5:1:7, or 5:1:8, for example. Note that the atomic ratio of the metal elements in the
formed semiconductor layer may vary from the above atomic ratios of the metal elements of the
sputtering target in a range of £40 %.

[0043]

An oxide semiconductor with a low carrier density is used for the semiconductor layer.
For example, the semiconductor layer can be formed using an oxide semiconductor whose
carrier density is lower than or equal to 1 x 10" /cm’, preferably lower than or equal to 1 x 10"
Jem’, further preferably lower than or equal to 1 x 10" /em’, still further preferably lower than or
equal to 1 x 10" /em’, even further preferably lower than 1 x 10'° /em® and is higher than or
equal to 1 x 10~ /em®.  Such an oxide semiconductor is referred to as a highly purified intrinsic
or substantially highly purified intrinsic oxide semiconductor. Such an oxide semiconductor
has a low density of defect states and can thus be regarded as having stable characteristics.

[0044]

Note that without limitation to the above examples, a material with an appropriate
composition can be used depending on required semiconductor characteristics and electrical
characteristics (e.g., field-effect mobility and threshold voltage) of the transistor. To obtain the
required semiconductor characteristics of the transistor, the carrier density, impurity
concentration, defect density, atomic ratio of a metal element to oxygen, interatomic distance,
density, and the like of the semiconductor layer are preferably set to appropriate values.

[0045]
When the oxide semiconductor contained in the semiconductor layer includes silicon or

carbon, which are elements belonging to Group 14, oxygen vacancies are increased in the
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semiconductor layer and the semiconductor layer becomes n-type. Thus, the concentration of
silicon or carbon (measured by secondary ion mass spectrometry) in the semiconductor layer is
lower than or equal to 2 x 10" atoms/cm’, preferably lower than or equal to 2 x 10'” atoms/cm”.
[0046]

Alkali metal and alkaline earth metal may generate carriers when bonded to an oxide
semiconductor, in which case the off-state current of the transistor might be increased. For that
reason, the concentration of alkali metal or alkaline earth metal (measured by secondary ion
mass spectrometry) in the semiconductor layer is lower than or equal to 1 x 10'® atoms/cm’,
preferably lower than or equal to 2 x 10'® atoms/cm’.

[0047]

When the oxide semiconductor contained in the semiconductor layer includes nitrogen,
electrons serving as carriers are generated and the carrier density increases, so that the
semiconductor layer easily becomes n-type. Consequently, a transistor including an oxide
semiconductor that contains nitrogen is likely to have normally-on characteristics. Thus, the
concentration of nitrogen (measured by secondary ion mass spectrometry) in the semiconductor
layer is preferably lower than or equal to 5 x 10'® atoms/cm’.

[0048]

The semiconductor layer may have a non-single-crystal structure, for example.
Examples of the non-single-crystal structure include a CAAC-OS (c-axis-aligned crystalline
oxide semiconductor) including c-axis-aligned crystals, a polycrystalline structure, a
microcrystalline structure, and an amorphous structure. Among the non-single-crystal structure,
an amorphous structure has the highest density of defect states, whereas the CAAC-OS has the
lowest density of defect states.

[0049]

An oxide semiconductor film with an amorphous structure has, for example, disordered
atomic arrangement and no crystalline component. Alternatively, an oxide film with an
amorphous structure has, for example, an absolutely amorphous structure and no crystal part.
[0050]

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

[0051]
A structure of a cloud-aligned composite oxide semiconductor (CAC-0S), which is one
9
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embodiment of a non-single-crystal semiconductor layer, is described below.
[0052]

The CAC-OS is, for example, an oxide semiconductor material with a composition in
which elements are unevenly distributed in regions each having a size of greater than or equal to
0.5 nm and less than or equal to 10 nm, preferably greater than or equal to 1 nm and less than or
equal to 2 nm, or a similar size. Note that in the following description of an oxide
semiconductor, a state in which one or more metal elements are unevenly distributed and regions
that include the metal element(s) and have a size of 0.5 nm to 10 nm, preferably 1 nm to 2 nm, or
a similar size are mixed is referred to as a mosaic pattern or a patch-like pattern.

[0053]

Note that an oxide semiconductor preferably contains at least indium, and particularly
preferably contains indium and zinc. In addition, an oxide semiconductor may contain one or
more of aluminum, gallium, yttrium, copper, vanadium, beryllium, boron, silicon, titanium, iron,
nickel, germanium, zirconium, molybdenum, lanthanum, cerium, neodymium, hatnium, tantalum,
tungsten, magnesium, and the like.

[0054]

For example, of the CAC-OS, an In-Ga-Zn oxide with the CAC composition (such an
In-Ga-Zn oxide may be particularly referred to as CAC-IGZO) has a composition in which
materials are separated into indium oxide (InOyx;, where X1 is a real number greater than 0) or
indium zinc oxide (InyZny, Oz, where X2, Y2, and Z2 are real numbers greater than 0), and
gallium oxide (GaOy;, where X3 is a real number greater than 0) or gallium zinc oxide
(GaxuZnysOz, where X4, Y4, and Z4 are real numbers greater than 0), and a mosaic pattern is
formed. In the film, InOy; or InpZny,Oz forming the mosaic pattern is evenly distributed.
This composition is also referred to as a cloud-like composition.

[0055]

That is, the CAC-OS is a composite oxide semiconductor with a composition in which a
region including GaOyxs; as a main component and a region including Iny,Zny,Oz or InOy; as a
main component are mixed. Note that in this specification, for example, when the atomic ratio
of In to an element A in a first region is greater than the atomic ratio of In to the element A in a
second region, the first region has a higher In concentration than the second region.

[0056]

Note that a compound containing In, Ga, Zn, and O is also known as IGZO. Typical
examples of IGZO include a crystalline compound represented by InGaOs(Zn0O),; (ml is a
natural number) and a crystalline compound represented by In-+0)Gag—0)03(Zn0),0 (-1 <x0 <

1; mO is a given number).
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[0057]

The above crystalline compounds have a single crystal structure, a polycrystalline
structure, or a CAAC structure. Note that the CAAC structure is a crystal structure in which a
plurality of IGZO nanocrystals have c-axis alignment and are connected in the a-b plane
direction without alignment.

[0058]

On the other hand, the CAC-OS relates to the material composition of an oxide
semiconductor. In part of the material composition of a CAC-OS containing In, Ga, Zn, and O,
nanoparticle regions including Ga as a main component and nanoparticle regions including In as
a main component are observed. These nanoparticle regions are randomly dispersed to form a
mosaic pattern. Therefore, the crystal structure is a secondary element for the CAC-OS.

[0059]

Note that in the CAC-0OS, a stacked-layer structure including two or more films with
different compositions is not included. For example, a two-layer structure of a film including
In as a main component and a film including Ga as a main component is not included.

[0060]

Note that a boundary between the region including GaOy; as a main component and the
region including InnZny Oz or InOx; as a main component is not clearly observed in some
cases.

[0061]

When one or more of aluminum, yttrium, copper, vanadium, beryllium, boron, silicon,
titanium, iron, nickel, germanium, zirconium, molybdenum, lanthanum, cerium, neodymium,
hafnium, tantalum, tungsten, magnesium, and the like are contained instead of gallium in a
CAC-OS, nanoparticle regions including the selected metal element(s) as a main component(s)
and nanoparticle regions including In as a main component are partly observed in the CAC-OS,
and these nanoparticle regions are randomly dispersed to form a mosaic pattern in the CAC-OS.
[0062]

The CAC-OS can be formed by a sputtering method under conditions where a substrate
is not heated intentionally, for example. In the case of forming the CAC-OS by a sputtering
method, one or more of an inert gas (typically, argon), an oxygen gas, and a nitrogen gas are used
as a deposition gas. The ratio of the flow rate of an oxygen gas to the total flow rate of the
deposition gas at the time of deposition is preferably as low as possible, and for example, the
flow ratio of an oxygen gas is preferably higher than or equal to 0 % and lower than 30 %,
further preferably higher than or equal to 0 % and lower than or equal to 10 %.

[0063]
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The CAC-OS is characterized in that no clear peak is observed in measurement using
6/2 6 scan by an out-of-plane method, which is an X-ray diffraction (XRD) measurement method.
That is, X-ray diffraction shows no alignment in the a-b plane direction and the c-axis direction
in a measured region of the CAC-OS.

[0064]

In an electron diffraction pattern of the CAC-OS that is obtained by irradiation with an
electron beam with a probe diameter of 1 nm (also referred to as a nanometer-sized electron
beam), a ring-like region with high luminance and a plurality of bright spots in the ring-like
region are observed. The electron diffraction pattern thus indicates that the crystal structure of
the CAC-OS includes a nanocrystal (nc¢) structure with no alignment in the plan-view and
cross-sectional directions.

[0065]

For example, an energy dispersive X-ray spectroscopy (EDX) mapping image confirms
that regions including GaOyx; as a main component and regions including InxZny,Oz or InOx
as a main component are unevenly distributed and mixed in an In-Ga-Zn oxide with the CAC
composition.

[0066]

The CAC-OS has a structure different from that of an IGZO compound in which the
metal elements are evenly distributed, and has characteristics different from those of the IGZO
compound. That is, in the CAC-OS, regions including GaOxs or the like as a main component
and regions including Iny,Zny,Oz; or InOx; as a main component are separated to form a mosaic
pattern.

[0067]

The conductivity of a region including Inx,Zny»Oz or InOx; as a main component is
higher than that of a region including GaOxs or the like as a main component. In other words,
when carriers flow through regions including Iny,Zny,Oz or InOy; as a main component, the
conductivity of an oxide semiconductor is exhibited. Accordingly, when regions including
InypZny, Oz or InOyx as a main component are distributed in an oxide semiconductor like a cloud,
high field-effect mobility (i) can be achieved.

[0068]

By contrast, the insulating property of a region including GaOxs or the like as a main
component is higher than that of a region including Iny,Zny Oz or InOyx; as a main component.
In other words, when regions including GaOy; or the like as a main component are distributed in
an oxide semiconductor, leakage current can be reduced and favorable switching operation can

be achieved.
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[0069]

Accordingly, when a CAC-OS is used for a semiconductor element, the insulating
property derived from GaOxs or the like and the conductivity derived from InynZnyn Oz or InOx
complement each other, whereby high on-state current (I,,) and high field-effect mobility () can
be achieved.

[0070]

A semiconductor element including a CAC-OS has high reliability; thus, the CAC-OS is
suitably used as a material for a variety of semiconductor devices.
[0071]

In the pixel 11a, correction data written into the node NM is capacitively coupled with
image data supplied from the wiring 125, and the resulting data can be output to the node NA.
Note that the transistor 101 can have a function of selecting a pixel and supplying image data.
The transistor 103 can function as a switch for controlling the operation of the liquid crystal
element 106.

[0072]

For example, if the level of a signal written into the node NM from the wiring 124 is
higher than the threshold voltage of the transistor 102, the transistor 102 is sometimes turned on
and thus the liquid crystal element 106 operates before image data is written. For that reason, it
is preferred that the transistor 103 be provided and that the transistor 103 be turned on to operate
the liquid crystal element 106 after the potential of the node NM is fixed.

[0073]

In other words, when intended correction data is stored in the node NM in advance, the
correction data can be added to the supplied image data. Note that correction data is sometimes
attenuated by a component on the transmission path; hence, the data is preferably produced in
consideration of the attenuation.

[0074]

The details of the operation of the pixel 11a are described using timing charts shown in
FIGS. 2A and 2B. Although a given positive or negative signal can be used as correction data
(Vp) supplied to the wiring 124, the case where a positive signal is supplied is described here.
In the following description, “H” represents a high potential and “L” represents a low potential.
[0075]

First, the operation of writing the correction data (Vp) into the node NM is described
with reference to FIG. 2A. This operation is preferably performed frame by frame for the
purpose of image data correction such as upconversion.

[0076]
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Note that here, detailed potential changes caused by the circuit configuration, operation
timing, or the like are not considered in potential sharing, coupling, or loss. A potential change
due to capacitive coupling depends on the ratio of the capacitance of the potential supplier to that
of the potential receiver; however, for simplicity, the capacitances of the node NM and the node
NA are assumed to be sufficiently small.

[0077]

At Time T1, the potential of the wiring 121 is set to “H”, the potential of the wiring 122
is set to “L”, the potential of the wiring 125 is set to “L”, and the potential of the wiring 126 is
set to “H”; thus, the transistor 102 and the transistor 103 are turned on, and the potential of the
node NA becomes the potential of the wiring 124. At this time, the potential of the wiring 124
is set to a reset potential (e.g., a reference potential such as 0 V), whereby the operation of the
liquid crystal element 106 can be reset.

[0078]

Note that before Time T1, the display operation of the liquid crystal element 106 in the
previous frame is performed.
[0079]

At Time T2, the potential of the wiring 121 is set to “L”, the potential of the wiring 122
is set to “H”, the potential of the wiring 125 is set to “L”, and the potential of the wiring 126 is
set to “L”; thus, the transistor 101 is turned on, and the potential of the other electrode of the
capacitor 104 becomes “L”. This operation is reset operation for performing subsequent
capacitive coupling operation.

[0080]

At Time T3, the potential of the wiring 121 is set to “H”, the potential of the wiring 122
is set to “H”, the potential of the wiring 125 is set to “L”, and the potential of the wiring 126 is
set to “L”; hence, the transistor 102 is turned on, and the potential of the wiring 124 (the
correction data (Vp)) is written into the node NM. Note that the potential of the wiring 124 is
preferably fixed at the intended value (the correction data (Vp)) after Time T2 before Time T3.
[0081]

At Time T4, the potential of the wiring 121 is set to “L”, the potential of the wiring 122
is set to “H”, the potential of the wiring 125 is set to “L”, and the potential of the wiring 126 is
set to “L”; thus, the transistor 102 is turned off, and the correction data (Vp) is held in the node
NM.

[0082]

At Time TS, the potential of the wiring 121 is set to “L”, the potential of the wiring 122

is set to “L”, the potential of the wiring 125 is set to “L”, and the potential of the wiring 126 is
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set to “L”; accordingly, the transistor 101 is turned off, and the operation of writing the
correction data (Vp) is completed.
[0083]

Next, the operation of correcting image data (Vs) and the display operation of the liquid
crystal element 106 are described with reference to FIG. 2B.
[0084]

At Time T11, the potential of the wiring 121 is set to “L”, the potential of the wiring 122
is set to “L”, the potential of the wiring 124 is set to “L”, and the potential of the wiring 126 is
set to “H”; hence, the transistor 103 is turned on, and the potential of the node NM is shared with
the node NA. Note that the correction data (Vp) held in the node NM is preferably set in
consideration of potential sharing with the node NA.

[0085]

At Time T12, the potential of the wiring 121 is set to “L”, the potential of the wiring 122
is set to “H”, the potential of the wiring 124 is set to “L”, and the potential of the wiring 126 is
set to “H”; thus, the transistor 101 is turned on, and the potential of the wiring 125 is added to
the potential of the node NA by capacitive coupling through the capacitor 104. That is, the
potential of the node NA becomes a potential (Vs+Vp)’ obtained by addition of the shared
potential of the correction data (Vp) to the image data (Vs). Note that the potential (Vs+Vp)’
includes a potential variation due to capacitive coupling between wirings, for example.

[0086]

At Time T13, the potential of the wiring 121 is set to “L”, the potential of the wiring 122
is set to “L”, the potential of the wiring 124 is set to “L”, and the potential of the wiring 126 is
set to “H”; accordingly, the transistor 101 is turned off, and the potential (Vs+Vp)’ is held in the
node NA. Then, the display operation based on the potential is performed by the liquid crystal
element 106.

[0087]

The above is the description for the operation of correcting the image data (Vs) and the
display operation of the liquid crystal element 106. Note that the aforementioned operation of
writing the correction data (Vp) and the operation of inputting the image data (Vs) may be
concurrently performed; however, it is preferable to perform the operation of inputting the image
data (Vs) after the correction data (Vp) is written into all pixels. As described in detail below,
the same image data can be supplied to a plurality of pixels at the same time in one embodiment
of the present invention; thus, writing the correction data (Vp) into all the pixels first achieves
higher operating speed.

[0088]
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Note that when upconversion or the like is not performed, the display operation of the
liquid crystal element 106 may be performed by supplying image data to the wiring 124 and
controlling the on/off states of the transistors 102 and 103. In that case, the transistor 101 is off
all the time.

[0089]

The configuration and operation of the pixel 1la described above are effective in
upconverting images. Upconversion using the pixel 11a is described with reference to FIGS.
3A and 3B.

[0090]

For example, the pixel count of an 8K4K display device is four times that of a 4K2K
display device (3840 x 2160 pixels). That is, when an 8K4K display device is to simply display
image data that is intended to be displayed on one pixel of a 4K2K display device, four pixels in
the horizontal and vertical directions display the same image data.

[0091]

FIG. 3A illustrates an image with and without upconversion. From the left, FIG. 3A
illustrates a state where an original image (image data S1) is displayed on one pixel in a 4K2K
display device, a state where the image data S1 without upconversion is displayed on four pixels
in an 8K4K display device, and a state where upconverted image data SO to S2 are displayed on
the four pixels in the 8K4K display device.

[0092]

As illustrated in FIG. 3A, the image data S1 is displayed on all the four pixels before
upconversion, whereas the image data SO to S2 are applied to the pixels after upconversion,
resulting in higher resolution.

[0093]

FIG. 3B illustrates the upconversion operation in the pixel 11a. Since given correction
data can be added to image data in the pixel 11a as described above, the image data S1, which
corresponds to the original image, is supplied to each pixel without change.

[0094]

Moreover, correction data W1 to W3 are supplied to the pixels. Here, there is no
particular limitation on a method for producing the correction data W1 to W3. The correction
data may be produced in real time with an external device, or correction data stored in a memory
medium may be read out and synchronized with the image data S1.

[0095]
Then, the aforementioned operation of the pixel 1la is performed, whereby each

correction data is added to the image data and thus the new image data SO to S2 are generated.
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Consequently, display with the data obtained by upconversion of the original image data can be
performed.
[0096]

In conventional upconversion with external correction, an external device is put under a
heavy load to produce new image data itself. By contrast, in one embodiment of the present
invention described above, image data to be supplied is not changed, and new image data is
produced in a pixel supplied with correction data; thus, the load on an external device can be
small. Moreover, the operation for producing new image data in a pixel can be executed with a
small number of steps; hence, one embodiment of the present invention is applicable even to a
display device that has a large number of pixels and a short horizontal period.

[0097]

The pixel of one embodiment of the present invention can also have a configuration of a
pixel 11b illustrated in FIG. 4A. The pixel 11b has a configuration in which the transistor 103
and the wiring 126 are omitted from the pixel 11a.

[0098]

The transistor 103 in the pixel 11a is a switch for avoiding accidental operation of the
liquid crystal element 106 accompanied by supply of the correction data (Vp); the transistor 103
can be omitted when such unintentional operation of the liquid crystal element 106 can be
prevented from being recognized if it ever happens. For example, backlight can be turned off
while the correction data (Vp) is supplied.

[0099]

Alternatively, the capacitor 105 may be omitted as in a pixel 11b’ illustrated in FIG. 4B.
As described above, an OS transistor can be used as the transistors connected to the node NM.
Since the leakage current of the OS transistor is extremely low, image data can be held for a
comparatively long time even when the capacitor 105 functioning as a storage capacitor is
omitted.

[0100]

This configuration is also effective when the frame frequency is high and a period for
holding image data is relatively short (e.g., field sequential driving). Omitting the capacitor
105 can increase the aperture ratio or the transmittance of the pixel. Note that the capacitor 105
may be omitted in the configuration of any other pixel circuit shown in this specification.

[0101]

The operation of correcting the image data (Vs) and the display operation of the liquid
crystal element 106 are described with reference to FIGS. 4C and 4D.
[0102]
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At Time T1, the potential of the wiring 121 is set to “H”, the potential of the wiring

122 1s set to “L”, the potential of the wiring 124 is set to “L”, and the potential of the wiring 125
is set to “L”; thus, the transistor 102 is turned on, and the potential of the node NA becomes the
potential of the wiring 124. At this time, the potential of the wiring 124 is set to a reset
potential (e.g., “L”), whereby the operation of the liquid crystal element 106 can be reset.

[0103]

Note that before Time T1, the display operation of the liquid crystal element 106 in the
previous frame is performed.
[0104]

At Time T2, the potential of the wiring 121 is set to “L”, the potential of the wiring 122
is set to “H”, the potential of the wiring 124 is set to “Vp”, and the potential of the wiring 125 is
set to “L”; thus, the transistor 101 is turned on, and the potential of the other electrode of the
capacitor 104 becomes “L”. This operation is reset operation for performing subsequent
capacitive coupling operation.

[0105]

At Time T3, the potential of the wiring 121 is set to “H”, the potential of the wiring
122 is set to “H”, the potential of the wiring 124 is set to “Vp”, and the potential of the wiring
125 is set to “L”; hence, the potential of the wiring 124 (the correction data (Vp)) is written into
the node NA.
[0106]

At Time T4, the potential of the wiring 121 is set to “L”, the potential of the wiring 122
is set to “H”, the potential of the wiring 124 is set to “Vp”, and the potential of the wiring 125 is
set to “L”; thus, the transistor 102 is turned off, and the correction data (Vp) is held in the node
NA.

[0107]

At Time TS, the potential of the wiring 121 is set to “L”, the potential of the wiring 122
is set to “L”, and the potential of the wiring 125 is set to “L”; accordingly, the transistor 101 is
turned off, and the operation of writing the correction data (Vp) is completed.

[0108]

Next, the operation of correcting the image data (Vs) and the display operation of the
liquid crystal element 106 are described. Note that an intended potential is supplied to the
wiring 125 at an appropriate timing.

[0109]
At Time T11, the potential of the wiring 121 is set to “L”, the potential of the wiring 122

is set to “H”, and the potential of the wiring 124 is set to “L”; thus, the transistor 101 is turned on,
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and the potential of the wiring 125 is added to the potential of the node NA by capacitive

coupling through the capacitor 104. That is, the potential of the node NA becomes the potential
(Vs+Vp)’ obtained by adding the correction data (Vp) to the image data (Vs). Note that the
potential (Vs+Vp)’ also includes a potential variation due to capacitive coupling between wirings,
for example.

[0110]

At Time T12, the potential of the wiring 121 is set to “L”, the potential of the wiring 122
is set to “L”, and the potential of the wiring 124 is set to “L”; accordingly, the transistor 101 is
turned off, and the potential (Vs+Vp)’ is held in the node NA. Then, the display operation
based on the potential is performed by the liquid crystal element 106.

[0111]

Alternatively, the pixel of one embodiment of the present invention can have a
configuration of a pixel 11c illustrated in FIG. SA. The pixel 11c has a configuration in which a
transistor 107 and a wiring 130 are added to the pixel 11a.

[0112]

In the pixel 1lc, a reset potential is supplied to the wiring 130 to turn on the transistor
107, whereby the operation of resetting the liquid crystal element 106 can be performed. With
the configuration, the operations of rewriting potentials of the node NM and the node NA can be
controlled independently, and thus a period for the display operation of the liquid crystal element
106 can be lengthened.

[0113]

In the case where the operation of correcting an image is not performed, the display
operation of the liquid crystal element 106 may be performed in such a manner that image data is
supplied from the wiring 130 to control the on/off states of the transistor 107. In that case, the
transistor 103 is off all the time.

[0114]

Alternatively, the pixel of one embodiment of the present invention can have a
configuration of a pixel 11d illustrated in FIG. SB. The pixel 11d has a structure in which each
transistor is provided with a back gate. The back gate is electrically connected to a
corresponding front gate and has an effect of increasing on-state current. Alternatively,
different fixed potentials may be supplied to the back gate and the front gate. Such a structure
enables control of the threshold voltages of the transistors. Although all of the transistors have
a back gate in FIG. 5B, a transistor not provided with a back gate may also be included. The
transistor including a back gate is also effective for the other pixel circuits in this embodiment.
[0115]

19



10

15

20

25

WO 2019/053549 PCT/IB2018/056715

In the liquid crystal element 106 used in a display device of one embodiment of the
present invention, alternating-current driving in which the polarity is inverted every frame is
preferably performed in order to prevent burn-in. In the case where the same image is
displayed in consecutive frames, for example, the operation shown in Table 1 or Table 2 is
performed. Note that @ and 4 in Table 1 and Table 2 each represent a specific potential.

[0116]

Table 1 shows an example of a case where operation using a positive signal is
performed in an N-th frame (¥ is an integer of 1 or more). In an (N+1)th frame, operation using
a negative signal shown in Mode A, B, or C is performed, and the correction data (Vp) and/or the
image data (Vs) is adjusted and supplied such that the absolute value of the potential of the node
NA in the (N+1)th frame becomes equal to that in the N-th frame. Table 2 shows an example of
a case where operation using a negative signal is performed in the N-th frame. In the (N+1)th
frame, operation is performed such that the absolute value of the potential of the node NA in the
N+1 frame becomes equal to that in the N-th frame. Note that a common potential is fixed to be
constant in the operations.

[0117]

Note that in the case where the operation is performed in Mode B, the image data (Vs)

is adjusted, and thus a still image or the like can be displayed without rewriting the correction

data (Vp) between the frames.

[0118]
[Table 1]
Frame N N+1
Mode A B C
Image data (Vs) +a —a —a-2b +a
Correction data (Vp) +b —b +b —2a-b
Node NA +a+b | —a-b —a—b —a—b
[0119]
[Table 2]
Frame N N+1
Mode A B C
Image data (Vs) —-a +a +a+2b —a
Correction data (Vp) —-b +b —-b +2a+b
Node NA —a-b +a+b +a+b +a+b
[0120]

FIGS. 6A to 6C are block diagrams each illustrating a display device in which the pixel
11a, the pixel 11b, or the pixel 11c can be used. Each display device is described below. Note
that repeated description of the same components between the figures is omitted.
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[0121]

FIG. 6A illustrates an example of a display device including a pixel array provided with
the pixels 11 in a matrix, a row driver 12, a column driver 13, a circuit 14, and a circuit 15. The
wirings 121, 122, 126, and the like are electrically connected to the row driver 12.  The wirings
124, 125, and the like are electrically connected to the column driver 13. The pixel 11a or the
pixel 11b can be used as the pixel 11.

[0122]

For the row driver 12 and the column driver 13, a shift register circuit can be used, for
example. The circuit 14 has a function of generating correction data. Note that the circuit 14
can also be referred to as an external device that generates correction data. The circuit 15 can
supply, to the column driver 13, a reset potential Sr that resets the operation of the liquid crystal
element 106.

[0123]

The image data S1 described with reference to FIGS. 3A and 3B is input to the circuit
14, and the circuit 14 outputs the image data S1 and the generated correction data W to the
column driver 13. Note that the image data S1 may be input to the column driver 13 without
through the circuit 14.

[0124]

The circuit 14 may include a neural network. When a deep neural network that has
learned an enormous number of images as teacher data is used, for example, the correction data
W with high accuracy can be generated.

[0125]

FIG. 6B illustrates an example of a display device including a pixel array provided with
the pixels 11¢ in a matrix, the row driver 12, the column driver 13, the circuit 14, and the circuit
15. The circuit 15 can supply the reset potential Sr to the wiring 130.

[0126]

FIG. 6C illustrates an example of a display device including a pixel array provided with
the pixels 11c¢ in a matrix, the row driver 12, the column driver 13, a column driver 17, the
circuit 14, and the circuit 15. The wiring 130 is electrically connected to the column driver 17.
[0127]

For the column driver 17, a shift register circuit can be used, for example. The circuit
15 can supply the reset potential Sr to the column driver 17. In the case where the operation of
correcting an image is not performed, image data Sx is supplied to the column driver 17, and
thus the display operation of the liquid crystal element 106 can be performed.

[0128]
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Note that although FIGS. 6A to 6C each exemplify the structure including the circuits

14 and 15, one circuit may serve as both of the circuits.
[0129]

The display device of one embodiment of the present invention can generate an
upconverted image in the pixel as illustrated in FIGS. 3A and 3B. Therefore, image data
supplied to the pixel is low-resolution image data, and the same image data is supplied to a
plurality of pixels. In the example illustrated in FIGS. 3A and 3B, the same image data is
supplied to four pixels in the horizontal and perpendicular directions. Although the same image
data may be supplied to each of signal lines connected to the pixels in this case, when the signal
lines to which the same image data is supplied are electrically connected to each other, the
operation of writing the image data can be performed at higher speed.

[0130]

FIG. 7 is a diagram illustrating part of a pixel array in a display device capable of color
display and illustrates a configuration in which signal lines to which the same image data is
supplied can be electrically connected to each other through switches. In general, a pixel in a
display device capable of color display includes a combination of subpixels that emit light of red
(R), green (G), and blue (B). In FIG. 7, three subpixels of R, G, and B that are arranged in the
horizontal direction form one pixel, and four pixels are illustrated in the horizontal and
perpendicular directions.

[0131]

Here, as illustrated in FIGS. 3A and 3B, the same image data is input to the four pixels
in the horizontal and perpendicular directions. In FIG. 7, the same image data is input to
subpixels R1 to R4. For example, the same image data is supplied to a wiring 125[1] and a
wiring 125[4] that are electrically connected to the subpixels R1 to R4 and serve as signal lines,
and signals are sequentially input to a wiring 122[1] and a wiring 122[2] serving as scan lines,
whereby the same image data can be input to the four subpixels. Note that this method is not
very efficient.

[0132]

In one embodiment of the present invention, two signal lines are electrically connected
to each other by a switch provided between the signal lines, and two scan lines are electrically
connected to each other by a switch provided between the scan lines, whereby writing into the
four subpixels can be performed at a time.

[0133]

When a switch 141 provided between the wirings 125[1] and 125[4] is turned on in FIG.

7, image data supplied to one of the wirings 125[1] and 125[4] can be written into the subpixels
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R1 and R2 at the same time. When a switch 144 provided between the wirings 122[1] and

122[2] is on at this time, the data can also be written into the subpixels R3 and R4 at the same
time. That is, writing into the four subpixels can be performed at the same time.
[0134]

Similarly, when a switch 142 provided between wirings 125[2] and 125[5] and a switch
143 provided between wirings 125[3] and 125[6] are turned on as necessary, writing into four
subpixels with a different color can also be performed at a time. As the switches 141 to 144, a
transistor can be used, for example.

[0135]

Since writing into the four subpixels can be performed at a time, the writing time can be
shortened, and the frame frequency can be increased.
[0136]

Next, simulation results of the pixel 1la illustrated in FIG. 1 and the pixel 11b
illustrated in FIG. 4A are described. The common parameters are as follows: the size of each
transistor was L/W = 4 um/4 um, the capacitance of the capacitor 104 was 100 fF, the
capacitance of the capacitor 105 was 50 fF, the capacitance of the liquid crystal element 106 was
20 fF, and the potential of each of the common wirings 132 and 133 was O V. Note that SPICE
was used for circuit simulation software.

[0137]

FIGS. 8A to 8C show operation parameters for simulation of the pixel 1la. The
vertical axis represents the potential of each wiring, and the horizontal axis represents the time
corresponding to the timing charts shown in FIGS. 2A and 2B.

[0138]

FIG. 8A shows the potentials of the wirings connected to the gates of the transistors.
Operation from Time T2 to Time TS5 corresponds to the operation of writing the correction data
(Vp). Operation from Time T11 to Time T13 corresponds to the operation of adding the image
data (Vs) to the correction data (Vp).

[0139]

FIG. 8B shows the potential of the wiring 124 to which the correction data (Vp) is
supplied, and Vp = 8V here. Note that the correction data (Vp) should be supplied to the wiring
124 between Time T2 and Time T5.

[0140]

FIG. 8C shows the potential of the wiring 125 to which the image data (Vs) is supplied,

and conditions where the potential is changed from 1 V to 8 V in increments of 1 V are used.

Note that a voltage of 1 V is supplied to the wiring 125 as the potential “L” when the correction
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data (Vp) is written.

[0141]

FIG. 8D shows a simulation result showing a change in the potential of the node NA
when the above operation parameters are used. The potential shown after Time T13 is a
potential applied to the node NA, and the result demonstrates that the potential is higher than that
of the image data (Vs). Note that the potential of the node NA is affected by a decrease in the
potential caused when the correction data (Vp) of the node NM is shared with the node NA, the
capacitance ratio at the time of capacitive coupling, capacitance between wirings, or the like as
described above and thus does not become an intended potential in some cases.

[0142]

FIG. 9A is a graph showing a relation between the potential of the image data (Vs) and
the potential of the node NA when the above parameters are used. A circle (o) shows a
simulation result with a voltage of 8 V input as the correction data (Vp). Note that Vref (the
potential of the wiring 125 in writing) is 1 V, and Vp — Vref =7 V. A triangle (A) shows a
simulation result caused when the correction data (Vp) is directly written into the node NA. As
shown in the graph, there is a rather large difference between these potentials, and in the case
where there is a limitation on the design or the operating conditions, correction cannot be
sufficiently performed in some cases.

[0143]

FIG. 9B shows a result of simulation in which whether the above difference can be
reduced or not by adding a potential with an amount corresponding to the loss to the correction
data (Vp) in advance was examined in view of the result of FIG. 9A. When a potential of +5.6
V is added to the correction data (Vp) in the case of using the above parameters, the potential of
the node NA can have an intended value.

[0144]

FIG. 9C shows a result of simulation in the case where the capacitance of the capacitor
104 is changed from 100 fF to 300 fF for a similar purpose. Although there is a slight
difference when the potential of the image data (Vs) is low, the potential of the node NA can
have an almost intended value.

[0145]

That is, the results demonstrate that the correction data (Vp) or the capacitance of the
capacitor 104 is set properly, whereby the potential of the node NA can have an intended value.
[0146]

FIGS. 10A to 10C show operation parameters for simulation of the pixel 11b. The

vertical axis represents the potential of each wiring, and the horizontal axis represents the time
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corresponding to the timing chart of FIGS. 4C and 4D. Since the transistor 103 is not included

in the pixel 11b, the signal of the wiring 126 is not shown in FIG. 10A. FIGS. 10B and 10C are
the same as FIGS. 8B and 8C.
[0147]

FIG. 10D shows a simulation result showing a change in the potential of the node NA
when the above operation parameters are used. FIG. 11 shows a relation between the potential
of the image data (Vs) and the potential of the node NA when the above parameters are used.
The pixel 11b is not affected by a decrease in the potential due to sharing of the correction data
(Vp), and thus the above addition of the correction data (Vp) is not necessary. Moreover, the
capacitance of the capacitor 104 can be smaller, and thus the design flexibility can be increased.
[0148]

The display device of one embodiment of the present invention may employ a
configuration of a pixel 1le illustrated in FIG. 12A. The pixel 11e has a configuration in which
a transistor 112 is added to the pixel 11c illustrated in FIG. SA. Like the other transistors, the
transistor 112 can be an OS transistor, for example.

[0149]

A gate of the transistor 112 is electrically connected to the one of the source and the
drain of the transistor 102 and the other electrode of the capacitor 104. One of a source and a
drain of the transistor 112 is electrically connected to the one of the source and the drain of the
transistor 103. The other of the source and the drain of the transistor 112 is electrically
connected to a power supply line 131 (at a high potential).

[0150]

In the pixel 11e, a wiring to which the other electrode of the capacitor 104, the one of
the source and the drain of the transistor 102, and the gate of the transistor 112 are connected is
referred to as the node NM.

[0151]

The wiring 130 electrically connected to the pixel 11e can have a function of a signal
line that supplies a constant potential (a low potential) for resetting image data. The wiring 124
can have a function of a signal line for writing data into the node NM to be described below.
[0152]

In the pixel 11e, the data written into the node NM can be capacitively coupled to the
image data supplied from the wiring 125, and the resulting data can be output to the node NA.
[0153]

In other words, in the case where intended correction data is stored in the node NM in

advance, the correction data can be added to the supplied image data. Note that the correction
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data is sometimes attenuated because of a component on a transmission path; accordingly, the
correction data is preferably generated in consideration of the attenuation.
[0154]

The details of the operation of the pixel 11e are described using timing charts shown in
FIGS. 12B and 12C. Note that although a given positive or negative signal can be used as the
correction data (Vp) supplied to the wiring 124, the case where a positive signal is supplied is
described here. A reset potential (a low potential) is supplied to the wiring 130. In the
following description, “H” represents a high potential and “L” represents a low potential.

[0155]

First, the operation of writing the correction data (Vp) into the node NM is described
with reference to FIG. 12B. Note that in the case where the purpose is image correction, it is
usually preferred that the operation be performed frame by frame.

[0156]

At Time T1, the potential of the wiring 121 is set to “L”, the potential of the wiring 122
is set to “H”, the potential of the wiring 125 is set to “L”, and the potential of the wiring 126 is
set to “L”; thus, the transistor 101 is turned on, and the potential of the one electrode of the
capacitor 104 becomes “L”. The operation is reset operation for performing subsequent
capacitive coupling operation.

[0157]

At Time T2, the potential of the wiring 121 is set to “H”, the potential of the wiring 122
is set to “H”, the potential of the wiring 125 is set to “L”, and the potential of the wiring 126 is
set to “L”; thus, the transistor 102 is turned on, and the potential of the wiring 124 (the correction
data (Vp)) is written into the node NM.

[0158]

Before Time T2, the display operation of the liquid crystal element 106 in the previous
frame is performed; by turning on the transistor 107, the potential of the node NA is set to the
reset potential to reset the display operation of the liquid crystal element 106.

[0159]

At Time T3, the potential of the wiring 121 is set to “L”, the potential of the wiring 122
is set to “H”, the potential of the wiring 125 is set to “L”, and the potential of the wiring 126 is
set to “L”; thus, the transistor 102 is turned off, and the correction data (Vp) is held in the node
NM.

[0160]

At Time T4, the potential of the wiring 121 is set to “L”, the potential of the wiring 122

is set to “L”, the potential of the wiring 125 is set to “L”, and the potential of the wiring 126 is
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set to “L”; thus, the transistor 101 is turned off, and the operation of writing the correction data
(Vp) is completed.
[0161]

Next, the operation of correcting the image data (Vs) and the display operation of the
liquid crystal element 106 are described with reference to FIG. 12C.
[0162]

At Time T11, the potential of the wiring 121 is set to “L”, the potential of the wiring 122
is set to “H”, the potential of the wiring 124 is set to “L”, and the potential of the wiring 126 is
set to “L”; thus, the transistor 101 is turned on, and the potential of the wiring 125 is added to the
potential of the node NM by capacitive coupling of the capacitor 104. That is, the potential of
the node NM becomes a potential (Vs+Vp) obtained by adding the correction data (Vp) to the
image data (Vs).

[0163]

At Time T12, the potential of the wiring 121 is set to “L”, the potential of the wiring 122
is set to “L”, the potential of the wiring 124 is set to “L”, and the potential of the wiring 126 is
set to “L”; thus, the transistor 101 is turned off, and the potential of the node NM is fixed to
Vs+Vp.

[0164]

At Time T13, the potential of the wiring 121 is set to “L”, the potential of the wiring 122
is set to “L”, the potential of the wiring 124 is set to “L”, and the potential of the wiring 126 is
set to “H”; thus, the transistor 103 is turned on, the potential of the node NA becomes Vs+Vp,
and the display operation of the liquid crystal element 106 is performed. Strictly speaking, the
potential of the node NA is lower than Vs+Vp by the threshold voltage (V) of the transistor 112;
here, Vi, 1s adequately low and negligible.

[0165]

The above is the description of the operation of correcting the image data (Vs) and the
display operation of the liquid crystal element 106. Note that the operation of writing the
correction data (Vp) described above and the operation of inputting the image data (Vs) may be
successively performed, but the operation of inputting the image data (Vs) is preferably
performed after the correction data (Vp) is written into all the pixels. In one embodiment of the
present invention, since the same image data can be supplied to a plurality of pixels at the same
time, the operating speed can be increased by writing the correction data (Vp) into all the pixels
first; the details are described above.

[0166]
This embodiment can be implemented in an appropriate combination with any of the
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structures described in the other embodiments and the like.
[0167]
(Embodiment 2)

In this embodiment, structure examples of a display device including a liquid crystal
element will be described. Note that the operation and the functions for the correction
described in Embodiment 1 are not repeatedly described in this embodiment.

[0168]

FIGS. 13A to 13C are diagrams each illustrating a structure of a display device to which
one embodiment of the present invention can be applied.
[0169]

In FIG. 13A, a sealant 4005 is provided so as to surround a display portion 215 provided
over a first substrate 4001, and the display portion 215 is sealed by the sealant 4005 and a second
substrate 4006.

[0170]

A pixel array including the pixels described in Embodiment 1 is provided in the display
portion 215.

[0171]

In FIG. 13A, each of a scan line driver circuit 221a, a signal line driver circuit 231a, a
signal line driver circuit 232a, and a common line driver circuit 241a includes a plurality of
integrated circuits 4042 provided over a printed circuit board 4041. The integrated circuits
4042 are each formed using a single crystal semiconductor or a polycrystalline semiconductor.
The signal line driver circuit 231a and the signal line driver circuit 232a have a function of the
column driver described in Embodiment 1. The scan line driver circuit 221a has a function of
the row driver described in Embodiment 1. The common line driver circuit 241a has a function
of supplying a predetermined potential to the common wiring described in Embodiment 1.

[0172]

Signals and potentials are supplied from a flexible printed circuit (FPC) 4018 to the scan
line driver circuit 221a, the common line driver circuit 241a, the signal line driver circuit 231a,
and the signal line driver circuit 232a.

[0173]

The integrated circuits 4042 included in the scan line driver circuit 221a and the
common line driver circuit 241a each have a function of supplying a selection signal to the
display portion 215. The integrated circuits 4042 included in the signal line driver circuit 231a
and the signal line driver circuit 232a each have a function of supplying image data to the display

portion 215. The integrated circuits 4042 are mounted in a region different from a region
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surrounded by the sealant 4005 over the first substrate 4001.

[0174]

Note that there is no particular limitation on the connection method of the integrated
circuit 4042; a wire bonding method, a chip on glass (COG) method, a tape carrier package
(TCP) method, a chip on film (COF) method, or the like can be used.

[0175]

FIG. 13B illustrates an example of mounting the integrated circuits 4042 included in the
signal line driver circuit 231a and the signal line driver circuit 232a by a COG method.
Moreover, some or all of the driver circuits can be formed over the substrate where the display
portion 215 is formed, whereby a system-on-panel can be obtained.

[0176]

In the example shown in FIG. 13B, the scan line driver circuit 221a and the common
line driver circuit 241a are formed over the substrate where the display portion 215 is formed.
When the driver circuits are formed concurrently with the pixel circuit in the display portion 215,
the number of components can be reduced. Accordingly, the productivity can be increased.
[0177]

In FIG. 13B, the sealant 4005 is provided to surround the display portion 215, the scan
line driver circuit 221a, and the common line driver circuit 241a over the first substrate 4001.
The second substrate 4006 is provided over the display portion 215, the scan line driver circuit
221a, and the common line driver circuit 241a. Consequently, the display portion 215, the scan
line driver circuit 221a, and the common line driver circuit 241a are sealed together with a
display element by the first substrate 4001, the sealant 4005, and the second substrate 4006.
[0178]

Although the signal line driver circuit 231a and the signal line driver circuit 232a are
formed separately and mounted on the first substrate 4001 in the example illustrated in FIG. 13B,
one embodiment of the present invention is not limited to this structure. The scan line driver
circuit may be separately formed and then mounted, or part of the signal line driver circuit or
part of the scan line driver circuit may be separately formed and then mounted. As illustrated
in FIG. 13C, the signal line driver circuit 231a and the signal line driver circuit 232a may be
formed over the substrate where the display portion 215 is formed.

[0179]

In some cases, the display device encompasses a panel in which a display element is
sealed, and a module in which an IC or the like including a controller is mounted on the panel.
[0180]

The display portion and the scan line driver circuit over the first substrate include a
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plurality of transistors.
[0181]

A transistor included in a peripheral driver circuit and a transistor included in the pixel
circuit of the display portion may have the same structure or different structures. Transistors
included in the peripheral driver circuit may have the same structure, or transistors having two or
more kinds of structures may be used. Similarly, transistors included in the pixel circuit may
have the same structure or a combination of two or more kinds of structures.

[0182]

An input device 4200 can be provided over the second substrate 4006. The display
device which is illustrated in each of FIGS. 13A and 13B and provided with the input device
4200 can serve as a touch panel.

[0183]

There is no particular limitation on a sensing element (also referred to as a sensor
element) included in the touch panel of one embodiment of the present invention. A variety of
sensors capable of sensing an approach or a contact of an object such as a finger or a stylus can
be used as the sensor element.

[0184]

For example, a variety of types such as a capacitive type, a resistive type, a surface
acoustic wave type, an infrared type, an optical type, and a pressure-sensitive type can be used
for the sensor.

[0185]

In this embodiment, a touch panel including a capacitive sensor element is described as
an example.
[0186]

Examples of the capacitive touch sensor element include a surface capacitive touch
sensor element, a projected capacitive touch sensor element, and the like. Examples of the
projected capacitive sensor element include a self-capacitive sensor element and a mutual
capacitive sensor element. The use of a mutual capacitive sensor element is preferable because
multiple points can be sensed simultaneously.

[0187]

The touch panel of one embodiment of the present invention can have any of a variety
of structures, including a structure in which a display device and a sensor element that are
separately formed are attached to each other and a structure in which an electrode and the like
included in a sensor element are provided on one or both of a substrate supporting a display

element and a counter substrate.
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[0188]

FIGS. 14A and 14B illustrate an example of a touch panel. FIG. 14A is a perspective
view of a touch panel 4210. FIG. 14B is a perspective schematic view of the input device 4200.
Note that for simplicity, FIGS. 14A and 14B illustrate only the major components.

[0189]

The touch panel 4210 has a structure in which a display device and a sensor element
that are separately formed are attached to each other.
[0190]

The touch panel 4210 includes the input device 4200 and the display device which are
provided to overlap each other.
[0191]

The input device 4200 includes a substrate 4263, an electrode 4227, an electrode 4228, a
plurality of wirings 4237, a plurality of wirings 4238, and a plurality of wirings 4239. For
example, the electrode 4227 can be electrically connected to the wiring 4237 or the wiring 4239.
In addition, the electrode 4228 can be electrically connected to the wiring 4239.  An FPC 4272b
is electrically connected to each of the plurality of wirings 4237 and the plurality of wirings 4238.
An IC 4273b can be provided on the FPC 4272b.

[0192]

A touch sensor may be provided between the first substrate 4001 and the second
substrate 4006 in the display device. In the case where a touch sensor is positioned between the
first substrate 4001 and the second substrate 4006, an optical touch sensor including a
photoelectric conversion element as well as a capacitive touch sensor may be used.

[0193]

FIG. 15 is a cross-sectional view of a portion taken along chain line N1-N2 in FIG. 13B.
As illustrated in FIG. 15, the display device includes an electrode 4015, and the electrode 4015 is
electrically connected to a terminal included in the FPC 4018 through an anisotropic conductive
layer 4019. In FIG. 15, the electrode 4015 is electrically connected to a wiring 4014 in an
opening formed in insulating layers 4112, 4111, and 4110.

[0194]

The electrode 4015 is formed of the same conductive layer as a first electrode layer
4030, and the wiring 4014 is formed of the same conductive layer as source and drain electrodes
of transistors 4010 and 4011.

[0195]
The display portion 215 and the scan line driver circuit 221a provided over the first

substrate 4001 include a plurality of transistors. In FIG. 15, the transistor 4010 included in the
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display portion 215 and the transistor 4011 included in the scan line driver circuit 221a are
illustrated as an example. Note that in the example of FIG. 15, the transistor 4010 and the
transistor 4011 are bottom-gate transistors but may be top-gate transistors.

[0196]

In FIG. 15, the insulating layer 4112 is provided over the transistors 4010 and 4011.
[0197]

The transistors 4010 and 4011 are provided over an insulating layer 4102. The
transistors 4010 and 4011 each include an electrode 4017 formed over the insulating layer 4111.
The electrode 4017 can serve as a back gate electrode.

[0198]

The display device illustrated in FIG. 15 also includes a capacitor 4020. The capacitor
4020 includes an electrode 4021 formed in the same step as that for forming a gate electrode of
the transistor 4010, and an electrode formed in the same step as that for forming the source
electrode and the drain electrode of the transistor 4010. The electrodes overlap each other with
an insulating layer 4103 provided therebetween.

[0199]

In general, the capacitance of a capacitor provided in a pixel portion of a display device
is set in consideration of leakage current or the like of a transistor provided in the pixel portion
so that charges can be held for a predetermined period. The capacitance of the capacitor can be
set in consideration of off-state current of the transistor or the like.

[0200]

The transistor 4010 included in the display portion 215 is electrically connected to the
display element. An example of a liquid crystal display device using a liquid crystal element as
the display element is illustrated in FIG. 15. In FIG. 15, a liquid crystal element 4013 which is
a display element includes the first electrode layer 4030, a second electrode layer 4031, and a
liquid crystal layer 4008. Insulating layers 4032 and 4033 serving as alignment films are
provided so that the liquid crystal layer 4008 is sandwiched therebetween. The second
electrode layer 4031 is provided on the second substrate 4006 side, and the first electrode layer
4030 and the second electrode layer 4031 overlap each other with the liquid crystal layer 4008
positioned therebetween.

[0201]

A liquid crystal element using any of a variety of modes can be used as the liquid crystal
element 4013. For example, a liquid crystal element using a vertical alignment (VA) mode, a
twisted nematic (TN) mode, an in-plane switching (IPS) mode, an axially symmetric aligned

micro-cell (ASM) mode, an optically compensated bend (OCB) mode, a ferroelectric liquid
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crystal (FLC) mode, an antiferroelectric liquid crystal (AFLC) mode, an electrically controlled

birefringence (ECB) mode, a VA-IPS mode, or a guest-host mode can be used.
[0202]

The liquid crystal display device described in this embodiment may be a normally black
liquid crystal display device such as a transmissive liquid crystal display device utilizing a
vertical alignment (VA) mode. Examples of the vertical alignment mode include a
multi-domain vertical alignment (MVA) mode, a patterned vertical alignment (PVA) mode, and
an advanced super view (ASV) mode.

[0203]

The liquid crystal element is an element that controls transmission and non-transmission
of light by optical modulation action of a liquid crystal. The optical modulation action of the
liquid crystal is controlled by an electric field applied to the liquid crystal (including a horizontal
electric field, a vertical electric field, and an oblique electric field). As the liquid crystal used
for the liquid crystal element, a thermotropic liquid crystal, a low-molecular liquid crystal, a
high-molecular liquid crystal, a polymer dispersed liquid crystal (PDLC), a ferroelectric liquid
crystal, an antiferroelectric liquid crystal, or the like can be used. Such a liquid crystal material
exhibits a cholesteric phase, a smectic phase, a cubic phase, a chiral nematic phase, an isotropic
phase, or the like depending on conditions.

[0204]

Although a liquid crystal display device including a liquid crystal element with a
vertical electric field mode is illustrated in the example of FIG. 15, one embodiment of the
present invention can be applied to a liquid crystal display device including a liquid crystal
element with a horizontal electric field mode. In the case of employing a horizontal electric
field mode, a liquid crystal exhibiting a blue phase for which an alignment film is unnecessary
may be used. The blue phase is one of liquid crystal phases, which is generated just before a
cholesteric phase changes into an isotropic phase while the temperature of a cholesteric liquid
crystal is increased. Since the blue phase is only generated within a narrow temperature range,
a liquid crystal composition containing a chiral material at 5 wt% or more is used for the liquid
crystal layer 4008 in order to increase the temperature range. The liquid crystal composition
containing a liquid crystal exhibiting a blue phase and a chiral material has a short response time
and optical isotropy; in addition, such a liquid crystal composition does not require an alignment
process and has a small viewing angle dependence. Moreover, since an alignment film does not
need to be provided and rubbing treatment is unnecessary, electrostatic discharge damage caused
by the rubbing treatment can be prevented and defects or damage of the liquid crystal display

device in the manufacturing process can be reduced.
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[0205]

A spacer 4035 is a columnar spacer obtained by selective etching of an insulating layer
and is provided in order to control a distance between the first electrode layer 4030 and the
second electrode layer 4031 (a cell gap). Alternatively, a spherical spacer may be used.

[0206]

A black matrix (a light-blocking layer); a coloring layer (a color filter), an optical
member (an optical substrate) such as a polarizing member, a retardation member, or an
anti-reflection member; or the like may be provided appropriately as needed. For example,
circular polarization may be employed by using a polarizing substrate and a retardation substrate.
In addition, a backlight, a side light, or the like may be used as a light source. A micro LED or
the like may be used as the backlight or side light.

[0207]

In the display device illustrated in FIG. 15, a light-blocking layer 4132, a coloring layer
4131, and an insulating layer 4133 are provided between the second substrate 4006 and the
second electrode layer 4031.

[0208]

Examples of a material that can be used for the light-blocking layer 4132 include carbon
black, titanium black, a metal, a metal oxide, and a composite oxide containing a solid solution
of a plurality of metal oxides. The light-blocking layer 4132 may be a film containing a resin
material or a thin film of an inorganic material such as a metal. Stacked films containing the
material of the coloring layer 4131 can also be used for the light-blocking layer 4132. For
example, a stacked-layer structure of a film containing a material of the coloring layer 4131
which transmits light of a certain color and a film containing a material of the coloring layer
4131 which transmits light of another color can be employed. It is preferable that the coloring
layer 4131 and the light-blocking layer 4132 be formed using the same material because the
same manufacturing apparatus can be used and the process can be simplified.

[0209]

As examples of a material that can be used for the coloring layer 4131, a metal material,
a resin material, and a resin material containing a pigment or dye can be given. The
light-blocking layer 4132 and the coloring layer 4131 can be formed by a method similar to
methods for forming the above-described layers. For example, an inkjet method may be used.
[0210]

The display device illustrated in FIG. 15 includes the insulating layers 4111 and 4104.
As the insulating layers 4111 and 4104, insulating layers through which an impurity element

does not easily pass are used. A semiconductor layer of the transistor is sandwiched between
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the insulating layers 4111 and 4104, whereby entry of impurities from the outside can be
prevented.
[0211]

Since the transistor is easily broken owing to static electricity or the like, a protective
circuit for protecting the driver circuit is preferably provided. The protective circuit is
preferably formed using a nonlinear element.

[0212]

This embodiment can be implemented in an appropriate combination with any of the
structures described in the other embodiments and the like.
[0213]

(Embodiment 3)

In this embodiment, an example of a transistor that can be used as the transistors
described in the above embodiments will be described with reference to drawings.
[0214]

The display device of one embodiment of the present invention can be fabricated using
a transistor with any of various modes, such as a bottom-gate transistor or a top-gate transistor.
Therefore, a material for a semiconductor layer or the structure of a transistor can be easily
changed depending on the existing production line.

[0215]
[Bottom-gate transistor]

FIG. 16A1 is a cross-sectional view of a channel-protective transistor 810 that is a type
of bottom-gate transistor. In FIG. 16Al, the transistor 810 is formed over a substrate 771.
The transistor 810 includes an electrode 746 over the substrate 771 with an insulating layer 772
therebetween. The transistor 810 includes a semiconductor layer 742 over the electrode 746
with an insulating layer 726 therebetween. The electrode 746 can serve as a gate electrode.
The insulating layer 726 can serve as a gate insulating layer.

[0216]

The transistor 810 includes an insulating layer 741 over a channel formation region in
the semiconductor layer 742. The transistor 810 includes an electrode 744a and an electrode
744b which are partly in contact with the semiconductor layer 742 and over the insulating layer
726. The electrode 744a can serve as one of a source electrode and a drain electrode. The
electrode 744b can serve as the other of the source electrode and the drain electrode. Part of the
electrode 744a and part of the electrode 744b are formed over the insulating layer 741.

[0217]

The insulating layer 741 can serve as a channel protective layer. With the insulating
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layer 741 provided over the channel formation region, the semiconductor layer 742 can be
prevented from being exposed at the time of forming the electrodes 744a and 744b. Thus, the
channel formation region in the semiconductor layer 742 can be prevented from being etched at
the time of forming the electrodes 744a and 744b.  According to one embodiment of the present
invention, a transistor with favorable electrical characteristics can be provided.

[0218]

The transistor 810 includes an insulating layer 728 over the electrode 744a, the
electrode 744b, and the insulating layer 741 and further includes an insulating layer 729 over the
insulating layer 728.

[0219]

In the case where an oxide semiconductor is used for the semiconductor layer 742, a
material capable of removing oxygen from part of the semiconductor layer 742 to generate
oxygen vacancies is preferably used at least for regions of the electrodes 744a and 744b that are
in contact with the semiconductor layer 742. The carrier concentration in the regions of the
semiconductor layer 742 where oxygen vacancies are generated is increased, so that the regions
become n-type regions (n” layers). Accordingly, the regions can serve as a source region and a
drain region. When an oxide semiconductor is used for the semiconductor layer 742, examples
of the material capable of removing oxygen from the semiconductor layer 742 to generate
oxygen vacancies include tungsten and titanium.

[0220]

Formation of the source region and the drain region in the semiconductor layer 742
makes it possible to reduce contact resistance between the semiconductor layer 742 and each of
the electrodes 744a and 744b. Accordingly, the electrical characteristics of the transistor, such
as the field-effect mobility and the threshold voltage, can be favorable.

[0221]

In the case where a semiconductor such as silicon is used for the semiconductor layer
742, a layer that functions as an n-type semiconductor or a p-type semiconductor is preferably
provided between the semiconductor layer 742 and each of the electrodes 744a and 744b. The
layer that functions as an n-type semiconductor or a p-type semiconductor can function as the
source region or the drain region in the transistor.

[0222]

The insulating layer 729 is preferably formed using a material that can prevent or reduce
diffusion of impurities into the transistor from the outside. The insulating layer 729 is not
necessarily formed.

[0223]
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A transistor 811 illustrated in FIG. 16A2 is different from the transistor 810 in including,

over the insulating layer 729, an electrode 723 that can serve as a back gate electrode. The
electrode 723 can be formed using a material and a method similar to those of the electrode 746.
[0224]

In general, a back gate electrode is formed using a conductive layer and positioned so
that a channel formation region in a semiconductor layer is positioned between a gate electrode
and the back gate electrode. Thus, the back gate electrode can function in a manner similar to
that of the gate electrode. The potential of the back gate electrode may be the same as that of
the gate electrode or may be a ground (GND) potential or a predetermined potential. By
changing a potential of the back gate electrode independently of the potential of the gate
electrode, the threshold voltage of the transistor can be changed.

[0225]

The electrode 746 and the electrode 723 can each serve as a gate electrode. Thus, the
insulating layers 726, 728, and 729 can each serve as a gate insulating layer. The electrode 723
may be provided between the insulating layers 728 and 729.

[0226]

In the case where one of the electrodes 746 and 723 is referred to as a “gate electrode”,
the other is referred to as a “back gate electrode”. For example, in the transistor 811, in the case
where the electrode 723 is referred to as a “gate electrode”, the electrode 746 is referred to as a
"back gate electrode". In the case where the electrode 723 is used as a “gate electrode”, the
transistor 811 can be regarded as a kind of top-gate transistor. Alternatively, one of the
electrodes 746 and 723 may be referred to as a “first gate electrode”, and the other may be
referred to as a “second gate electrode”.

[0227]

By providing the electrodes 746 and 723 with the semiconductor layer 742
therebetween and setting the potentials of the electrodes 746 and 723 to be the same, a region of
the semiconductor layer 742 through which carriers flow is enlarged in the film thickness
direction; thus, the number of transferred carriers is increased. As a result, the on-state current
and field-effect mobility of the transistor 811 are increased.

[0228]

Therefore, the transistor 811 has a high on-state current for its area. That is, the area of
the transistor 811 can be small for a required on-state current. According to one embodiment of
the present invention, the area of a transistor can be reduced. Therefore, according to one
embodiment of the present invention, a semiconductor device having a high degree of integration

can be provided.
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[0229]

The gate electrode and the back gate electrode are formed using conductive layers and
thus each have a function of preventing an electric field generated outside the transistor from
influencing the semiconductor layer in which the channel is formed (in particular, an electric
field blocking function against static electricity and the like). When the back gate electrode is
formed larger than the semiconductor layer to cover the semiconductor layer, the electric field
blocking function can be enhanced.

[0230]

When the back gate electrode is formed using a light-blocking conductive film, light can
be prevented from entering the semiconductor layer from the back gate electrode side.
Therefore, photodegradation of the semiconductor layer and deterioration in electrical
characteristics of the transistor, such as a shift of the threshold voltage, can be prevented.

[0231]

According to one embodiment of the present invention, a transistor with favorable
reliability can be provided. Moreover, a semiconductor device with favorable reliability can be
provided.

[0232]

FIG. 16B1 is a cross-sectional view of a channel-protective transistor 820 that is a type
of bottom-gate transistor. The transistor 820 has substantially the same structure as the
transistor 810 but is different from the transistor 810 in that the insulating layer 741 covers end
portions of the semiconductor layer 742. The semiconductor layer 742 is electrically connected
to the electrode 744a through an opening formed by selectively removing part of the insulating
layer 741 that overlaps the semiconductor layer 742. The semiconductor layer 742 is
electrically connected to the electrode 744b in another opening formed by selectively removing
part of the insulating layer 741 that overlaps the semiconductor layer 742. A region of the
insulating layer 741 that overlaps the channel formation region can function as a channel
protective layer.

[0233]

A transistor 821 illustrated in FIG. 16B2 is different from the transistor 820 in including,
over the insulating layer 729, the electrode 723 that can serve as a back gate electrode.
[0234]

With the insulating layer 741, the semiconductor layer 742 can be prevented from being
exposed at the time of forming the electrodes 744a and 744b. Thus, the semiconductor layer
742 can be prevented from being reduced in thickness at the time of forming the electrodes 744a

and 744b.
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[0235]

The distance between the electrode 744a and the electrode 746 and the length between
the electrode 744b and the electrode 746 in the transistors 820 and 821 are larger than those in
the transistors 810 and 811. Thus, the parasitic capacitance generated between the electrode
744a and the electrode 746 can be reduced. The parasitic capacitance generated between the
electrode 744b and the electrode 746 can also be reduced. According to one embodiment of the
present invention, a transistor with favorable electrical characteristics can be provided.

[0236]

A transistor 825 illustrated in FIG. 16C1 is a channel-etched transistor that is a type of
bottom-gate transistor. In the transistor 825, the electrodes 744a and 744b are formed without
providing the insulating layer 741. Thus, part of the semiconductor layer 742 that is exposed at
the time of forming the electrodes 744a and 744b is etched in some cases. However, since the
insulating layer 741 is not provided, the productivity of the transistor can be increased.

[0237]

A transistor 826 illustrated in FIG. 16C2 is different from the transistor 825 in that the
electrode 723 that can serve as a back gate electrode is provided over the insulating layer 729.
[0238]

[Top-gate transistor]

A transistor 842 illustrated in FIG. 17A1 is a type of top-gate transistor. The electrodes
744a and 744b are electrically connected to the semiconductor layer 742 through openings
formed in the insulating layers 728 and 729.

[0239]

As illustrated in FIG. 17A3, part of the insulating layer 726 that does not overlap the
electrode 746 is removed, an impurity 755 is introduced into the semiconductor layer 742 using
the electrode 746 and the insulating layer 726 that is left as a mask, so that an impurity region
can be formed in the semiconductor layer 742 in a self-aligned manner. The transistor 842
includes a region where the insulating layer 726 extends beyond end portions of the electrode
746. The semiconductor layer 742 in a region into which the impurity 755 is introduced
through the insulating layer 726 has a lower impurity concentration than the semiconductor layer
742 in a region into which the impurity 755 is introduced without through the insulating layer
726. Thus, a lightly doped drain (LDD) region is formed in a region of the semiconductor layer
742 which does not overlap the electrode 746.

[0240]
A transistor 843 illustrated in FIG. 17A2 is different from the transistor 842 in that the

electrode 723 is included. The transistor 843 includes the electrode 723 that is formed over the
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substrate 771, and the electrode 723 has a region overlapping the semiconductor layer 742 with
the insulating layer 772 therebetween. The electrode 723 can serve as a back gate electrode.
[0241]

As in a transistor 844 illustrated in FIG. 17B1 and a transistor 845 illustrated in FIG.
17B2, the insulating layer 726 in a region that does not overlap the electrode 746 may be
completely removed. Alternatively, as in a transistor 846 illustrated in FIG. 17C1 and a
transistor 847 illustrated in FIG. 17C2, the insulating layer 726 may be left.

[0242]

In the transistors 842 to 847, after the formation of the electrode 746, the impurity 755
is introduced into the semiconductor layer 742 using the electrode 746 as a mask, so that an
impurity region can be formed in the semiconductor layer 742 in a self-aligned manner.
According to one embodiment of the present invention, a transistor with favorable electrical
characteristics can be provided. According to one embodiment of the present invention, a
semiconductor device having a high degree of integration can be provided.

[0243]

This embodiment can be implemented in an appropriate combination with any of the
structures described in the other embodiments and the like.
[0244]

(Embodiment 4)

This embodiment will show a semiconductor device that can be used in the row driver
12, the column drivers 13 and 17, and the circuits 14 and 15, which are described in Embodiment
1. The semiconductor device described below is capable of functioning as a memory device.
[0245]

In this embodiment, a DOSRAM (registered trademark) is described as an example of a
memory device using an oxide semiconductor. Note that DOSRAM stands for dynamic oxide
semiconductor random access memory. A DOSRAM is a memory device composed of
one-transistor one-capacitor (1T1C) memory cells in which the write transistor contains an oxide
semiconductor.

[0246]

An example of a layered structure of a DOSRAM 1000 is described with reference to
FIG. 18. In the DOSRAM 1000, a sense amplifier unit 1002 for reading data and a cell array
unit 1003 for storing data are stacked.

[0247]
As illustrated in FIG. 18, a bit line BL and Si transistors Tal0 and Tall are provided in

the sense amplifier unit 1002. The Si transistors Tal0 and Tall have a semiconductor layer in a
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single crystal silicon wafer. The Si transistors Tal0 and Tall constitute a sense amplifier and
are electrically connected to the bit line BL.
[0248]

The cell array unit 1003 includes a plurality of memory cells 1001. The memory cell
1001 includes a transistor Twl and a capacitor C1. In the cell array unit 1003, two transistors
Tw]l share a semiconductor layer. The semiconductor layer is electrically connected to the bit
line BL through a conductor that is not shown in FIG. 18.

[0249]

The layered structure illustrated in FIG. 18 can be applied to a variety of semiconductor
devices configured with a stack of circuits each including a group of transistors.
[0250]

Metal oxides, insulators, conductors, and the like in FIG. 18 may each have a
single-layer structure or a stacked-layer structure. They can be formed by any of a variety of
deposition methods such as a sputtering method, a molecular beam epitaxy (MBE) method, a
pulsed laser ablation (PLA) method, a chemical vapor deposition (CVD) method, and an atomic
layer deposition (ALD) method. Examples of a CVD method include a plasma CVD method, a
thermal CVD method, and a metal organic CVD method.

[0251]

Here, the semiconductor layer of the transistor Twl contains a metal oxide (oxide
semiconductor) and is composed of three metal oxide layers as an example. The semiconductor
layer is preferably formed using a metal oxide containing In, Ga, and Zn.

[0252]

When an element that forms an oxygen vacancy or an element that is bonded to an
oxygen vacancy is added to a metal oxide, the carrier density of the metal oxide is increased and
the resistance thereof is lowered in some cases. For example, when the resistance of part of a
semiconductor layer containing a metal oxide is selectively lowered, a source region and a drain
region can be provided in the semiconductor layer.

[0253]

Typical examples of an element that lowers the resistance of a metal oxide are boron
and phosphorus. Moreover, hydrogen, carbon, nitrogen, fluorine, sulfur, chlorine, titanium, a
rare gas, or the like may be used. Typical examples of a rare gas element include helium, neon,
argon, krypton, and xenon. The concentration of such an element can be measured by
secondary ion mass spectrometry (SIMS) or the like.

[0254]

The use of boron or phosphorus is preferable, in which case the apparatus for a
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manufacturing line using amorphous silicon or low-temperature polysilicon can be employed.
The utilization of the existing equipment leads to less capital expenditure.
[0255]

A transistor including a semiconductor layer part of which has a lower resistance can be
formed with the use of a dummy gate, for example. Specifically, a dummy gate is provided
over a semiconductor layer, and an element that lowers the resistance of the semiconductor layer
is added with the dummy gate as a mask. Thus, the element is added to a region of the
semiconductor layer that is not overlapped by the dummy gate, whereby a low-resistance region
is formed. To add the element, it is possible to use, for example, an ion implantation method by
which an ionized source gas is subjected to mass separation and then added, an ion doping
method by which an ionized source gas is added without mass separation, or a plasma immersion
ion implantation method.

[0256]

Examples of conductive materials used for the conductors include a semiconductor
typified by polycrystalline silicon doped with an impurity element such as phosphorus; silicide
such as nickel silicide; a metal such as molybdenum, titanium, tantalum, tungsten, aluminum,
copper, chromium, neodymium, and scandium; and a metal nitride containing any of the above
metals as its component (tantalum nitride, titanium nitride, molybdenum nitride, and tungsten
nitride). It is also possible to use a conductive material such as indium tin oxide, indium oxide
containing tungsten oxide, indium zinc oxide containing tungsten oxide, indium oxide containing
titanium oxide, indium tin oxide containing titanium oxide, indium zinc oxide, or indium tin
oxide to which silicon oxide is added.

[0257]

Examples of insulating materials used for the insulators include aluminum nitride,
aluminum oxide, aluminum nitride oxide, aluminum oxynitride, magnesium oxide, silicon nitride,
silicon oxide, silicon nitride oxide, silicon oxynitride, gallium oxide, germanium oxide, yttrium
oxide, zirconium oxide, lanthanum oxide, neodymium oxide, hatnium oxide, tantalum oxide, and
aluminum silicate. Note that in this specification and the like, an oxynitride refers to a
compound that contains more oxygen than nitrogen, and a nitride oxide refers to a compound
that contains more nitrogen than oxygen.

[0258]

This embodiment can be implemented in an appropriate combination with any of the
structures described in the other embodiments and the like.
[0259]

(Embodiment 5)
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This embodiment will show a configuration example of a semiconductor device
functioning as a neural network that can be used, for example, for the circuit 14 described in
Embodiment 1.

[0260]

As illustrated in FIG. 19A, a neural network NN can be formed of an input layer IL, an
output layer OL, and a middle layer (hidden layer) HL. The input layer IL, the output layer OL,
and the middle layer HL each include one or more neurons (units). Note that the middle layer
HL may be one layer or two or more layers. A neural network including two or more middle
layers HL can be referred to as a deep neural network (DNN), and learning using a deep neural
network can be referred to as deep learning.

[0261]

Input data is input to the neurons of the input layer IL, output signals of the neurons in
the previous layer or the subsequent layer are input to the neurons of the middle layer HL., and
output signals of the neurons in the previous layer are input to the neurons of the output layer OL.
Note that each neuron may be connected to all the neurons in the previous and subsequent layers
(i.e., full connection) or may be connected to some of the neurons.

[0262]

FIG. 19B illustrates an example of an operation with neurons. Here, a neuron N and
two neurons in the previous layer that output signals to the neuron N are illustrated. An output
x; of one neuron in the previous layer and an output x; of the other neuron in the previous layer
are input to the neuron N. Subsequently, in the neuron N, a total sum x;w;+x;w; of a
multiplication result (x;w;) of the output x; and a weight w, and a multiplication result (x,;w,) of
the output x; and a weight w; is calculated, and then a bias b is added as necessary, so that the
value a = xyw; + x;w, + b is obtained. Then, the value a is converted with an activation
function A, and an output signal y = A(a) is output from the neuron N.

[0263]

In this manner, the operation with the neurons includes the operation that sums the
products of the outputs and the weights of the neurons in the previous layer, that is, the
product-sum operation (xw1+x;w, described above). This product-sum operation may be
performed using a program on software or using hardware. When the product-sum operation is
performed by hardware, a product-sum operation circuit (a multiplier-accumulator, or MAC) can
beused. The product-sum operation circuit can be a digital circuit or an analog circuit.

[0264]
When an analog circuit is used as the product-sum operation circuit, the circuit scale of

the product-sum operation circuit can be reduced, or higher processing speed and lower power
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consumption can be achieved by reduced frequency of access to a memory.
[0265]

The product-sum operation circuit may be configured with Si transistors or OS
transistors. An OS transistor is particularly suitable as a transistor included in an analog
memory of the product-sum operation circuit because of its extremely low off-state current.
Note that the product-sum operation circuit may be formed using both Si transistors and OS
transistors. A configuration example of a semiconductor device having a function of the
product-sum operation circuit is described below.

[0266]
<Configuration example of semiconductor device>

FIG. 20 illustrates a configuration example of a semiconductor device MAC configured
to perform an operation in a neural network. The semiconductor device MAC has a function of
performing a product-sum operation of first data corresponding to the strength of connection
between the neurons (i.e., the weight) and second data corresponding to input data. Note that
the first data and the second data can each be analog data or multilevel data (discrete data). The
semiconductor device MAC is also configured to convert, with the activation function, data
obtained from the product-sum operation.

[0267]

The semiconductor device MAC includes a cell array CA, a current source circuit CS, a
current mirror circuit CM, a circuit WDD, a circuit WLD, a circuit CLD, an offset circuit OFST,
and an activation function circuit ACTV.

[0268]

The cell array CA includes a plurality of memory cells MC and a plurality of memory
cells MCref. In the configuration example illustrated in FIG. 20, the cell array CA includes
memory cells MC in m rows and # columns (memory cells MC[1,1] to MC[m,#n]) and m memory
cells MCref (memory cells MCref[1] to MCref[m]), where m and » are each an integer of 1 or
more. The memory cell MC has a function of storing the first data. The memory cell MCref
has a function of storing reference data used for the product-sum operation. Note that the
reference data can be analog data or multilevel digital data.

[0269]

The memory cell MC[7j] is connected to a wiring WL[7], a wiring RW[i], a wiring
WDJ;], and a wiring BL[;], where 7 is an integer of 1 to m inclusive and j is an integer of 1 to »
inclusive. The memory cell MCref[7] is connected to the wiring WL[/], the wiring RW[i], a
wiring WDref, and a wiring BLref. Here, a current flowing between the memory cell MCJi f]

and the wiring BL[;j] is denoted by Imcp,;, and a current flowing between the memory cell
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MCref]7] and the wiring BLref is denoted by Increfys)-

[0270]

FIG. 21 illustrates a specific configuration example of the memory cell MC and the
memory cell MCref. Although the memory cells MC[1,1] and MC[2,1] and the memory cells
MCref[1] and MCref[2] are shown in FIG. 21 as a typical example, a similar configuration can
also be applied to the other memory cells MC and MCref. The memory cells MC and the
memory cells MCref each include a transistor Trll, a transistor Tr12, and a capacitor C11.
Here, the case where the transistors Tr11 and Tr12 are n-channel transistors is described.

[0271]

In the memory cell MC, a gate of the transistor Tr11 is connected to the wiring WL, one
of a source and a drain of the transistor Trll is connected to a gate of the transistor Tr12 and a
first electrode of the capacitor C11, and the other of the source and the drain of the transistor
Trll is connected to the wiring WD. One of a source and a drain of the transistor Tr12 is
connected to the wiring BL, and the other of the source and the drain thereof is connected to a
wiring VR. A second electrode of the capacitor C11 is connected to the wiring RW. The
wiring VR has a function of supplying a predetermined potential. In this example, a low power
supply potential (e.g., a ground potential) is supplied from the wiring VR.

[0272]

A node NM refers to a node connected to the one of the source and the drain of the
transistor Tr11, the gate of the transistor Tr12, and the first electrode of the capacitor C11. A
node NM[1,1] refers to the node NM in the memory cell MCJ[1,1], and a node NM[2,1] refers to
the node NM in the memory cell MC[2,1].

[0273]

The configuration of the memory cell MCref is the same as that of the memory cell MC
except that the memory cell MCref is connected to the wiring WDref instead of the wiring WD
and connected to the wiring BLref instead of the wiring BL. A node NMref[1] refers to a node
connected to the one of the source and the drain of the transistor Tr11, the gate of the transistor
Tr12, and the first electrode of the capacitor C11 in the memory cell MCref]1]; a node NMref]2]
refers to the corresponding node in the memory cell MCref[2].

[0274]

The node NM and the node NMref function as retention nodes of the memory cell MC
and the memory cell MCref, respectively. The first data is held in the node NM, and the
reference data is held in the node NMref. A current Invcpi 1y and a current Inicpz 1j flow from the
wiring BL[1] to the transistors Tr12 in the memory cell MC[1,1] and the memory cell MC[2,1],

respectively. A current Imcreqi; and a current Imcrer; flow from the wiring BLref to the
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transistors Tr12 in the memory cell MCref[1] and the memory cell MCref[2], respectively.

[0275]

Since the transistor Trl1 has a function of holding the potential of the node NM or the
node NMref, the off-state current of the transistor Trl11 is preferably low. Thus, it is preferable
to use an OS transistor, which has an extremely low off-state current, as the transistor Trll.
This reduces a change in the potential of the node NM or the node NMref, resulting in higher
operation accuracy. Furthermore, refreshing the potential of the node NM or the node NMref
can be less frequent, leading to a reduction in power consumption.

[0276]

There is no particular limitation on the transistor Tr12, and a Si transistor or an OS
transistor can be used, for example. When an OS transistor is used as the transistor Tr12, the
transistor Tr12 can be manufactured with the same manufacturing apparatus as the transistor
Trll, and accordingly manufacturing cost can be reduced. Note that the transistor Tr12 can be
an n-channel transistor or a p-channel transistor.

[0277]

The current source circuit CS is connected to the wirings BL[1] to BL[#] and the wiring
BLref. The current source circuit CS has a function of supplying currents to the wirings BL[1]
to BL[#] and the wiring BLref. Note that the value of the current supplied to the wirings BL[1]
to BL[n] may be different from that of the current supplied to the wiring BLref. Here, the
current supplied from the current source circuit CS to the wirings BL[1] to BL[#n] is denoted by
Ic, and the current supplied from the current source circuit CS to the wiring BLref is denoted by

Terer.
[0278]

The current mirror circuit CM includes wirings IL[1] to IL[#] and a wiring [Lref. The
wirings IL[1] to IL[#] are connected to the respective wirings BL[1] to BL[#n], and the wiring
ILref is connected to the wiring BLref. Here, portions where the wirings IL[1] to IL[#] are
connected to the respective wirings BL[1] to BL[#] are referred to as nodes NP[1] to NP[#]. A
portion where the wiring ILref is connected to the wiring BLref is referred to as a node NPref.
[0279]

The current mirror circuit CM has a function of making the current Icy corresponding to
the potential of the node NPref flow to the wiring ILref and a function of making this current Icm
flow also to the wirings IL[1] to IL[#]. In the example illustrated in FIG. 20, the current Icy is
discharged from the wiring BLref to the wiring ILref, and the current Icy is discharged from the
wirings BL[1] to BL[#] to the wirings IL[1] to IL[#]. Currents flowing from the current mirror
circuit CM to the cell array CA through the wirings BL[1] to BL[#n] are denoted by Ig[1] to Ig[#].
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A current flowing from the current mirror circuit CM to the cell array CA through the wiring
BLref is denoted by Iprer.
[0280]

The circuit WDD is connected to wirings WD[ 1] to WD[#n] and the wiring WDref. The
circuit WDD has a function of supplying a potential corresponding to the first data stored in the
memory cells MC to the wirings WD[1] to WD[#n]. The circuit WDD also has a function of
supplying a potential corresponding to the reference data stored in the memory cell MCref to the
wiring WDref. The circuit WLD is connected to wirings WL[1] to WL[m]. The circuit WLD
has a function of supplying, to the wirings WL[1] to WL[m], a signal for selecting the memory
cell MC or the memory cell MCref to which data is to be written. The circuit CLD is connected
to wirings RW[1] to RW[m]. The circuit CLD has a function of supplying a potential
corresponding to the second data to the wirings RW[1] to RW[m].

[0281]

The offset circuit OFST is connected to the wirings BL[1] to BL[#] and wirings OL[1]
to OL[n]. The offset circuit OFST has a function of measuring the amount of current flowing
from the wirings BL[1] to BL[#n] to the offset circuit OFST and/or the amount of change in
current flowing from the wirings BL[1] to BL[#n] to the offset circuit OFST. The offset circuit
OFST also has a function of outputting the measurement results to the wirings OL[1] to OL[#n].
Note that the offset circuit OFST may output a current corresponding to the measurement result
to the wiring OL, or may convert the current corresponding to the measurement result into a
voltage to output the voltage to the wiring OL. The currents flowing between the cell array CA
and the offset circuit OFST are denoted by I,[1] to Iy[#].

[0282]

FIG. 22 illustrates a configuration example of the offset circuit OFST. The offset
circuit OFST illustrated in FIG. 22 includes circuits OC[1] to OC[#n]. Each of the circuits
OCJ[1] to OC[#n] includes a transistor Tr21, a transistor Tr22, a transistor Tr23, a capacitor C21,
and a resistor R1. Connection relations of the components are as illustrated in FIG. 22. Note
that a node connected to a first electrode of the capacitor C21 and a first terminal of the resistor
R1 is referred to as a node Na. A node connected to a second electrode of the capacitor C21,
one of a source and a drain of a transistor Tr21, and a gate of the transistor Tr22 is referred to as
a node Nb.

[0283]

A wiring VrefL has a function of supplying a potential Vref, a wiring VaL has a function
of supplying a potential Va, and a wiring VbL has a function of supplying a potential Vb. A
wiring VDDL has a function of supplying a potential VDD, and a wiring VSSL has a function of
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supplying a potential VSS. Here, the case where the potential VDD is a high power supply

potential and the potential VSS is a low power supply potential is described. A wiring RST has
a function of supplying a potential for controlling the on/off state of the transistor Tr21. The
transistor Tr22, the transistor Tr23, the wiring VDDL, the wiring VSSL, and the wiring VbL
form a source follower circuit.

[0284]

Next, an operation example of the circuits OC[1] to OC[#] is described. Although an
operation example of the circuit OC[1] is described here as a typical example, the circuits OC[2]
to OC[#n] can be operated in a manner similar to that of the circuit OC[1]. First, when a first
current flows to the wiring BL[1], the potential of the node Na becomes a potential
corresponding to the first current and the resistance of the resistor R1. At this time, the
transistor Tr21 is on, and thus the potential Va is supplied to the node Nb. Then, the transistor
Tr21 is turned off.

[0285]

Next, when a second current flows to the wiring BL[1], the potential of the node Na
becomes a potential corresponding to the second current and the resistance of the resistor R1.
Since the transistor Tr21 is off and the node Nb is floating at this time, the potential of the node
Nb is changed owing to capacitive coupling, following the change in the potential of the node Na.
Here, given that the amount of change in the potential of the node Na is AV, and the capacitive
coupling coefficient is 1, the potential of the node Nb is Va+AVy,.  Given also that the threshold
voltage of the transistor Tr22 is Vg, a potential Va+AVy,—Vy 1s output from the wiring OL[1].
Here, when Va is set equal to Vi, the potential AV, can be output from the wiring OL[1].

[0286]

The potential AVy, is determined by the amount of change from the first current to the
second current, the resistance of the resistor R1, and the potential Vref. Here, since the
resistance of the resistor R1 and the potential Vref are known, the amount of change in the
current flowing to the wiring BL can be found from the potential AV,

[0287]

Signals corresponding to the amount of current and/or the amount of current change,
which are measured by the offset circuit OFST as described above, are input to the activation
function circuit ACTV through the wirings OL[1] to OL[#].

[0288]

The activation function circuit ACTV is connected to the wirings OL[1] to OL[#] and

wirings NIL[1] to NIL[#]. The activation function circuit ACTV is configured to perform an

operation for converting the signal input from the offset circuit OFST in accordance with a
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predefined activation function. As the activation function, a sigmoid function, a tanh function,
a softmax function, a ReL.U function, or a threshold function can be used, for example. The
signal converted by the activation function circuit ACTV is output as output data to the wirings
NIL[1] to NIL[#n].

[0289]

<Performance example of semiconductor device>

With the above semiconductor device MAC, the product-sum operation of the first data
and the second data can be performed. A performance example of the semiconductor device
MAC at the time of performing the product-sum operation is described below.

[0290]

FIG. 23 is a timing chart showing the operation example of the semiconductor device
MAC. FIG. 23 shows changes in potentials of the wirings WL[1], WL[2], WD[1], and WDref,
the nodes NM[1,1], NMJ[2,1], NMref[1], and NMref[2], and the wirings RW[1] and RW[2] in
FIG. 21 and changes in values of a current Ig[1]-I,[1] and the current Ig.r. The current
Ig[1]-L,[ 1] corresponds to a total of the currents flowing from the wiring BL[1] through the
memory cells MC[1,1] and MC[2,1].

[0291]

Although the operation is described with a focus on the memory cells MC[1,1],
MC[2,1], MCref[1], and MCref]2] illustrated in FIG. 21 as a typical example, the other memory
cells MC and MCref can also be operated in a similar manner.

[0292]
[Storage of first data]

First, between Time TO1 and Time TO2, the potential of the wiring WL[1] becomes high
level, the potential of the wiring WDJ[1] becomes higher than a ground potential (GND) by
Ver—Vwii1), and the potential of the wiring WDref becomes higher than the ground potential by
Vpr. The potentials of the wirings RW[1] and RW][2] are a reference potential (REFP). Note
that the potential Vwy1 1) is a potential corresponding to the first data stored in the memory cell
MC([1,1], and the potential Vpgr is a potential corresponding to the reference data. Thus, the
transistors Trll in the memory cells MC[1,1] and MCref[1] are turned on, and the potential of
the node NM[1,1] becomes Vpr—Vwj1.1) and the potential of the node NMref[1] becomes Vpg.
[0293]

At this time, a current Incpy.150 flowing from the wiring BL[1] to the transistor Trl12 in
the memory cell MC[1,1] can be expressed by the following formula. Here, k£ is a constant
determined by the channel length, channel width, mobility, capacitance of a gate insulating film,

and the like of the transistor Tr12. Furthermore, Vg, is the threshold voltage of the transistor
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Trl2.

[0294]

Ivcrigo = A(Ver — Vi — Vi) (ED)
[0295]

A current Inicreri)o flowing from the wiring BLref to the transistor Tr12 in the memory
cell MCref[ 1] can be expressed by the following formula.
[0296]

Invcrefrigo = A(Ver — V) (E2)

[0297]

Next, between Time T02 and Time TO3, the potential of the wiring WL[1] becomes low
level. Consequently, the transistors Tr11 in the memory cells MC[1,1] and MCref[ 1] are turned
off, and the potentials of the nodes NM[1,1] and NMref] 1] are held.

[0298]

As described above, an OS transistor is preferably used as the transistor Tr11, in which
case the leakage current of the transistor Tr1l can be reduced and the potentials of the nodes
NM[1,1] and NMref[ 1] can be precisely held as a result.

[0299]

Subsequently, between Time TO3 and Time TO04, the potential of the wiring WL[2]
becomes high level, the potential of the wiring WD[1] becomes higher than the ground potential
by Ver—Vwi2.15, and the potential of the wiring WDref becomes higher than the ground potential
by Vpr. Note that the potential Vwpa 1y is a potential corresponding to the first data stored in the
memory cell MC[2,1]. Thus, the transistors Tr11 in the memory cells MC[2,1] and MCref]2]
are turned on, and the potential of the node NM[2,1] becomes Vpr—Vw2,1; and the potential of
the node NMref[2] becomes Vpg.

[0300]

Here, a current Iycp.1j0 flowing from the wiring BL[1] to the transistor Tr12 in the
memory cell MC[2,1] can be expressed by the following formula.
[0301]

Ivcp2.0 = A(Ver — Vw1 — Vi) (E3)

[0302]

A current Inicrer210 flowing from the wiring BLref to the transistor Tr12 in the memory
cell MCref]2] can be expressed by the following formula.
[0303]

Inicref2r.0 = k(Ver — Vi)’ (E4)

[0304]
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Next, between Time T04 and Time TOS5, the potential of the wiring WL[2] becomes low

level. Consequently, the transistors Tr11 in the memory cells MC[2,1] and MCref]2] are turned
off, and the potentials of the nodes NM[2,1] and NMref]2] are held.
[0305]

Through the above operation, the first data is stored in the memory cells MC[1,1] and
MC[2,1], and the reference data is stored in the memory cells MCref[1] and MCref[2].

[0306]

Here, currents flowing through the wirings BL[1] and BLref between Time T04 and
Time TOS are considered. The current from the current source circuit CS is supplied to the
wiring BLref. The current flowing through the wiring BLref is discharged to the current mirror
circuit CM and the memory cells MCref[1] and MCref[2]. A formula shown below holds
where Icrr 1 the current supplied from the current source circuit CS to the wiring BLref and
Icmp 1s the current discharged from the wiring BLref to the current mirror circuit CM.

[0307]

Iewer — Iemo = Imcretrino + IMcretr2),0 (ES)
[0308]

The current from the current source circuit CS is supplied to the wiring BL[1]. The
current flowing through the wiring BL[1] is discharged to the current mirror circuit CM and the
memory cells MC[1,1] and MC[2,1]. Furthermore, the current flows from the wiring BL[1] to
the offset circuit OFST. A formula shown below holds where I¢ is the current supplied from
the current source circuit CS to the wiring BL[1] and L is the current flowing from the wiring
BL[1] to the offset circuit OFST.

[0309]

Ic — Iemo = Imcqi 0 + Imep2,17.0 + oo (E6)
[0310]

[Product-sum operation of first data and second data]

Next, between Time TOS5 and Time TO06, the potential of the wiring RW[1] becomes
higher than the reference potential by Vxpi;. At this time, the potential Vxpij is supplied to the
capacitors C11 in the memory cells MC[1,1] and MCref[1], so that the potentials of the gates of
the transistors Tr12 increase owing to capacitive coupling. Note that the potential Vxyjj is a
potential corresponding to the second data supplied to the memory cells MC[1,1] and MCref] 1].
[0311]

The amount of change in the gate potential of the transistor Tr12 corresponds to the
value obtained by multiplying the amount of change in the potential of the wiring RW by a
capacitive coupling coefficient determined by the memory cell configuration. The capacitive
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coupling coefficient is calculated on the basis of the capacitance of the capacitor C11, the gate
capacitance of the transistor Tr12, the parasitic capacitance, and the like. For convenience, the
amount of change in the potential of the wiring RW is equal to the amount of change in the gate
potential of the transistor Tr12, that is, the capacitive coupling coefficient is 1 in the following
description. In practice, the potential Vx can be determined in consideration of the capacitive
coupling coefficient.

[0312]

When the potential Vxpy; is supplied to the capacitors C11 in the memory cells MC[1,1]
and MCref[ 1], the potentials of the nodes NM[1,1] and NMref[1] increase by Vxi;.

[0313]

Here, a current Incpip1 flowing from the wiring BL[1] to the transistor Tr12 in the
memory cell MC[1,1] between Time TOS5 and Time TO6 can be expressed by the following
formula.

[0314]

Ivcrii = &(Ver = Vi + Vi — V) (E7)
[0315]

Accordingly, when the potential Vx;; is supplied to the wiring RW[1], the current
flowing from the wiring BL[1] to the transistor Tr12 in the memory cell MCJ[1,1] increases by
Alvicn i (= Imcri g1 = Imcriay,0)-

[0316]

Here, a current Increqipn flowing from the wiring BLref to the transistor Tr12 in the
memory cell MCref[1] between Time TO5 and Time T06 can be expressed by the following
formula.

[0317]

Invcrerip = A(Ver + Vi — Vth)2 (E8)
[0318]

Accordingly, when the potential Vxpip 1s supplied to the wiring RW[1], the current
flowing from the wiring BLref to the transistor Tr12 in the memory cell MCref[1] increases by
Alvcre) & Imcrein 1 — IMcref[i1,0)-

[0319]

Currents flowing through the wirings BL[1] and BLref are considered. The current
Icrer 1S supplied from the current source circuit CS to the wiring BLref. The current flowing
through the wiring BLref is discharged to the current mirror circuit CM and the memory cells
MCref[1] and MCref[2]. The following formula holds where Icn 1s the current discharged
from the wiring BLref to the current mirror circuit CM.
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[0320]
Icwer — Iem1 = Ivcretpign + IMcrefr2,1 (E9)
[0321]

The current I¢ is supplied from the current source circuit CS to the wiring BL[1]. The
current flowing through the wiring BL[1] is discharged to the current mirror circuit CM and the
memory cells MC[1,1] and MC[2,1]. Moreover, the current flows from the wiring BL[1] to the
offset circuit OFST. The following formula holds where I is the current flowing from the
wiring BL[1] to the offset circuit OFST.

[0322]

Ic — Iem1 = Imepign + Imepgn + Toct (E10)

[0323]

From Formulae (E1) to (E10), a difference between the current I, o and the current I, ; (a

differential current Al,) can be expressed by the following formula.
[0324]

Al =Tt — Lo = 2k Vit Vg (E11)
[0325]

As shown above, the differential current Al, depends on the product of the potentials
Vwiii and V.

[0326]

After that, between Time TO6 and Time TO7, the potential of the wiring RW[1] becomes
the reference potential, and the potentials of the nodes NM[1,1] and NMref[ 1] become the same
as those between Time T04 and Time TOS.

[0327]

Next, between Time TO7 and Time TOS8, the potential of the wiring RW[1] becomes
higher than the reference potential by Vxpj, and the potential of the wiring RW[2] becomes
higher than the reference potential by Vxpj. Thus, the potential Vxpi; is supplied to the
capacitors C11 in the memory cells MC[1,1] and MCref[1], and the potentials of the nodes
NM[1,1] and NMref] 1] increase by Vxji; owing to capacitive coupling. Moreover, the potential
Vxpz; 1s supplied to the capacitors C11 in the memory cells MC[2,1] and MCref[2], and the
potentials of the nodes NM[2,1] and NMref[2] increase by Vxp; owing to capacitive coupling.
[0328]

Here, a current Iy 11 flowing from the wiring BL[1] to the transistor Tr12 in the
memory cell MC[2,1] between Time T07 and Time TO8 can be expressed by the following
formula.

[0329]
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Ivcp2a1 = A(Ver — Vw1 + Vxpz) — Vi) (E12)

[0330]

Accordingly, when the potential Vxp; is supplied to the wiring RW[2], the current
flowing from the wiring BL[1] to the transistor Tr12 in the memory cell MC[2,1] increases by
Alvicp 1 (= Imcp2 11,1 — Imc2,11,0)-

[0331]

Here, a current Increrpya flowing from the wiring BLref to the transistor Tr12 in the
memory cell MCref[2] between Time TO7 and Time TO8 can be expressed by the following
formula.

[0332]

Tncrerra11 = K(Ver + V) — Vin) (E13)
[0333]

Accordingly, when the potential Vxp is supplied to the wiring RW([2], the current
flowing from the wiring BLref to the transistor Tr12 in the memory cell MCref[2] increases by
Alvicrer2) & Imcreti2)1 — IMcref[21,0)-

[0334]

Furthermore, currents flowing through the wirings BL[1] and BLref are considered.
The current Icrr is supplied from the current source circuit CS to the wiring BLref. The current
flowing through the wiring BLref is discharged to the current mirror circuit CM and the memory
cells MCref[1] and MCref[2]. The following formula holds where Icmo 1s the current
discharged from the wiring BLref to the current mirror circuit CM.

[0335]

Tcrer = Tem2 = Imcrer) 1 + IMcren2) 1 (E14)
[0336]

The current I¢ is supplied from the current source circuit CS to the wiring BL[1]. The
current flowing through the wiring BL[1] is discharged to the current mirror circuit CM and the
memory cells MC[1,1] and MC[2,1]. Moreover, the current flows from the wiring BL[1] to the
offset circuit OFST. The following formula holds where I, is the current flowing from the
wiring BL[1] to the offset circuit OFST.

[0337]

Ic — Iemp2 = Imepiign + Imepagn + Loz (E15)
[0338]

From Formulae (E1) to (E8) and Formulae (E12) to (E15), a difference between the
current I, and the current I, (the differential current Al,) can be expressed by the following

formula.
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[0339]

Al =To — Lo = 2k(Vwiiy Vi + Vg Vi) (E16)
[0340]

As shown above, the differential current Al, depends on the sum of the product of the
potentials Vwpi.1; and Vxpip and the product of the potentials Vw17 and Vxpa;.
[0341]

Then, between Time TO8 and Time T09, the potentials of the wirings RW|[1] and RW[2]
become the reference potential, and the potentials of the nodes NMJ[1,1], NM[2,1], NMref[1],
and NMref[2] become the same as those between Time T04 and Time TOS5.

[0342]

As represented by Formulae (E11) and (E16), the differential current Al input to the
offset circuit OFST can be calculated from the formula including a product term of the potential
Vw corresponding to the first data (weight) and the potential Vx corresponding to the second
data (input data). Consequently, measurement of the differential current Al, with the offset
circuit OFST gives the result of the product-sum operation of the first data and the second data.
[0343]

Note that although the above description focuses on the memory cells MC[1,1],
MC[2,1], MCref[1], and MCref[2], the number of memory cells MC and MCref can be any
number. The differential current Al, can be expressed by the following formula where the
number m of rows of the memory cells MC and MCref is a given number 7.

[0344]

Al =2k Z; Vwiag Vi (E17)
[0345]

With an increasing number 7 of columns of the memory cells MC and MCref, the
number of product-sum operations executed in parallel can be increased.
[0346]

The product-sum operation of the first data and the second data can be performed using
the semiconductor device MAC as described above. Note that the use of the configuration of
the memory cells MC and MCref shown in FIG. 21 allows the product-sum operation circuit to
be formed of fewer transistors. Accordingly, the circuit scale of the semiconductor device
MAC can be reduced.

[0347]

When the semiconductor device MAC is used for the operation in the neural network,

the number m of rows of the memory cells MC can correspond to the number of input data

supplied to one neuron and the number # of columns of the memory cells MC can correspond to
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the number of neurons. The case where a product-sum operation using the semiconductor
device MAC is performed in the middle layer HL in FIG. 19A is considered, for example. In
this case, the number m of rows of the memory cells MC can be set to the number of input data
supplied from the input layer IL (the number of neurons in the input layer IL), and the number »
of columns of the memory cells MC can be set to the number of neurons in the middle layer HL..
[0348]

Note that there is no particular limitation on the structure of the neural network for
which the semiconductor device MAC is used. For example, the semiconductor device MAC
can also be used for a convolutional neural network (CNN), a recurrent neural network (RNN),
an autoencoder, or a Boltzmann machine (including a restricted Boltzmann machine).

[0349]

The product-sum operation in the neural network can be performed using the
semiconductor device MAC as described above. Furthermore, the use of the memory cells MC
and MCref illustrated in FIG. 21 in the cell array CA can provide an integrated circuit with
higher operation accuracy, lower power consumption, or a smaller circuit scale.

[0350]

This embodiment can be implemented in an appropriate combination with any of the
structures described in the other embodiments and the like.
[0351]

(Embodiment 6)

Examples of electronic devices that can use the display device in one embodiment of the
present invention include display devices, personal computers, image storage devices or image
reproducing devices provided with storage media, cellular phones, game machines (including
portable game machines), portable data 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 players and digital audio players), copiers,
facsimiles, printers, multifunction printers, automated teller machines (ATM), and vending
machines. FIGS. 24A to 24F illustrate specific examples of these electronic devices.

[0352]

FIG. 24A illustrates a cellular phone which includes a housing 951, a display portion
952, an operation button 953, an external connection port 954, a speaker 955, a microphone 956,
a camera 957, and the like. The display portion 952 of the cellular phone includes a touch
sensor. Operations such as making a call and inputting text can be performed by touch on the
display portion 952 with a finger, a stylus, or the like. The housing 951 and the display portion
952 have flexibility and can be bent when used as illustrated in FIG. 24A. When the display
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device of one embodiment of the present invention is used for the display portion 952,
high-quality display can be performed.
[0353]

FIG. 24B illustrates a portable information terminal, which includes a housing 911, a
display portion 912, a speaker 913, a camera 919, and the like. A touch panel function of the
display portion 912 enables input and output of information. When the display device of one
embodiment of the present invention is used for the display portion 912, high-quality display can
be performed.

[0354]

FIG. 24C illustrates a television, which includes a housing 971, a display portion 973,
an operation key 974, speakers 975, a communication connection terminal 976, an optical sensor
977, and the like. The display portion 973 includes a touch sensor that enables input operation.
When the display device of one embodiment of the present invention is used for the display
portion 973, high-quality display can be performed.

[0355]

FIG. 24D illustrates an information processing terminal which includes a housing 901, a
display portion 902, a display portion 903, a sensor 904, and the like. The display portions 902
and 903 are formed using one display panel and are flexible. The housing 901 is also flexible,
can be bent when used illustrated in FIG. 24D, and can also be used in a flat plate-like shape like
a tablet terminal. The sensor 904 can sense the shape of the housing 901, and for example, it is
possible to switch display on the display portions 902 and 903 when the housing 901 is bent.
When the display device of one embodiment of the present invention is used for the display
portions 902 and 903, high-quality display can be performed.

[0356]

FIG. 24E illustrates a digital camera, which includes a housing 961, a shutter button 962,
a microphone 963, a display portion 965, operation keys 966, , a speaker 967, a zoom lever 968,
a lens 969, and the like. When the display device of one embodiment of the present invention
is used for the display portion 965, display with high display quality can be performed.

[0357]

FIG. 24F illustrates a digital signage, which has large display portions 922. The digital
signage can be installed on the side surface of a pillar 921, for example. When the display
device of one embodiment of the present invention is used for the display portion 922, display
with high display quality can be performed.

[0358]

This embodiment can be implemented in an appropriate combination with any of the
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structures described in the other embodiments and the like.

REFERENCE NUMERALS

[0359]

11: pixel, 11a: pixel, 11b: pixel, 11c: pixel, 11d: pixel, 11le: pixel, 12: row driver, 13: column
driver, 14: circuit, 15: circuit, 17: column driver, 101: transistor, 102: transistor, 103: transistor,
104: capacitor, 105: capacitor, 106: liquid crystal element, 107: transistor, 112: transistor, 121:
wiring, 122: wiring, 124: wiring, 125: wiring, 126: wiring, 130: wiring, 131: power supply line,
132: common wiring, 133: common wiring, 141: switch, 142: switch, 143: switch, 144: switch,
215: display portion, 221a: scan line driver circuit, 231a: signal line driver circuit, 232a: signal
line driver circuit, 241a: common line driver circuit, 723: electrode, 726: insulating layer, 728:
insulating layer, 729: insulating layer, 741: insulating layer, 742: semiconductor layer, 744a:
electrode, 744b: electrode, 746: electrode, 755: impurity, 771: substrate, 772: insulating layer,
810: transistor, 811: transistor, 820: transistor, 821: transistor, 825: transistor, 830: transistor,
840: transistor, 842: transistor, 843 transistor, 844: transistor, 845: transistor, 846: transistor,
847: transistor, 901: housing, 902: display portion, 903: display portion, 904: sensor, 911:
housing, 912: display portion, 913: speaker, 919: camera, 921: column, 922: display portion,
951: housing, 952: display portion, 953: operation button, 954: external connection port, 955:
speaker, 956: microphone, 957: camera, 961: housing, 962: shutter button, 963: microphone,
965: display portion, 966: operation key, 967: speaker, 968: zoom lever, 969: lens, 971: housing,
973: display portion, 974: operation key, 975: speaker, 976: communication connection terminal,
977: optical sensor, 1000: DOSRAM, 1001: memory cell, 1002: sense amplifier unit, 1003: cell
array unit, 4001: substrate, 4005: sealant, 4006: substrate, 4008: liquid crystal layer, 4010:
transistor, 4011: transistor, 4013: liquid crystal element, 4014: wiring, 4015: electrode, 4017:
electrode, 4018: FPC, 4019: anisotropic conductive layer, 4020: capacitor, 4021: electrode, 4030:
electrode layer, 4031: electrode layer, 4032: insulating layer, 4033: insulating layer, 4035: spacer,
4041: printed circuit board, 4042: integrated circuit, 4102: insulating layer, 4103: insulating layer,
4104: insulating layer, 4110: insulating layer, 4111: insulating layer, 4112: insulating layer, 4131:
coloring layer, 4132: light-blocking layer, 4133: insulating layer, 4200: input device, 4210: touch
panel, 4227: electrode, 4228: electrode, 4237: wiring, 4238: wiring, 4239: wiring, 4263:
substrate, 4272b: FPC, 4273b: IC

This application is based on Japanese Patent Application Serial No. 2017-177462 filed
with Japan Patent Office on September 15, 2017, Japanese Patent Application Serial No.
2017-199264 filed with Japan Patent Office on October 13, 2017, Japanese Patent Application
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Serial No. 2018-029287 filed with Japan Patent Office on February 22, 2018, and Japanese

Patent Application Serial No. 2018-075819 filed with Japan Patent Office on April 11, 2018, the

entire contents of which are hereby incorporated by reference.
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CLAIMS

1. A display device comprising a pixel, the pixel comprising:

a first transistor, a second transistor, a third transistor, a first capacitor, a second
capacitor, and a display element,

wherein one of a source and a drain of the first transistor is electrically connected to one
electrode of the first capacitor,

wherein the other electrode of the first capacitor is electrically connected to one of a
source and a drain of the second transistor and one of a source and a drain of the third transistor,
and

wherein the other of the source and the drain of the third transistor is electrically

connected to one electrode of the second capacitor and the display element.

2. A display device comprising a pixel, the pixel comprising:

a first transistor, a second transistor, a first capacitor, a second capacitor, and a display
element,

wherein one of a source and a drain of the first transistor is electrically connected to one
electrode of the first capacitor, and

wherein the other electrode of the first capacitor is electrically connected to one of a
source and a drain of the second transistor, one electrode of the second capacitor, and the display

element.

3. A display device comprising a pixel, the pixel comprising:

a first transistor, a second transistor, a first capacitor, and a display element,

wherein one of a source and a drain of the first transistor is electrically connected to one
electrode of the first capacitor, and

wherein the other electrode of the first capacitor is electrically connected to one of a

source and a drain of the second transistor and the display element.

4. The display device according to any one of claims 1 to 3,

wherein the pixel further comprises a fourth transistor,

wherein one of a source and a drain of the fourth transistor is electrically connected to
the display element, and

wherein the other of the source and the drain of the fourth transistor is electrically

connected to a wiring configured to supply a constant potential.
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5. The display device according to claim 1, wherein a channel formation region of the

third transistor comprises a metal oxide comprising In and Zn.

6. The display device according to any one of claims 1 to 3, wherein a channel

formation region of the second transistor comprises a metal oxide comprising In and Zn.

7. The display device according to any one of claims 1 to 3, wherein the display element

is a liquid crystal element.

8. The display device according to any one of claims 1 to 3,

wherein the other of the source and the drain of the second transistor is electrically
connected to a wiring configured to supply correction data, and

wherein the other of the source and the drain of the first transistor is electrically

connected to a wiring configured to supply image data.

9. An electronic device comprising the display device according to any one of claims 1

to 3.
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