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DESCRIPTION

SEMICONDUCTOR DEVICE

TECHNICAL FIELD
[0001]

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

Note that one embodiment of the present invention is not limited to the above technical
field. The technical field of the invention disclosed in this specification and the like relates to
an object, a method, or a manufacturing method. In addition, one embodiment of the present
invention relates to a process, a machine, manufacture, or a composition of matter. Specifically,
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 power storage device, an imaging device, a memory device, a processor,
an electronic device, a method for driving any of them, a method for manufacturing any of them,

a method for testing any of them, and a system including any of them.

BACKGROUND ART
[0003]

An artificial neural network (hereinafter, simply referred to as a neural network) is an
information processing system modeled on a biological neural network. A computer having a
higher performance than a conventional Neumann computer is expected to be provided by
utilizing the neural network, and in these years, a variety of researches on an neural network
constructed over an electronic circuit have been carried out.

[0004]

In the neural network, units that resemble neurons are connected to each other through
units that resemble synapses. By changing the connection strength (in this specification, the
connection strength is referred to as a weight coefficient), a variety of input patterns are learned,
and pattern recognition, associative storage, or the like can be performed at high speed.
Furthermore, Non-Patent Document 1 discloses a technique relating to a chip having a
self-learning function with the neural network.

[Reference]
[0005]
[Non-Patent Document 1] Yutaka Arima ef al., "A Self-Learning Neural Network Chip with 125
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Neurons and 10K Self-Organization Synapses", IEEE Journal of Solid-State Circuits, Vol. 26,

No. 4, April 1991, pp. 607-611

DISCLOSURE OF INVENTION
[0006]

In order to construct a hierarchical neural network using a semiconductor device, a
product-sum operation circuit needs to be provided. In the product-sum operation circuit,
connection strength between each of first neurons in a first layer and one of second neurons in a
second layer is stored. The output of each of the first neurons in the first layer and the
corresponding connection strength are multiplied, and the products are summed. In other words,
a memory that holds connection strength, a multiplier circuit and an adder circuit that perform a
product-sum operation, and the like are necessarily mounted on the semiconductor device.

[0007]

In the case where the memory, the multiplier circuit, the adder circuit, and the like are
formed using digital circuits, the memory needs to be able to store multi-bit data and moreover,
the multiplier circuit and the adder circuit need to be able to perform multi-bit arithmetic
operation. In other words, a large-scale memory, a large-scale multiplier circuit, and a
large-scale adder circuit are required to construct a neural network using digital circuits;
therefore, the chip area of the digital circuits is increased.

[0008]

An object of one embodiment of the present invention is to provide a novel
semiconductor device. Another object of one embodiment of the present invention is to provide
a module including the novel semiconductor device. Another object of one embodiment of the
present invention is to provide an electronic device using the module including the novel
semiconductor device. Another object of one embodiment of the present invention is to provide
a system with the electronic device.

[0009]

Another object of one embodiment of the present invention is to provide a
semiconductor device with a small circuit area. Another object of one embodiment of the
present invention is to provide a semiconductor device with low power consumption. Another
object of one embodiment of the present invention is to provide an electronic device that
performs processing such as pattern recognition or associative storage.

[0010]
Note that the objects of one embodiment of the present invention are not limited to the

above objects. The objects described above do not disturb the existence of other objects. The
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other objects are the ones that are not described above and are described below. The other
objects are apparent from and can be derived from the description of the specification, the
drawings, and the like by those skilled in the art. One embodiment of the present invention
achieves at least one of the above objects and the other objects. One embodiment of the present
invention does not necessarily achieve all the above objects and the other objects.

[0011]

(1) One embodiment of the present invention is a semiconductor device including a first
product-sum operation circuit, a second product-sum operation circuit, a first switch circuit, and
a second switch circuit. The first product-sum operation circuit includes a first terminal. The
second product-sum operation circuit includes a second terminal. The first switch circuit
includes a third terminal and a fourth terminal. The second switch circuit includes a fifth
terminal and a sixth terminal. The first terminal is electrically connected to the third terminal.
The second terminal is electrically connected to the fifth terminal. The fourth terminal is
electrically connected to the sixth terminal. The first switch circuit is configured to make the
third terminal and the fourth terminal in a conducting state or in a non-conducting state. The
second switch circuit is configured to make the fifth terminal and the sixth terminal in a
conducting state or in a non-conducting state.

[0012]

(2) Another embodiment of the present invention is the semiconductor device according
to (1) in which the configuration of the first switch circuit is the same as that of the second
switch circuit; the fifth terminal corresponds to the third terminal; the sixth terminal corresponds
to the fourth terminal; the first switch circuit includes a first transistor, a second transistor, and a
first capacitor; one of a source and a drain of the first transistor is electrically connected to a gate
of the second transistor; one of a pair of electrodes of the first capacitor is electrically connected
to the one of the source and the drain of the first transistor; one of a source and a drain of the
second transistor is electrically connected to the third terminal; and the other of the source and
the drain of the second transistor is electrically connected to the fourth terminal.

[0013]

(3) Another embodiment of the present invention is the semiconductor device according
to (1) or (2) in which the configuration of the second product-sum operation circuit is the same
as that of the first product-sum operation circuit; the first product-sum operation circuit includes
a memory cell array and an offset circuit; the memory cell array includes a first memory cell and
a second memory cell; the first memory cell is electrically connected to the offset circuit; the
second memory cell is electrically connected to the offset circuit; the first memory cell is

configured to hold a first potential corresponding to first data and flow a first current
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corresponding to the first potential when a first signal is input as a selection signal; the second
memory cell is configured to hold a second potential corresponding to second data and flow a
second current corresponding to the second potential when the first signal is input as the
selection signal; the offset circuit is configured to flow a third current corresponding to a
differential current between the first current and the second current; when a second signal is
input as the selection signal, the first memory cell is configured to flow a fourth current
corresponding to the second signal and the first potential; the second memory cell is configured
to flow a fifth current corresponding to the second signal and the second potential when the
second signal is input as the selection signal; and the first product-sum operation circuit is
configured to output a sixth current that is obtained by subtracting the third current from a
differential current between the fourth current and the fifth current.
[0014]

(4) Another embodiment of the present invention is the semiconductor device according
to (3) in which the offset circuit includes a constant current circuit, third to fifth transistors, a
second capacitor, a first wiring, a second wiring, a first output terminal, a second output terminal,
and a current mirror circuit, the constant current circuit is electrically connected to the first
wiring; the constant current circuit is configured to supply a seventh current to the first wiring;
one of a source and a drain of the third transistor is electrically connected to one of a source and
a drain of the fourth transistor; a gate of the third transistor is electrically connected to the other
of the source and the drain of the fourth transistor; the one of the source and the drain of the
fourth transistor is electrically connected to the first wiring; one of a source and a drain of the
fifth transistor is electrically connected to the other of the source and the drain of the fourth
transistor; one of a pair of electrodes of the second capacitor is electrically connected to the gate
of the third transistor; the first wiring is electrically connected to the first output terminal; the
second wiring 1s electrically connected to the second output terminal; the current mirror circuit is
electrically connected to the first wiring; the current mirror circuit is electrically connected to the
second wiring; the current mirror circuit is configured to supply an eighth current corresponding
to a potential of the second wiring to the first wiring and the second wiring; the first memory cell
is electrically connected to the first output terminal; and the second memory cell is electrically
connected to the second output terminal.
[0015]

(5) Another embodiment of the present invention is the semiconductor device according
to (4) in which the constant current circuit includes sixth to eighth transistors and a third
capacitor; one of a source and a drain of the sixth transistor is electrically connected to one of a

source and a drain of the seventh transistor; a gate of the sixth transistor is electrically connected
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to the other of the source and the drain of the seventh transistor; the one of the source and the
drain of the seventh transistor is electrically connected to the first wiring; one of a source and a
drain of the eighth transistor is electrically connected to the other of the source and the drain of
the seventh transistor; and one of a pair of electrodes of the third capacitor is electrically
connected to a gate of the sixth transistor.

[0016]

(6) Another embodiment of the present invention is the semiconductor device according
to any one of (1) to (5), where at least one of channel formation regions in the first to fifth
transistors, the seventh transistor, and the eighth transistor includes an oxide containing at least
one of indium, an element M (the element M is aluminum, gallium, yttrium, or tin), and zinc.
[0017]

(7) Another embodiment of the present invention is a semiconductor wafer including a
region for dicing and a plurality of semiconductor devices. Each of the plurality of
semiconductor devices is the semiconductor device described in any one of (1) to (6).

[0018]

(8) Another embodiment of the present invention is an electronic device including the
semiconductor device described in any one of (1) to (6), a housing, and a display device.
[0019]

(9) Another embodiment of the present invention is the electronic device according to
(8), including the semiconductor device according to any one of (1) to (6) and being configured
to perform processing such as pattern recognition and associative storage.

[0020]

According to one embodiment of the present invention, a novel semiconductor device
can be provided. According to another embodiment of the present invention, a module
including the novel semiconductor device can be provided. According to another embodiment
of the present invention, an electronic device using the module including the novel
semiconductor device can be provided. According to one embodiment of the present invention,
a system using the electronic device can be provided.

[0021]

Another embodiment of the present invention can provide a semiconductor device with
a small circuit area. Another embodiment of the present invention can provide a semiconductor
device with lower power consumption. According to another embodiment of the present
invention, an electronic device that performs processing such as pattern recognition and
associative storage can be provided.

[0022]
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Note that the effects of one embodiment of the present invention are not limited to the
above effects. The effects described above do not disturb the existence of other effects. The
other effects are the ones that are not described above and are described below. The other
effects are apparent from and can be derived from the description of the specification, the
drawings, and the like by those skilled in the art. One embodiment of the present invention has
at least one of the above effects and the other effects. Accordingly, one embodiment of the

present invention does not have the aforementioned effects in some cases.

BRIEF DESCRIPTION OF DRAWINGS
[0023]

FIGS. 1A and 1B are block diagrams showing an example of a semiconductor device.

FIG. 2 illustrates an example of a hierarchical neural network.

FIG. 3 illustrates an example of a hierarchical neural network.

FIG. 4 is a circuit diagram illustrating a configuration example of a switch circuit.

FIG. 5 is a circuit diagram illustrating a configuration example of a switch circuit.

FIG. 6 is a block diagram illustrating an example of a semiconductor device.

FIG. 7 is a block diagram illustrating an example of a semiconductor device.

FIG. 8 is a circuit diagram showing an example of an offset circuit in the semiconductor
device of FIG. 7.

FIG. 9 is a circuit diagram showing an example of an offset circuit in the semiconductor
device of FIG. 7.

FIG. 10 is a circuit diagram showing an example of an offset circuit in the
semiconductor device of FIG. 7.

FIG. 11 is a circuit diagram showing an example of an offset circuit in the
semiconductor device of FIG. 7.

FIG. 12 is a circuit diagram showing an example of an offset circuit in the
semiconductor device of FIG. 7.

FIG. 13 is a circuit diagram showing an example of a memory cell array in the
semiconductor device of FIG. 7.

FIG. 14 is a circuit diagram showing an example of an offset circuit in the
semiconductor device of FIG. 7.

FIG. 15 is a circuit diagram showing an example of a memory cell array in the
semiconductor device of FIG. 7.

FIG. 16 is a timing chart showing an operation example of a semiconductor device.

FIG. 17 is a timing chart showing an operation example of a semiconductor device.

6
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FIG. 18 is a timing chart showing an operation example of a semiconductor device.

FIGS. 19A to 19E are a flow chart, a perspective view of an electronic component, and
perspective views of a semiconductor wafer.

FIG. 20 is a perspective view illustrating an example of an electronic device.

FIGS. 21A, 21B-1, 21B-2, and 21C illustrate an example of a structure of a touch panel.

FIGS. 22A and 22B illustrate a structure example of a pixel in a display panel of a touch

panel.

FIGS. 23 A and 23B are cross-sectional views illustrating a structure example of a touch
panel.

FIGS. 24A and 24B are cross-sectional views illustrating a structure example of a touch
panel.

FIGS. 25A to 25C are schematic views illustrating an example of a shape of a reflective
film of a display panel.

FIG. 26 is a block diagram illustrating a structure example of an input portion.

FIG. 27 is a circuit diagram showing a pixel of a display portion.

BEST MODE FOR CARRYING OUT THE INVENTION
[0024]

An "electronic device", an "electronic component”, a "module", and a "semiconductor
device" are described. In general, an "electronic device" may refer to as a personal computer, a
mobile phone, a tablet terminal, an e-book reader, a wearable terminal, an audiovisual (AV)
device, an electronic appliance, a household appliance, an industrial appliance, a digital signage,
a car, or an electronic appliance including a system, for example. An "electronic component"
or a "module" may refer to a processor, a memory device, a sensor, a battery, a display device, a
light-emitting device, an interface device, a radio frequency (RF) tag, a receiver, or a transmitter
included in an electronic device. A "semiconductor device" may refer to a device including a
semiconductor element or a driver circuit, a control circuit, a logic circuit, a signal generation
circuit, a signal conversion circuit, a potential level converter circuit, a voltage source, a current
source, a switching circuit, an amplifier circuit, a memory circuit, a memory cell, a display
circuit, a display pixel, or the like that includes a semiconductor element and is included in an
electronic component or a module.
[0025]

In this specification, an oxide semiconductor is referred to as an OS in some cases.
Thus, a transistor including an oxide semiconductor in a channel formation region is referred to

as an OS transistor in some cases.
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[0026]

(Embodiment 1)

In this embodiment, a hierarchical neural network and an example of a semiconductor
device of one embodiment of the present invention including the hierarchical neural network are
described.

[0027]
<Hierarchical neural network>

First, a hierarchical neural network is described.
[0028]

FIG. 2 is a diagram showing an example of a hierarchical neural network. A (k—1)-th
layer (here, £ is an integer greater than or equal to two) includes P neurons (here, P is an integer
greater than or equal to one). A k-th layer includes O neurons (here, O is an integer greater than
or equal to one). A (k+1)-th layer includes R neurons (here, R is an integer greater than or equal
to one).

[0029]

(k=1

The product of an output signal z,”  of the p-th neuron (here, p is an integer greater

than or equal to one and less than or equal to P) in the (k—1)-th layer and a weight coefficient
qu(k) is input to the g-th neuron (here, ¢ is an integer greater than or equal to one and less than or
equal to Q) in the k-th layer. The product of an output signal zq(k) of the g-th neuron in the 4-th

+1)

layer and a weight coefficient qu( is input to the r-th neuron (here, 7 is an integer greater than

or equal to one and less than or equal to R) in the (k+1)-th layer. The output signal of the r-th
neuron in the (k+1)-th layer is z,*™.
[0030]

In this case, the summation uq(k) of signals input to the g-th neuron in the 4-th layer is
expressed by the following formula.
[0031]

[Formula 1]

(k) _ (k) _ (k-1
Uy “jij“@p “p

[0032]
The output signal zq(k) from the g-th neuron in the A-th layer is expressed by the
following formula.
[0033]
[Formula 2]
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(k) _ (k)
Zq - f(uq )

[0034]

A function f(uq(k)) is an activation function. A step function, a linear ramp function, a
sigmoid function, or the like can be used as the function f(uq(k)).
[0035]

Note that the activation function may be the same among all neurons or may be difterent
among neurons. Furthermore, the activation function in one layer may be the same as or
different from that in another layer.

[0036]

Here, a hierarchical neural network including L layers (here, L is an integer greater than
or equal to three) in total shown in FIG. 3 is described (that is, here, & is an integer greater than
or equal to two and less than or equal to (L-1)). A first layer is an input layer of the
hierarchical neural network, an Z-th layer is an output layer of the hierarchical neural network,
and second to (I—1)-th layers are hidden layers of the hierarchical neural network.

[0037]

The first layer (input layer) includes P neurons, the A-th layer (hidden layer) includes
QO[k] neurons (here, Q[k] is an integer greater than or equal to one), and the L-th layer (output
layer) includes R neurons.

[0038]
An output signal of the s[1]-th neuron in the first layer (here, s[1] is an integer greater

)

than or equal to one and less than or equal to P) is zs;,"”, an output signal of the s[k]-th neuron in

the £-th layer (here, s[k] is an integer greater than or equal to one and less than or equal to J[£])

2

and an output signal of the s[L]-th neuron in the Z-th layer (here, s[L] is an integer
€)

is zs[k](k)
greater than or equal to one and less than or equal to R) 1s zg;
[0039]

The product us[k](k) of an output signal zs[k_l](k_l) of the s[k—1]-th neuron in the (k—1)-th
layer and a weight coefficient ws[k]s[k_l](k) (here, s[k—1] is an integer greater than or equal to one
and less than or equal to QJ[k—1]) is input to the s[k]-th neuron in the k-th layer. The product
uS[L](L) of an output signal zS[L_l](L_D of the s[L—1]-th neuron in the (Z—1)-th layer and a weight
coefficient wyp sz (here, s[L—1] is an integer greater than or equal to one and less than or
equal to O[L—1]) is input to the s[L]-th neuron in the Z-th layer.

[0040]
<Configuration example 1 of hierarchical neural network>

Next, an example of a semiconductor device having a hierarchical neural network is
9
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described.

[0041]

In a circuit NNC illustrated in FIG. 1A, M product-sum operation circuits are arranged
in the column direction and N product-sum operation circuits are arranged in the row direction
(here, M and N are each an integer greater than or equal to one); that is, the circuit NNC includes
MXxN product-sum operation circuits arranged in a matrix. Note that the product-sum operation
circuit in the g-th row and the A-th column (here, g is an integer greater than or equal to one and
less than or equal to M, and /4 is an integer greater than or equal to one and less than or equal to
N) is denoted by U[g,#]. Note that product-sum operation circuits U[1,1] to U[M,N] each
include mxn analog memory cells that are arranged in a matrix, i.e., m memory cells are arranged
in the column direction and » memory cells are arranged in the row direction (here, m and » are
each an integer greater than or equal to one).

[0042]

The product-sum operation circuit U[g, 4] can be a semiconductor device 100 described
in Embodiment 2. The product-sum operation circuit U[g,/] does not necessarily include an
offset circuit 110 described in Embodiment 2 and can be electrically connected to the offset
circuit 110 outside the product-sum operation circuit U[g,A].

[0043]

Each of the product-sum operation circuits U[1,1] to U[M,N] includes a terminal RW, a
terminal WW, a terminal WD, and a terminal B. The terminals RW are m terminals connected
to wirings RW[1] to RW[m] in a memory cell array 120 described in Embodiment 2. Similarly,
the terminals WW are m terminals connected to wirings WW[1] to WW|[m] in the memory cell
array 120, the terminals WD are » terminals connected to wirings WD[1] to WD[»n—1] and a
wiring WDref, and the terminals B are » terminals connected to wirings B[1] to B[#—1] and a
wiring Bref.

[0044]

In addition, the circuit NNC includes wiring groups HRW[1] to HRW[MN], wiring
groups HWW[1] to HWW/[M], wiring groups VB[ 1] to VB[NM], and wiring groups VWD][1] to
VWD[N]. Note that the wiring groups HRW[1] to HRW[MN] each include m wirings, the
wiring groups HWW/[1] to HWW[M] each include m wirings, the wiring groups VB[1] to
VB[NM)] each include n wirings, and the wiring groups VWD[1] to VWD[N] each include n
wirings.

[0045]

The circuit NNC includes a plurality of switch circuits MSW. The switch circuit MSW

includes a terminal TV1, a terminal TV2, a terminal THI1, and a terminal TH2. Note that the
10
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terminal TV1 is electrically connected to the terminal TV2, and the terminal TH1 is electrically
connected to the terminal TH2.
[0046]

The switch circuit MSW has a function of electrically connecting or disconnecting a
wiring between the terminal TV1 and the terminal TV2 and a wiring between the terminal TH1
and the terminal TH2. That is, the switch circuit MSW has a function of electrically connecting
or disconnecting the terminals of the product-sum operation circuit U[g, /] to/from the wirings.
Furthermore, the switch circuit MSW has a function of holding data (in this specification, also
referred to as configuration data in some cases) for electrically connecting or disconnecting the
wiring between the terminal TV1 and the terminal TV2 and the wiring between the terminal TH1
and the terminal TH2. Here, it is preferable that the switch circuit MSW include a pass
transistor for electrically connecting or disconnecting the wiring between the terminal TV1 and
the terminal TV2 and the wiring between the terminal TH1 and the terminal TH2, and the on/off
state of the pass transistor be controlled by the configuration data.

[0047]

Note that in FIG. 1A, only the following components are shown: the product-sum
operation circuit U[1,1]; the product-sum operation circuit U[M,1]; the product-sum operation
circuit U[1,N]; the product-sum operation circuit U[M,N]; the wiring group HRW[1]; the wiring
group HRW[N]; a wiring group HRW[(M-1)N+1]; the wiring group HRW[MN]; the wiring
group HWWTJ1]; the wiring group HWW|[M]; the wiring group VB[1]; the wiring group VB[AM];
a wiring group VB[(N-1)M+1]; the wiring group VB[NM]; the wiring group VWDJ1]; the
wiring group VWDI[N]; the terminal RW; the terminal WW; the terminal WD; the terminal B; the
switch circuit MSW; the terminal TH1; the terminal TH2; the terminal TV1; and the terminal
TV2. Other product-sum operation circuits are not shown.

[0048]

Note that the configuration of the circuit NNC in FIG. 1A is not limited to the one
embodiment of the present invention. Depending on the circumstances or conditions, a circuit,
a wiring, an element, or the like may be removed from the configuration of the circuit NNC as
appropriate.  Alternatively, another circuit, another wiring, another element, or the like may be
added to the configuration of the circuit NNC as appropriate.

[0049]

Next, the connection structure of the product-sum operation circuits U[1,1] to U[M,N],
the above-described wirings, and the plurality of the switch circuits MSW is described. Note
that for simplicity, the description is made with a focus on the product-sum operation circuit
Ulg.h] illustrated in FIG. 1B. Each of the switch circuits MSW is denoted by a reference

11
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numeral of a wiring connected to the switch circuit MSW, i.e., a switch circuit MSW-RW, a
switch circuit MSW-WW, a switch circuit MSW-B, and a switch circuit MSW-WD.
[0050]

The terminal RW of the product-sum operation circuit U[g,/] is electrically connected to
N switch circuits MSW-RW. The N switch circuits MSW-RW are electrically connected to the
respective wiring groups HRW[gN] to HRW[(g—1)N+1].

[0051]

The terminal WW of the product-sum operation circuit U[g,/] is electrically connected
to the switch circuit MSW-WW.  The switch circuit MSW-WW is electrically connected to the
wiring group HWW|[g].

[0052]

The terminal B of the product-sum operation circuit U[g,/] is electrically connected to
M switch circuits MSW-B. The M switch circuits MSW-B are electrically connected to the
respective wiring groups VB[(A—1)M+1] to VB[AM].

[0053]

The terminal WD of the product-sum operation circuit U[g,/] is electrically connected
to the switch circuit MSW-WD. The switch circuit MSW-WD is electrically connected to the
wiring group VWD[A].

[0054]
<<Configuration example 1 of switch circuit MSW>>

FIG. 4 illustrates an example of the configuration of the switch circuit MSW. A switch
circuit MSW1 illustrated in FIG. 4 electrically connects or disconnects x wirings to/from other x
wirings. Note that x is an integer greater than or equal to one and is variable depending on the
number of included wirings. For example, in the case where the switch circuit MSW1 is used
for the switch circuit MSW-RW or the switch circuit MSW-WW, x may be n. Furthermore, for
example, in the case where the switch circuit MSW1 is used for the switch circuit MSW-B or the
switch circuit MSW-WD, x may be m.

[0055]

The switch circuit MSW1 includes the terminal TV1, the terminal TV2, the terminal
THI1, and the terminal TH2. The terminal TV1 includes terminals TVI[1] to TVI1[x], the
terminal TV2 includes terminals TV2[1] to TV2[x], the terminal TH1 includes terminals TH1[1]
to TH1[x], and the terminal TH2 includes terminals TH2[1] to TH2[x].

[0056]

A terminal TV1[x,] (here, X, is an integer greater than or equal to one and less than or

equal to x) is electrically connected to a terminal TV2[x,], and a terminal TH1[x,] is electrically
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connected to a terminal TH2[x;]. Note that in FIG. 4, the terminals TV1[xq], TV2[x,], TH1[xo],

and TH2[xo] are not illustrated.
[0057]

The switch circuit MSW1 includes circuits SW[1] to SW[x]. Each of the circuits
SWJ1] to SW]x] includes a transistor Tr31, a transistor Tr32, and a capacitor C4.

[0058]

Here, for the configuration of the circuits SW[1] to SW[x], the description is made with
a focus on the circuit SW[xy]. A first terminal of the transistor Tr31 is electrically connected to
a wiring SWB[xo], a second terminal of the transistor Tr31 is electrically connected to a first
terminal of the capacitor C4, and a gate of the transistor Tr31 is electrically connected to a wiring
SWW|[xo]. A first terminal of the transistor Tr32 is electrically connected to the terminals
TV1[xo] and TV2[x¢], a second terminal of the transistor Tr32 is electrically connected to the
terminals TH1[xo] and TH2[xo], and a gate of the transistor Tr32 is electrically connected to the
first terminal of the capacitor C4. A second terminal of the capacitor C4 is electrically
connected to a wiring VSSL. Note that a portion where the second terminal of the transistor
Tr31, the first terminal of the capacitor C4, and the gate of the transistor Tr32 are connected is
referred to as a holding node in the circuit SW{xo].

[0059]

The wiring SWW|x,] supplies a selection signal to the circuit SW[xy], and the wiring
SWBIx,] supplies configuration data to the circuit SW[xp]. When a high-level potential is
supplied from the wiring SWW]|x,], the high-level potential is supplied to the gate of the
transistor Tr31 in the circuit SW[xo]; accordingly, the transistor Tr31 is turned on. At this time,
a potential corresponding to configuration data is supplied from the wiring SWB[x,], and thus
the potential is written in the holding node. Then, the transistor Tr31 is turned off by supplying
a low-level potential from the wiring SWW|[x,]; accordingly, the potential corresponding to
configuration data can be held. Since the potential corresponding to configuration data is
applied to the gate of the transistor Tr32, whether the transistor Tr32 is on or off is determined by
the configuration data.

[0060]

Note that wirings SWW[1] to SWW]x] are illustrated in FIG. 4; however, one
embodiment of the present invention is not limited thereto. For example, when the wirings
SWW[1] to SWW]|x] are not separately provided and one wiring may be shared therebetween,
the circuits SW[1] to SW[x] can be selected all together. Accordingly, configuration data can
be written to the circuits SW[1] to SW][x] at the same time.

[0061]
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Furthermore, wirings SWB[1] to SWBJ[x] are illustrated in FIG. 4; however, one

embodiment of the present invention is not limited thereto. For example, when the wirings
SWBJ[1] to SWBJ[x] are not separately provided and one wiring may be shared therebetween, the
area of the switch circuit MSW1 can be reduced. In this case, the circuits SW[1] to SW[x] are
sequentially selected by the wirings SWW[1] to SWW][x], and predetermined configuration data
is written to the selected circuit.

[0062]

Note that in the switch circuit MSW1 of FIG. 4, only the following components are
shown: the circuit SWJ[1]; the circuit SW[x]; the wiring SWW[1]; the wiring SWW]|x]; the
wiring SWBJ1]; the wiring SWB(x]; the wiring VSSL; the terminal TV1; the terminal TVI[1];
the terminal TV1[x]; the terminal TV2; the terminal TV2[1]; the terminal TV2[x]; the terminal
THI, the terminal THI[1]; the terminal THI[x]; the terminal TH2; the terminal TH2[1]; the
terminal TH2[x]; the transistor Tr31; the transistor Tr32; and the capacitor C4. Other wirings,
circuits, and elements and reference numerals thereof are not shown.

[0063]
<<Configuration example 2 of switch circuit MSW>>

FIG. 5 illustrates another example of the configuration of the switch circuit MSW,
which is different from that in FIG. 4. Like the switch circuit MSW1, a switch circuit MSW2
illustrated in FIG. 5 electrically connects or disconnects x wirings to/from other x wirings. Note
that x is variable depending on the number of included wirings.

[0064]

The switch circuit MSW2 includes the terminal TV1, the terminal TV2, the terminal
THI1, and the terminal TH2. The terminal TV1 includes terminals TVI[1] to TVI1[x], the
terminal TV2 includes terminals TV2[1] to TV2[x], the terminal TH1 includes terminals TH1[1]
to TH1[x], and the terminal TH2 includes terminals TH2[1] to TH2[x].

[0065]

The terminal TV 1[xo] is electrically connected to the terminal TV2[x,], and the terminal
THI1[xo] is electrically connected to the terminal TH2[x;]. Note that in FIG. 5, the terminals
TV1[xo], TV2[xo], TH1[x0], and TH2[x,] are not illustrated.

[0066]

The switch circuit MSW2 includes a transistor Tr41, transistors Tr42[1] to Tr42[x], and

a capacitor CS5.
[0067]
Here, the configuration of the switch circuit MSW2 is described. A first terminal of

the transistor Tr41 is electrically connected to a wiring SWB, a second terminal of the transistor
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Tr41 is electrically connected to gates of the transistors Tr42[1] to Tr42[x], and a gate of the

transistor Tr41 is electrically connected to a wiring SWW. A first terminal of the transistor
Tr42[xo] is electrically connected to the terminals TV1[x,] and TV2[x,], and a second terminal of
the transistor Tr42[x,] is electrically connected to the terminals TH1[xo] and TH2[x,]. A first
terminal of the capacitor CS5 is electrically connected to the second terminal of the transistor Tr41,
and a second terminal of the capacitor C5 is electrically connected to the wiring VSSL. Note
that a portion where the second terminal of the transistor Tr41, the first terminal of the capacitor
C5, and the gates of the transistors Tr42[1] to Tr42[x] are connected is referred to as a holding
node in the switch circuit MSW2.

[0068]

The wiring SWW supplies a potential to the gate of the transistor Tr41 in the switch
circuit MSW2, and the wiring SWB supplies configuration data to the switch circuit MSW2.
When the high-level potential is supplied from the wiring SWW, the high-level potential is
supplied to the gate of the transistor Tr41; accordingly, the transistor Tr41 is turned on. At this
time, a potential corresponding to configuration data is supplied from the wiring SWB, and thus
the potential is written in the holding node. Then, the low-level potential is supplied to the
wiring SWW so that the transistor Tr41 is turned off; accordingly, the potential corresponding to
configuration data can be held. Since the potential corresponding to configuration data is
applied to the gates of the transistors Tr42[1] to Tr42[x], whether the transistors Tr42[1] to
Tr42[x] are on or off is determined all at once by the configuration data.

[0069]

Note that in the switch circuit MSW2 of FIG. 5, only the following components are
shown: the wiring SWW; the wiring SWB; the wiring VSSL; the terminal TV1; the terminal
TV1[1]; the terminal TV1[x]; the terminal TV2; the terminal TV2[1]; the terminal TV2[x]; the
terminal TH1; the terminal TH1[1]; the terminal TH1[x]; the terminal TH2; the terminal TH2[1];
the terminal TH2[x]; the transistor Tr41; the transistor Tr42[1]; the transistor Tr42[x]; and the
capacitor C5. Other wirings, circuits, and elements and the reference numerals thereof are not
shown.

[0070]

With use of the OS transistors as the transistors Tr31, Tr32, Tr41, and Tr42[1] to Tr42[x],
the leakage current of each of the transistors Tr31, Tr32, Tr41, and Tr42[1] to Tr42[x] can be
suppressed, which enables a product-sum operation circuit with high calculation accuracy to be
fabricated in some cases. Furthermore, with use of the OS transistor as the transistor Tr31 or
Tr41, the amount of leakage current from a holding node to any of the wirings SWB[1] to

SWBIx] or the wiring SWB when the transistor Tr31 or Tr41 are in an off state can be extremely
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small. In other words, frequencies of refresh operation at the holding node can be reduced; thus,
power consumption of a semiconductor device can be reduced.
[0071]

Although an n-channel transistor is illustrated as the transistor Tr32 in FIG. 4, the
transistor Tr32 may be a p-channel transistor. Similarly, although n-channel transistors are
illustrated as the transistors Tr42[1] to Tr42[x] in FIG. 5, the transistors Tr42[1] to Tr42[x] may
be p-channel transistors.

[0072]
<Configuration example 2 of hierarchical neural network>

FIG. 6 illustrates a specific example of the circuit NNC illustrated in FIG. 1A.
[0073]

The circuit NNC in FIG. 6 includes the product-sum operation circuits U[1,1], U[1,2],
U[1,3], U[2,1], U[2,2], U[2,3], U[3,1], U[3,2], and U[3,3]. That is, the circuit NNC in FIG. 6
corresponds to the circuit NNC in FIG. 1A in which M is three and N is three.

[0074]

As for the wirings of the circuit NNC in FIG. 6, the wiring groups HRW[3], HRW[6],
HRW[9], VB[3], VB[6], and VB[9] are removed from the configuration of the circuit NNC in
FIG. 1A in which M is three and N is three. In other words, the circuit NNC in FIG. 6 includes
the wiring groups HRW[1], HRW[2], HRW[4], HRW[5], HRW[7], HRW[8], HWW]1],
HWW|[2], HWW][3], VBJ[1], VB|[2], VB[4], VB[5], VB[7], VB[8], VWD[1], VWD]|2], and
VWD[3].

[0075]

The memory cell array 120 in each of the product-sum operation circuits U[1,1] to
U[3,3] includes #* memory cells AM. In the memory cell array 120 in each of the product-sum
operation circuits U[1,1] to U[3,3], » memory cells AM are arranged in the column direction and
n memory cells AM are arranged in the row direction, that is, 7xn memory cells AM are arranged
in a matrix.

[0076]

Each of the wiring groups HRW[1], HRW[2], HRW[4], HRW[5], HRW[7], HRW[8],
HWW]/1] to HWW[3], VBJ[1], VBJ[2], VB[4], VB[5], VB[7], VB[8], and VWD][1] to VWDJ3]
includes n wirings. Furthermore, each of the wiring groups HRW[1], HRW[2], HRW[4],
HRW[5], HRW[7], HRW[8], and HWW]|[1] to HWW][3] is electrically connected to the terminals
RW or the terminals WW of the product-sum operation circuits via the switch circuits MSW2.
Similarly, each of the wiring groups VB[ 1], VB[2], VB[4], VBI[5], VB[7], VB[8], and VWDJ1]
to VWDJ3] is electrically connected to the terminals WD or the terminals B of the product-sum
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operation circuits via the switch circuits MSW2.
[0077]

The details of the switch circuit MSW?2 are the same as those of Configuration example
1 of hierarchical neural network, which is described above. Thus, when the high-level potential
is supplied to the holding node of the switch circuit MSW2, wirings and terminals that are
connected via the switch circuit MSW2 are electrically connected. When the low-level
potential is supplied to the holding node of the switch circuit MSW2, the wirings and the
terminals that are connected via the switch circuit MSW2 are electrically disconnected. In FIG.
6, the switch circuit MSW2 that is in a conducting state is denoted by a black square, the switch
circuit MSW2 that is in a non-conducting state is denoted by a white square, and the switch
circuit MSW2 whose conducting and non-conducting states are switched during the operation of
the circuit NNC is denoted by a black regular triangle. Note that instead of the switch circuit
MSW?2, the switch circuit MSW1 may be used.

[0078]

In the circuit NNC in FIG. 6, an input layer (first layer) includes 2» neurons, a first
hidden layer (second layer) includes 2n neurons, a second hidden layer (third layer) includes »
neurons, and an output layer (fourth layer) includes 3» neurons.

[0079]

Weight coefficients W(2) for inputs to neurons in the first hidden layer are stored in the
memory cells AM of the product-sum operation circuits U[1,1], U[1,2], U[2,1], and UJ[2,2].
Weight coefficients W(3) for inputs to neurons in the second hidden layer are stored in the
memory cells AM of the product-sum operation circuits U[1,3] and U[2,3]. Furthermore,
weight coefficients W(4) for inputs to neurons in the output layer are stored in the memory cells
AM of the product-sum operation circuits U[3,1], U[3,2], and U[3,3]. Note that each of the
wiring groups HWW[1] to HWW[3] corresponds to wirings WW (3 signal lines), and each of
the wiring groups VWDJ[1] to VWD[3] corresponds to wirings WD (3# signal lines). Selection
signals WWSig are sequentially transmitted to the wirings WW, and data corresponding to the
selection signals WWSig (denoted by W in FIG. 6) are supplied to the wirings WD, so that
weight coefficients can be stored in the memory cells AM in the product-sum operation circuits.
[0080]

Input of a signal to the first hidden layer and output of a signal from the first hidden
layer are described. The outputs of the 21 neurons of the input layer are stored as 2n signals
RWSig(2) in the product-sum operation circuits U[1,1], U[1,2], U[2,1], and U[2,2] via 2n signal
lines of the wiring groups HRW[1] and HRW[4]. The outputs of the product-sum operation
circuits U[1,1], U[1,2], U[2,1], and U[2,2] are output as 2n signals BSig(2) via 2n signal lines of
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the wiring groups VB[1] and VB [4]. That is, each of the 2n signals BSig(2) has a value of the

sum of products of signals output from neurons in the input layer and the weight coefficient
W(2) (the value is also referred to as a net value). The 2n signals BSig(2) are output from the
wiring groups VB[1] and VB[4], and then an activation function is obtained from the value of
the sum of products, so that neuron signals output from the first hidden layer can be generated.
[0081]

Input of a signal to the second hidden layer and output of a signal from the second
hidden layer are described. The outputs of the 2n neurons of the first hidden layer are stored as
2n signals RWSig(3) in the product-sum operation circuits U[1,3] and U[2,3] via 2n signal lines
of the wiring groups HRW|[2] and HRW[5]. The outputs of the product-sum operation circuits
U[1,3] and UJ[2,3] are output as n signals BSig(3) via n signal lines of the wiring group VB[7].
That is, each of the » signals BSig(3) has a value of the sum of products of signals output from
neurons in the first hidden layer and the weight coefficient W(3). The n signals BSig(3) are
output from the wiring group VBJ[7], and then an activation function is obtained from the value
of the sum of products, so that neuron signals output from the second hidden layer can be
generated.

[0082]

Input of a signal to the output layer and output of a signal from the output layer are
described. The outputs of the n neurons of the second hidden layer are stored as n signals
RWSig(4) in the product-sum operation circuits U[3,1], U[3,2], and U[3,3] via » signal lines of
the wiring group HRW[8]. The outputs of the product-sum operation circuits U[3,1], U[3,2],
and U[3,3] are output as 3n signals BSig(4) via 3n signal lines of the wiring groups VB[2],
VB[5], and VB[8]. That s, each of the 3n signals BSig(4) has a value of the sum of products of
signals output from neurons in the second hidden layer and the weight coefficient W(4). The
3n signals BSig(4) are output from the wiring groups VB[2], VB[5], and VB[8], and then an
activation function is obtained from the value of the sum of products, so that neuron signals
output from the second hidden layer can be generated.

[0083]

As described above, the switches that connect or disconnect the plurality of wirings
to/from the plurality of product-sum operation circuits are provided between the wirings and the
product-sum operation circuits, so that the connection of the circuits of the hierarchical neural
network can be freely changed. Accordingly, product-sum operation can be performed at high
speed with a small circuit size, and a semiconductor device with low power consumption can be
fabricated.

[0084]
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Note that this embodiment can be combined with any of the other embodiments in this
specification as appropriate.
[0085]

(Embodiment 2)

In this embodiment, the product-sum operation circuit described in Embodiment 1 is
described. Note that in the product-sum operation circuit, the sum of products of first analog
data and second analog data is conducted.

[0086]
<Configuration example>

FIG. 7 shows an example of a semiconductor device of one embodiment of the present
invention. FIG. 7 is a block diagram of a product-sum operation circuit. The semiconductor
device 100 includes the offset circuit 110 and the memory cell array 120.

[0087]

The offset circuit 110 includes column output circuits OUT[1] to OUT[#] (here, » is an
integer greater than or equal to 1) and a reference column output circuit Cref.
[0088]

In the memory cell array 120, m (here, m is an integer greater than or equal to 1)
memory cells AM are arranged in the column direction and #» memory cells AM are arranged in
the row direction; that is, mxn memory cells AM are provided. In addition, m memory cells
AMref are arranged in the column direction. The total number of the memory cells AM and the
memory cells AMref arranged in a matrix in the memory cell array 120 is mx(n+1). In
particular, in the memory cell array 120 in FIG. 7, the memory cell AM positioned in an 7-th row
and a j-th column is denoted by a memory cell AM[i,j] (here, i is an integer greater than or equal
to 1 and less than or equal to m, and j is an integer greater than or equal to 1 and less than or
equal to n), and the memory cell AMref positioned in the i-th row is denoted by a memory cell
AMref]7].

[0089]

Note that the memory cell array in the product-sum operation circuit of Embodiment 1
includes mxn analog memory cells arranged in a matrix, i.e., m analog memory cells are
arranged in the column direction and » analog memory cells are arranged in the row direction,
whereas the memory cell array in the product-sum operation circuit of this embodiment includes
mx(n+1) analog memory cells that are arranged in a matrix, i.e.,, m analog memory cells are
arranged in the column direction and (n+1) analog memory cells are arranged in the row
direction. Thus, when this embodiment is applied to Embodiment 1, the memory cell array in

the product-sum operation circuit is an analog memory cell array in which memory cells are
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arranged in a matrix of mx(n+1), not mxn.
[0090]

The memory cell AM holds a potential corresponding to the first analog data, and the
memory cell AMref holds a predetermined potential. Note that the predetermined potential is a
potential necessary for the product-sum operation, and in this specification, data corresponding
to this predetermined potential is referred to as reference analog data in some cases.

[0091]

The memory cell array 120 includes output terminals SPT[1] to SPT[#].
[0092]

The column output circuit OUTJ[/] includes an output terminal OT[/], and the reference
column output circuit Cref includes an output terminal OTref.
[0093]

A wiring ORP is electrically connected to the column output circuits OUT[1] to OUT[#],
and a wiring OSP is electrically connected to the column output circuits OUT[1] to OUT[n].
The wiring ORP and the wiring OSP are wirings for supplying a control signal to the offset
circuit 110.

[0094]

An output terminal SPT[j] of the memory cell array 120 is electrically connected to a
wiring B[/].
[0095]

The output terminal OTI[j] of the column output circuit OUT][/] is electrically connected
to the wiring BJ[/].
[0096]

The output terminal OTref of the reference column output circuit Cref is electrically
connected to a wiring Bref.
[0097]

The memory cell AM[i,j] is electrically connected to a wiring RW[7], a wiring WW[7], a
wiring WDJ[;], the wiring B{;], and a wiring VR.
[0098]

The memory cell AMref]7] is electrically connected to the wiring RW[7], the wiring
WW]/i], a wiring WDref, the wiring Bref, and the wiring VR.
[0099]

The wiring WW][/] functions as a wiring for supplying a selection signal to memory
cells AM[i,1] to AMref[7,n] and the memory cell AMref[i/]. The wiring RW[/] functions as a

wiring for supplying either a reference potential or a potential corresponding to the second
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analog data to the memory cells AM[7,1] to AM[7,n] and the memory cell AMref[/]. The wiring

WD[j] functions as a wiring for supplying writing data to the memory cells AM in the j-th
column. The wiring VR functions as a wiring for supplying a predetermined potential to the
memory cells AM or the memory cells AMref when data is read out from the memory cells AM
or the memory cells AMref.

[0100]

The wiring BJ[j] functions as a wiring for supplying a signal from the column output
circuit OUT(/] to the memory cells AM in the j-th column in the memory cell array 120.

[0101]

The wiring Bref functions as a wiring for supplying a signal from the reference column
output circuit Cref to memory cells AMref[ 1] to AMref[m].
[0102]

In the semiconductor device 100 in FIG. 7, only the following components are shown:
the offset circuit 110; the memory cell array 120; the column output circuit OUT[1]; the column
output circuit OUT[/]; the column output circuit OUT[n]; the reference column output circuit
Cref, an output terminal OT[1]; the output terminal OT[/]; an output terminal OT[#n]; the output
terminal OTref, an output terminal SPT[1]; the output terminal SPT[/]; an output terminal
SPT[#]; a memory cell AM[1,1]; the memory cell AM[7,1]; a memory cell AM[m,1]; a memory
cell AM[1,]; the memory cell AM[i,j]; a memory cell AM[m,j]; a memory cell AM[1,x]; the
memory cell AM[i,n]; a memory cell AM[m,n]; a memory cell AMref[1]; the memory cell
AMref]7]; a memory cell AMref[m]; the wiring OSP; the wiring ORP; a wiring B[1]; the wiring
B[/]; a wiring B[#]; the wiring Bref; a wiring WD[1]; the wiring WDJ[j]; a wiring WD[#]; the
wiring WDref; the wiring VR; a wiring RW[1]; the wiring RW[/]; a wiring RW[m]; a wiring
WW][1]; the wiring WW]Ji]; and a wiring WW[m]. Other circuits, wirings, elements, and
reference numerals thereof are not shown.

[0103]

Note that a structure of one embodiment of the present invention is not limited to the
configuration of the semiconductor device 100 shown in FIG. 7. Depending on circumstances
or conditions or as needed, the structure of the semiconductor device 100 can be changed. For
example, depending on a circuit configuration of the semiconductor device 100, the wiring
WDJj] and the wiring VR are not separately provided, and one wiring may be shared
therebetween.  Alternatively, depending on a circuit configuration of the semiconductor device
100, the wiring ORP and the wiring OSP are not separately provided, and one wiring may be
shared therebetween.

[0104]
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<<QOffset circuit 110>>

Next, an example of a circuit configuration that can be applied for the offset circuit 110
is described. FIG. 8 shows an offset circuit 111 as an example of the offset circuit 110.

[0105]

The offset circuit 111 is electrically connected to a wiring VDDL and the wiring VSSL
for supplying a power supply voltage. Specifically, each of the column output circuits OUT[1]
to OUT[n] are electrically connected to the wiring VDDL and the wiring VSSL, and the
reference column output circuit Cref is electrically connected to the wiring VDDL. Note that a
current mirror circuit CM described later is electrically connected to the wiring VSSL in some
cases. The wiring VDDL supplies the high-level potential. The wiring VSSL supplies the
low-level potential.

[0106]

A circuit configuration of an inside of the column output circuit OUT][/] is described
below. The column output circuit OUT[;] includes a constant current circuit CI, transistors Trl
to Tr3, a capacitor C1, and a wiring OL[j]. The current mirror circuit CM is shared between the
column output circuits OUT[1] to OUT[#] and the reference column output circuit Cref.

[0107]

The constant current circuit CI includes a terminal CT1 and a terminal CT2. The
terminal CT1 functions as an input terminal of the constant current circuit CI, and the terminal
CT2 functions as an output terminal of the constant current circuit CI. The current mirror
circuit CM shared between the column output circuits OUT[1] to OUT[#] and the reference
column output circuit Cref includes terminals CT5[1] to CT5[n], terminals CT6[1] to CT6[n], a
terminal CT7, and a terminal CT8.

[0108]

The constant current circuit CI has a function of keeping the amount of current flowing
from the terminal CT1 to the terminal CT2 constant.
[0109]

In the column output circuit OUT][], a first terminal of the transistor Trl is electrically
connected to the wiring OL[/], a second terminal of the transistor Tr1 is electrically connected to
the wiring VSSL, and a gate of the transistor Trl is electrically connected to a first terminal of
the capacitor C1. A first terminal of a transistor Tr2 is electrically connected to the wiring
OL[j], a second terminal of the transistor Tr2 is electrically connected to the first terminal of the
capacitor C1, and a gate of the transistor Tr2 is electrically connected to the wiring OSP. A first
terminal of the transistor Tr3 is electrically connected to the first terminal of the capacitor C1, a

second terminal of the transistor Tr3 is electrically connected to the wiring VSSL, and a gate of
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the transistor Tr3 is electrically connected to the wiring ORP. A second terminal of the
capacitor Cl1 is electrically connected to the wiring VSSL.
[0110]

Note that each of the transistors Trl to Tr3 is preferably an OS transistor. In addition,
each channel formation region in the transistors Trl to Tr3 is preferably formed using an oxide
containing at least one of indium, an element M (the element M is aluminum, gallium, yttrium, or
tin), and zinc.

[0111]

The OS transistor has a characteristic of extremely low off-state current. Thus, when
the OS transistor is in an off state, the amount of leakage current flowing between a source and a
drain can be extremely small. In particular, when an OS transistor is used as the transistor Tr2,
the electric charge held in the capacitor C1 can be prevented from flowing between a source and
a drain of the transistor Tr2 that is off. Furthermore, when an OS transistor is used as the
transistor Tr3, the electric charge held in the capacitor C1 can be prevented from flowing
between a source and a drain of the transistor Tr3 that is off. Accordingly, the potential of a
gate of the transistor Trl can be held for a long time; thus, a stable constant current can flow
between a source and a drain of the transistor Trl. As a result, the product-sum operation
circuit can have high calculation accuracy in some cases.

[0112]

In the column output circuit OUT][/], the terminal CT1 of the constant current circuit CI
is electrically connected to the wiring VDDL, and the terminal CT2 of the constant current
circuit CI is electrically connected to the terminal CT5[;] of the current mirror circuit CM. The
terminal CT6[j] of the current mirror circuit CM is electrically connected to the output terminal
OT[/].

[0113]

Note that the wiring OL[;] is a wiring for electrically connecting the terminal CT2 of the
constant current circuit CI to the output terminal OT[j] through the terminal CT5[j] and the
terminal CT6[j] of the current mirror circuit CM.

[0114]

Next, the reference column output circuit Cref is described. The reference column
output circuit Cref includes a constant current circuit Clref and a wiring OLref. As described
above, the reference column output circuit Cref includes the current mirror circuit CM that is
shared with the column output circuits OUT[1] to OUT|[n].

[0115]

The constant current circuit Clref includes a terminal CT3 and a terminal CT4. The
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terminal CT3 functions as an input terminal of the constant current circuit Clref, and the terminal
CT4 functions as an output terminal of the constant current circuit Clref.
[0116]

The constant current circuit Clref has a function of keeping the amount of current
flowing from the terminal CT3 to the terminal CT4 constant.
[0117]

In the reference column output circuit Cref, the terminal CT3 of the constant current
circuit Clref is electrically connected to the wiring VDDL, and the terminal CT4 of the constant
current circuit Clref is electrically connected to the terminal CT7 of the current mirror circuit
CM. The terminal CT8 of the current mirror circuit CM is electrically connected to the output
terminal OTref.

[0118]

The wiring OLref is a wiring for electrically connecting the terminal CT4 of the
constant current circuit Clref to the output terminal OTref, and the terminals CT7 and CTS8 in the
current mirror circuit CM are on the wiring OLref.

[0119]

In the current mirror circuit CM, the terminal CT5[j] is electrically connected to the
terminal CT6[j], and the terminal CT7 is electrically connected to the terminal CT8. In addition,
a wiring IL[;] is electrically connected between the terminal CT5[/] and the terminal CT6][;], and
a wiring ILref is electrically connected between the terminal CT7 and the terminal CT8.
Furthermore, a connection portion of the wiring ILref between the terminal CT7 and the terminal
CT8 is a node NCMref. The current mirror circuit CM has a function of equalizing the amount
of current flowing in the wiring ILref and the amount of current flowing in each of wirings IL[1]
to IL[n] with reference to the potential at the node NCMref.

[0120]

In the offset circuit 111 in FIG. 8, only the following components are shown: the
column output circuit OUT[1]; the column output circuit OUT[;]; the column output circuit
OUT][n]; the reference column output circuit Cref; the constant current circuit CI; the constant
current circuit Clref; the current mirror circuit CM; the output terminal OT[1]; the output
terminal OTJ[/]; the output terminal OT[#]; the output terminal OTref, the terminal CT1; the
terminal CT2; the terminal CT3; the terminal CT4; the terminal CT5[1]; the terminal CT5[/]; the
terminal CTS[#]; the terminal CT6[1]; the terminal CT6[j]; the terminal CT6[n]; the terminal
CT7, the terminal CT8; the transistor Tr1; the transistor Tr2; the transistor Tr3; the capacitor C1,
a wiring OL[1]; the wiring OL[;]; a wiring OL[#]; the wiring OLref; the wiring ORP; the wiring
OSP; the wiring B[1]; the wiring B[j]; the wiring B[#n]; the wiring Bref, the wiring IL[1]; the
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wiring IL[/]; the wiring IL[#]; the wiring ILref, the node NCMref; the wiring VDDL; and the
wiring VSSL.  Other circuits, wirings, elements, and reference numerals thereof are not shown.
[0121]

Note that a structure of one embodiment of the present invention is not limited to the
configuration of the offset circuit 111 in FIG. 8. Depending on circumstances or conditions or
as needed, the structure of the offset circuit 111 can be changed.

[0122]
[Constant current circuits CI and Clref]

Next, an example of internal structures of the constant current circuit CI and the
constant current circuit Clref is described.
[0123]

An offset circuit 112 shown in FIG. 9 is a circuit diagram showing an example of
internal structures of the constant current circuit CI and the constant current circuit Clref
included in the offset circuit 111 shown in FIG. 8.

[0124]

In the column output circuit OUT][;], the constant current circuit CI includes a transistor
Tr4. The transistor Tr4 has a dual gate structure including a first gate and a second gate.

[0125]

Note that in this specification, the first gate in the transistor having a dual gate structure
indicates a front gate, and a term "first gate" can be replaced with a simple term "gate". Besides,
the second gate in the transistor having a dual gate structure indicates a back gate, and a term
"second gate" can be replaced with a term "back gate".

[0126]

A first terminal of the transistor Tr4 is electrically connected to the terminal CT1 of the
constant current circuit CI. A second terminal of the transistor Tr4 is electrically connected to
the terminal CT2 of the constant current circuit CI. A gate of the transistor Tr4 is electrically
connected to the terminal CT2 of the constant current circuit CI. A back gate of the transistor
Tr4 is electrically connected to a wiring BG[J].

[0127]

In the reference column output circuit Cref, the constant current circuit Clref includes a
transistor Tr6. The transistor Tr6 has a dual gate structure including a gate and a back gate.
[0128]

A first terminal of the transistor Tr6 is electrically connected to the terminal CT3 of the
constant current circuit Clref. A second terminal of the transistor Tr6 is electrically connected

to the terminal CT4 of the constant current circuit Clref. The gate of the transistor Tr6 is
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electrically connected to the terminal CT4 of the constant current circuit Clref. The back gate
of the transistor Tr6 is electrically connected to a wiring BGref.
[0129]

In the above connection structure, the threshold voltages of the transistor Tr4 and the
transistor Tr6 can be controlled when a potential is supplied to the wiring BG[;] and the wiring
BGref.

[0130]

Each of the transistor Tr4 and the transistor Tr6 is preferably an OS transistor. In
addition, each channel formation region in the transistors Tr4 and Tr6 is preferably formed using
an oxide containing at least one of indium, the element A, and zinc.

[0131]

In the offset circuit 112 shown in FIG. 9, only the following components are shown: the
column output circuit OUT[1]; the column output circuit OUT[;]; the column output circuit
OUT][n]; the reference column output circuit Cref; the constant current circuit CI; the constant
current circuit Clref; the current mirror circuit CM; the output terminal OT[1]; the output
terminal OTJ[/]; the output terminal OT[#]; the output terminal OTref, the terminal CT1; the
terminal CT2; the terminal CT3; the terminal CT4; the terminal CT5[1]; the terminal CT5[/]; the
terminal CTS[#]; the terminal CT6[1]; the terminal CT6[j]; the terminal CT6[n]; the terminal
CT7; the terminal CT8; the transistor Tr1; the transistor Tr2; the transistor Tr3; the transistor Tr4;
the transistor Tr6; the capacitor C1; the wiring OL[1]; the wiring OL[/]; the wiring OL[#]; the
wiring OLref; the wiring ORP; the wiring OSP; the wiring B[1]; the wiring B[], the wiring B[#];
the wiring Bref, a wiring BG[1]; the wiring BG[j]; a wiring BG[n]; the wiring BGref, the wiring
IL[1]; the wiring IL[/]; the wiring IL[#]; the wiring ILref, the node NCMref; the wiring VDDL;
and the wiring VSSL. Other circuits, wirings, elements, and reference numerals thereof are not
shown.

[0132]

Note that the configurations of the constant current circuits CI and Clref in the offset
circuit of one embodiment of the present invention are not limited to those in the offset circuit
112 in FIG. 9. For example, depending on circumstances, conditions, or necessity, the
component, such as a circuit, an element, or a wiring, of the offset circuit 112 can be removed,
another component, such as a circuit, an element, or a wiring, can be added to the offset circuit
112; or the connection structure of the offset circuit 112 can be changed. For example, as
illustrated in an offset circuit 115 of FIG. 10, the configuration of the constant current circuit CI
in the offset circuit 112 may be changed and the constant current circuit Clref may be removed.

[0133]
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The constant current circuit CI of the offset circuit 115 in FIG. 10 includes transistors
Tr21 to Tr23 and a capacitor C3. The constant current circuits CI in the offset circuit 115
include terminals CT1-1, CT1-2, and CT1-3, instead of the terminals CT1 of the constant current
circuits CI in the offset circuit 112. Furthermore, the offset circuit 115 is electrically connected
to wirings OSM and ORM.

[0134]

Note that the transistor Tr21 is a p-channel transistor, and the transistors Tr22 and Tr23
are n-channel transistors. In particular, the transistors Tr22 and Tr23 are preferably OS
transistors. In addition, the channel formation region in each of the transistors Tr22 and Tr23
preferably includes an oxide containing at least one of indium, the element A, and zinc.

[0135]

As described above, an OS transistor has a characteristic of extremely small off-state
current. In particular, when an OS transistor is used as the transistor Tr22, the electric charge
held in the capacitor C3 can be prevented from flowing between a source and a drain of the
transistor Tr22 that is off. In particular, when an OS transistor is used as the transistor Tr23, the
electric charge held in the capacitor C3 can be prevented from flowing between a source and a
drain of the transistor Tr23 that is off. Accordingly, the potential of a gate of the transistor Tr21
can be held for a long time; thus, a stable constant current can flow between a source and a drain
of the transistor Tr21. As a result, a product-sum operation circuit have high calculation
accuracy can be obtained in some cases.

[0136]

A first terminal of the transistor Tr21 is electrically connected to the terminal CT1-1, a
second terminal of the transistor Tr21 is electrically connected to the terminal CT2, and a gate of
the transistor Tr21 is electrically connected to a first terminal of the capacitor C3. A first
terminal of the transistor Tr22 is electrically connected to the terminal CT2, a second terminal of
the transistor Tr22 is electrically connected to the first terminal of the capacitor C3, and a gate of
the transistor Tr22 is electrically connected to the wiring OSM. A first terminal of the transistor
Tr23 is electrically connected to the first terminal of the capacitor C3, a second terminal of the
transistor Tr23 is electrically connected to the terminal CT1-3, and a gate of the transistor Tr23 is
electrically connected to the wiring ORM. A second terminal of the capacitor C3 is electrically
connected to the terminal CT1-2.

[0137]

The terminals CT1-1 to CT1-3 are each electrically connected to the wiring VDDL.

[0138]

In the offset circuit 115 shown in FIG. 10, only the following components are shown:
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the column output circuit OUT[1]; the column output circuit OUT[/]; the column output circuit
OUT](n]; the reference column output circuit Cref, the constant current circuit CI; the current
mirror circuit CM; the output terminal OT[1]; the output terminal OT[;]; the output terminal
OT[n]; the output terminal OTref, the terminal CT1-1; the terminal CT1-2; the terminal CT1-3;
the terminal CT2; the terminal CT5[1]; the terminal CT5[j]; the terminal CT5[#]; the terminal
CTo[1]; the terminal CTO[j]; the terminal CT6[#]; the terminal CT8; the transistor Trl; the
transistor Tr2; the transistor Tr3; the transistor Tr21; the transistor Tr22; the transistor Tr23; the
capacitor C1; the capacitor C3; the wiring OL[1]; the wiring OL[/]; the wiring OL[#]; the wiring
OLref; the wiring ORP; the wiring OSP; the wiring OSM; the wiring ORM; the wiring B[1]; the
wiring B[/]; the wiring B[#n]; the wiring Bref, the wiring IL[1]; the wiring IL[/]; the wiring IL[#];
the wiring ILref, the node NCMref; the wiring VDDL; and the wiring VSSL. Other circuits,
wirings, elements, and reference numerals thereof are not shown.

[0139]

The operation of the constant current circuit CI in the offset circuit 115 is described
below.
[0140]

When the high-level potential is supplied to the wiring ORM and the low-level potential
is supplied to the wiring OSM, the transistor Tr23 is turned on and the transistor Tr22 is turned
off. At this time, the first terminal of the capacitor C3 is supplied with the high-level potential
from the wiring VDDL via the transistor Tr23. The second terminal of the capacitor C3 is
supplied with the high-level potential from the wiring VDDL; thus, the holding potential of the
capacitor C3 becomes 0. That is, by supplying the wiring ORM with the high-level potential
and supplying the wiring OSM with the low-level potential, electric charge held in the capacitor
C3 is discharged, so that the constant current circuit CI can be initialized.

[0141]

When the low-level potential is supplied to the wiring ORM and the high-level potential
is supplied to the wiring OSM, the transistor Tr23 is turned off and the transistor Tr22 is turned
on. At this time, the second terminal of the transistor Tr21 is electrically connected to the gate
of the transistor Tr21 via the transistor Tr22. That is, the transistor Tr21 has a diode-connected
structure. The potential of the first terminal of the capacitor C3 becomes equal to that of the
second terminal of the transistor Tr21 over time.

[0142]

With this state, the low-level potential is supplied to the wiring OSM, and the transistor

Tr22 is turned off, so that a potential equal to that of the second terminal of the transistor Tr21 is

held in the capacitor C3. Accordingly, the potential is held in the gate of the transistor Tr21,
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and thus a constant current based on the potential flows through the transistor Tr21.
[0143]
[Current mirror circuit CM]

Next, an internal structure example of the current mirror circuit CM is described.
[0144]

An offset circuit 113 shown in FIG. 11 is a circuit diagram of an internal structure
example of the current mirror circuit CM included in the offset circuit 111 shown in FIG. 8.
[0145]

In the current mirror circuit CM, each of the column output circuits OUT[1] to OUT[#]
includes a transistor TrS, and the reference column output circuit Cref includes a transistor Tr7.
Note that the transistors TrS and Tr7 are each an n-channel transistor.

[0146]

A first terminal of the transistor Tr5 in the column output circuit OUTJ[/] is electrically
connected to the terminal CT5[j] and the terminal CT6[;] of the current mirror circuit CM. A
second terminal of the transistor Tr5 in the column output circuit OUT[j] is electrically
connected to the wiring VSSL. A gate of the transistor Tr5 in the column output circuit OUT[/]
is electrically connected to the terminal CT7 and the terminal CT8 in the current mirror circuit
CM.

[0147]

A first terminal of the transistor Tr7 in the reference column output circuit Cref is
electrically connected to the terminal CT7 and the terminal CT8 of the current mirror circuit CM.
A second terminal of the transistor Tr7 in the reference column output circuit Cref is electrically
connected to the wiring VSSL. A gate of the transistor Tr7 in the reference column output
circuit Cref is electrically connected to the terminal CT7 and the terminal CT8 of the current
mirror circuit CM.

[0148]

In the above connection structure, a potential of the node NCMref can be applied to the
gate of the transistor Tr5 in each of the column output circuits OUT[1] to OUT[#], and the
amount of current flowing between a source and a drain of the transistor Tr7 can be equalized to
the amount of current flowing between a source and a drain of the transistor Tr5 in each of the
column output circuits OUT[1] to OUT[n]. Note that the transistors Tr5 and Tr7 of the current
mirror circuit CM in the offset circuit 113 are n-channel transistors and are connected to the
wiring VSSL to which the low-level potential is supplied, and thus the current mirror circuit CM
function as a current sink.

[0149]

29



10

15

20

25

30

35

WO 2017/178947 PCT/IB2017/052047

Each of the transistor Tr5 and the transistor Tr7 is preferably an OS transistor. In
addition, each channel formation region in the transistors Tr5 and Tr7 is preferably formed using
an oxide containing at least one of indium, the element A, and zinc.

[0150]

In the offset circuit 113 shown in FIG. 11, only the following components are shown:
the column output circuit OUT[1]; the column output circuit OUT[/]; the column output circuit
OUT][n]; the reference column output circuit Cref; the constant current circuit CI; the constant
current circuit Clref; the current mirror circuit CM; the output terminal OT[1]; the output
terminal OTJ[/]; the output terminal OT[#]; the output terminal OTref, the terminal CT1; the
terminal CT2; the terminal CT3; the terminal CT4; the terminal CT5[1]; the terminal CT5[/]; the
terminal CTS[#]; the terminal CT6[1]; the terminal CT6[j]; the terminal CT6[n]; the terminal
CT7; the terminal CT8; the transistor Tr1; the transistor Tr2; the transistor Tr3; the transistor Tr5;
the transistor Tr7; the capacitor C1; the wiring OL[1]; the wiring OL[/]; the wiring OL[#]; the
wiring OLref; the wiring ORP; the wiring OSP; the wiring B[1]; the wiring B[/]; the wiring B[#];
the wiring Bref, the wiring IL[1]; the wiring IL[;]; the wiring IL[#]; the wiring ILref, the node
NCMref;, the wiring VDDL; and the wiring VSSL. Other circuits, wirings, elements, and
reference numerals thereof are not shown.

[0151]

Note that the configuration of the current mirror circuit CM of the offset circuit of one
embodiment of the present invention is not limited to that of the offset circuit 113 in FIG. 11.
For example, depending on circumstances, conditions, or necessity, the component, such as a
circuit, an element, or a wiring, of the offset circuit 113 can be removed; another component,
such as a circuit, an element, or a wiring, can be added to the offset circuit 113; or the connection
structure of the offset circuit 113 can be changed. For example, as illustrated in an offset circuit
116 of FIG. 12, the configuration of the current mirror circuit CM may be changed.

[0152]

In the current mirror circuit CM of the offset circuit 116 illustrated in FIG. 12, each of
the column output circuits OUT[ 1] to OUT[#] includes a transistor Tr8, and the reference column
output circuit Cref includes a transistor Tr9. Note that the transistors Tr8 and Tr9 are each an
p-channel transistor.

[0153]

A first terminal of the transistor Tr8 in the column output circuit OUTJ[/] is electrically
connected to the terminal CT5[j] and the terminal CT6[;] of the current mirror circuit CM. A
second terminal of the transistor Tr8 in the column output circuit OUT[j] is electrically

connected to the wiring VDDL. A gate of the transistor Tr8 in the column output circuit

30



10

15

20

25

30

35

WO 2017/178947 PCT/IB2017/052047

OUT]j] is electrically connected to the terminal CT7 and the terminal CT8 in the current mirror
circuit CM.
[0154]

A first terminal of the transistor Tr9 in the reference column output circuit Cref is
electrically connected to the terminal CT7 and the terminal CT8 of the current mirror circuit CM.
A second terminal of the transistor Tr9 in the reference column output circuit Cref is electrically
connected to the wiring VDDL. A gate of the transistor Tr9 in the reference column output
circuit Cref is electrically connected to the terminal CT7 and the terminal CT8 of the current
mirror circuit CM.

[0155]

In the above connection structure, a potential of the node NCMref can be applied to the
gate of the transistor Tr8 in each of the column output circuits OUT[1] to OUT[#], and the
amount of current flowing between a source and a drain of the transistor Tr9 can be equalized to
the amount of current flowing between a source and a drain of the transistor Tr8 in each of the
column output circuits OUT[1] to OUT[n]. Note that the transistors Tr8 and Tr9 of the current
mirror circuit CM in the offset circuit 113 are p-channel transistors and are connected to the
wiring VDDL to which the high-level potential is supplied, and thus the current mirror circuit
CM function as a current source.

[0156]

In the offset circuit 116 shown in FIG. 12, only the following components are shown:
the column output circuit OUT[1]; the column output circuit OUT[/]; the column output circuit
OUT][n]; the reference column output circuit Cref; the constant current circuit CI; the constant
current circuit Clref; the current mirror circuit CM; the output terminal OT[1]; the output
terminal OTI[/]; the output terminal OT[#]; the output terminal OTref, the terminal CT1; the
terminal CT2; the terminal CT3; the terminal CT4; the terminal CT5[1]; the terminal CT5[/]; the
terminal CTS[#]; the terminal CT6[1]; the terminal CT6[j]; the terminal CT6[n]; the terminal
CT7; the terminal CT8; the transistor Tr1; the transistor Tr2; the transistor Tr3; the transistor Tr8;
the transistor Tr9; the capacitor C1; the wiring OL[1]; the wiring OL[/]; the wiring OL[#]; the
wiring OLref; the wiring ORP; the wiring OSP; the wiring B[1]; the wiring B[], the wiring B[#];
the wiring Bref, the wiring IL[1]; the wiring IL[;]; the wiring IL[#]; the wiring ILref, the node
NCMref;, the wiring VDDL; and the wiring VSSL. Other circuits, wirings, elements, and
reference numerals thereof are not shown.

[0157]
<<Memory cell array 120>>

Next, a circuit configuration example that can be employed in the memory cell array
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120 is described. FIG. 13 shows a memory cell array 121 as an example of the memory cell
array 120.
[0158]

The memory cell array 121 includes the memory cells AM and the memory cells AMref.
Each of the memory cells AM included in the memory cell array 121 includes a transistor Trl1, a
transistor Tr12, and a capacitor C2. The memory cells AMref][1] to AMref[m] each include the
transistor Tr11, the transistor Tr12, and the capacitor C2.

[0159]

For the connection structure in the memory cell array 121, the description is made with
a focus on the memory cell AM[i,j]. A first terminal of the transistor Trll is electrically
connected to a gate of the transistor Tr12 and a first terminal of the capacitor C2. A second
terminal of the transistor Trll is electrically connected to the wiring WDJ[j]. A gate of the
transistor Trl1 is electrically connected to the wiring WW[7]. A first terminal of the transistor
Tr12 is electrically connected to the wiring B[/], and a second terminal of the transistor Tr12 is
electrically connected to the wiring VR. A second terminal of the capacitor C2 is electrically
connected to the wiring RW[7].

[0160]

In the memory cell AM[i,j], a connection portion of the first terminal of the transistor
Tr11, the gate of the transistor Tr12, and the first terminal of the capacitor C2 is a node N[7j].
In one embodiment of the present invention, a potential corresponding to the first analog data is
held at the node N[7j].

[0161]

Next, the description is made with a focus on the memory cell AMref[7]. The first
terminal of the transistor Trl1 is electrically connected to the gate of the transistor Tr12 and the
first terminal of the capacitor C2. A second terminal of the transistor Trll is electrically
connected to the wiring WDref. A gate of the transistor Trll is electrically connected to the
wiring WW[7]. A first terminal of the transistor Tr12 is electrically connected to the wiring
Bref. A second terminal of the transistor Tr12 is electrically connected to the wiring VR. A
second terminal of the capacitor C2 is electrically connected to the wiring RW([7].

[0162]

In the memory cell AMref]7], a connection portion of the first terminal of the transistor
Tr11, the gate of the transistor Tr12, and the first terminal of the capacitor C2 is a node Nref]7].
[0163]

Note that each of the transistor Trll and the transistor Trl12 is preferably an OS

transistor. In addition, each channel formation region in the transistors Trll and Trl2 is
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preferably formed using an oxide containing at least one of indium, the element A, and zinc.
[0164]

With use of the OS transistors as the transistors Tr11 and Trl12, the leakage current of
each of the transistors Tr11 and Tr12 can be suppressed, which enables a product-sum operation
circuit with high calculation accuracy to be fabricated in some cases. Furthermore, with use of
the OS transistor as the transistor Tr11, the amount of leakage current from a holding node to a
writing word line can be extremely small when the transistor Trll is in an off state. In other
words, frequencies of refresh operation at the holding node can be reduced; thus, power
consumption of a semiconductor device can be reduced.

[0165]

Furthermore, when all of the above-described transistors Trl to Tr7, Trll, Trl12, Tr22,
and Tr23 are OS transistors, a manufacturing process of the semiconductor device can be
shortened. Thus, a time needed for manufacturing semiconductor devices can be shortened,
and the number of devices manufactured in a certain time period can be increased.

[0166]

Note that the transistors Trl, Tr4 to Tr9, Tr12, and Tr21 operate in a saturation region
unless otherwise specified. In other words, the gate voltage, source voltage, and drain voltage
of each of the transistors Trl, Tr4 to Tr9, Tr12, and Tr21 are appropriately biased so that the
transistors operate in the saturation region. Note that even when the operations of the
transistors Trl, Tr4 to Tr9, Tr12, and Tr21 are deviated from ideal operation in a saturation
region, the gate voltage, source voltage, and drain voltage of each of the transistors are regarded
as being appropriately biased as long as the accuracy of output data is within a desired range.
[0167]

In the memory cell array 121 shown in FIG. 13, only the following components are
shown: the memory cell AM[1,1]; the memory cell AM[7,1]; the memory cell AM[m, 1]; the
memory cell AM[1,]; the memory cell AM[ij], the memory cell AM[m,j]; the memory cell
AM]1,n]; the memory cell AM[i,n]; the memory cell AM[m,n]; the memory cell AMref[1]; the
memory cell AMref[/]; the memory cell AMref[m]; the wiring RW[1]; the wiring RW[i]; the
wiring RW[m]; the wiring WW[1]; the wiring WW[7]; the wiring WW|[m]; the wiring WDJ[1]; the
wiring WDJj]; the wiring WD[#]; the wiring WDref; the wiring B[1]; the wiring B[/]; the wiring
B[#]; the wiring Bref, the wiring VR; the output terminal SPT[1]; the output terminal SPT[/]; the
output terminal SPT[#]; a node N[1,1]; a node N[7,1]; a node N[m,1]; a node N[1,/]; the node
N[7j]; a node N[m,j]; a node N[1,n]; a node N[7,n]; a node N[m,n]; a node Nref[1];the node
Nref[7]; a node Nref[m]; the transistor Tr11; the transistor Tr12; and the capacitor C2. Other

circuits, wirings, elements, and reference numerals thereof are not shown.
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[0168]

Depending on circumstances or conditions or as needed, the semiconductor device of
one embodiment of the present invention may have a combined structure of the above structure
examples.

[0169]
<Operation example>

An example of operation of the semiconductor device 100 of one embodiment of the
present invention is described. Note that the semiconductor device 100 described in this
operation example includes an offset circuit 151 shown in FIG. 14 as the offset circuit 110 and a
memory cell array 160 shown in FIG. 15 as the memory cell array 120 of the semiconductor
device 100.

[0170]

The offset circuit 151 shown in FIG. 14 has a circuit configuration where the constant
current circuit CI of the offset circuit 115 in FIG. 10 and the current mirror circuit CM of the
offset circuit 116 in FIG. 12 are used. For the description of this operation example, FIG. 14
shows the column output circuit OUT(j], a column output circuit OUT[j+1], and the reference
column output circuit Cref.

[0171]

Note that in FIG. 14, current flowing from the terminal CT2 of the constant current
circuit CI to the terminal CTS5[j] of the current mirror circuit CM in the column output circuit
OUT]j] is denoted by /¢[j], and current flowing from the terminal CT2 of the constant current
circuit CI to the terminal CT5[j+1] of the current mirror circuit CM in the column output circuit
OUT([j+1] is denoted by Ic[j+1]. Furthermore, in the current mirror circuit CM, current flowing
from the first terminal of the transistor Tr8 to the wiring IL[j] in the column output circuit
OUT]j], current flowing from the first terminal of the transistor Tr8 to the wiring IL[j+1] in the
column output circuit OUT[j+1], and current flowing from the first terminal of the transistor Tr9
to the wiring ILref in the reference column output circuit Cref are denoted by /omrer. That is,
current that is the sum of /¢[j] and Jener 1S output to the terminal CT6[;], and current that is the
sum of /¢[j+1] and lener 1S output to the terminal CT6[j+1]. Current flowing from the wiring
OL[j] to the first terminal of the transistor Trl or the first terminal of the transistor Tr2 in the
column output circuit OUTJ[/] is denoted by Icp[;], and current flowing from a wiring OL[j+1] to
the first terminal of the transistor Trl or the first terminal of the transistor Tr2 in the column
output circuit OUT[j+1] is denoted by Icp[j+1]. Current output from the output terminal OT[/]
to the wiring B[] in the column output circuit OUT[/] is denoted by /g[/], current output from an

34



10

15

20

25

30

WO 2017/178947 PCT/1IB2017/052047
output terminal OT[j+1] to the wiring B[j+1] in the column output circuit OUT[j+1] is denoted

by /g[j+1], and current output from the output terminal OTref to the wiring Bref in the reference
column output circuit Cref is denoted by /.
[0172]

The memory cell array 160 shown in FIG. 15 has a structure similar to that of the
memory cell array 121 shown in FIG. 13. For the description of this operation example, FIG.
15 shows the memory cell AM[i,j], a memory cell AM[i+1,], a memory cell AM[i j+1], a
memory cell AM[i+1,+1], the memory cell AMref[7], and a memory cell AMref[i+1].

[0173]

In FIG. 15, Ig[j] denotes a current that is input from the wiring BJ[j], /g[j+1] denotes a
current that is input from the wiring B[j+1], and /. denotes a current that is input from the
wiring Bref. In addition, A/g[j] denotes a current that is output from the output terminal SPT[;]
that is electrically connected to the wiring B[], and A/g[j+1] denotes a current that is output from
an output terminal SPT[j+1] that is electrically connected to the wiring B[j+1].

[0174]

FIG. 16 to FIG. 18 are timing charts showing the operation example of the
semiconductor device 100. The timing chart in FIG. 16 shows changes in potentials during a
period from Time TO1 to Time TOS of the wiring WW][i], a wiring WW/[i+1], the wiring WDJ[/], a
wiring WD[j+1], the wiring WDref, the node N[i,j], a node N[i,j+1], a node N[i+1,], a node
N[7+1,j+1], the node Nref[/], a node Nref[i+1], the wiring RW[7], and a wiring RW[i+1]. This
timing chart also shows the amount of changes in a current X/[7j], a current X/[7 j+1], and a
current /gr.  Note that the current X/[7,j] is the summation of current /[7,j] over 7 from 1 to m.
Here, the current /[i,j] is current flowing in the transistor Tr12 in the memory cell AM[7;j]. The
current X/[ij+1] is the summation of current /[ij+1] over 7 from 1 to m. Here, the current
I[i j+1] is current flowing in the transistor Tr12 in the memory cell AM[i,j+1]. In the timing
chart of FIG. 16, the potentials of the wirings ORP, OSP, ORM, and OSM are constantly
low-level potentials (not shown).

[0175]

A timing chart in FIG. 17 shows the operation during the period after Time TOS, which
is shown in the timing chart in FIG. 16, to Time T11. The timing chart in FIG. 17 shows the
changes in potentials during a period from Time TO06 to Time T11 of the wirings ORP, OSP,
ORM, and OSM. Note that in Time T06 to Time T11, the potentials of the wiring WW][i], the
wiring WW/[i+1], the wiring WDJ[;], the wiring WD[j+1], the wiring WDref, the node NJ[i,j], the
node N[i,j+1], the node N[i+1], the node N[i+1,+1], the node Nref[/], the node Nref[i+1], the
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wiring RW[i], and the wiring RW[i+1] and the amounts of the current X/[7 ], the current

21[i j+1], and the current /.r are not changed; thus, the changes in the potentials of the wirings
and the nodes and in the currents are not shown in FIG. 17.
[0176]

A timing chart in FIG. 18 shows the operation during the period after Time T11, which
is shown in the timing chart in FIG. 17, to Time T17. The timing chart in FIG. 18 shows the
changes in potentials during a period from Time T12 to Time T17 of the node N[i,j], the node
N[7j+1], the node N[7+1,/], the node N[7i+1,j+1], the node Nref[7], the node Nref[i+1], the wiring
RW[7], and the wiring RW[i+1] and the amounts of the current X/[i,j], the current X/[7,j+1], and
the current /grr. Note that each of the potentials of the wirings WWT[i], WW[i+1], ORP, OSP,
ORM, and OSM remains at the low-level potential, and each of the potentials of the wirings
WD[j], WD[j+1], and WDref remains at a ground potential; thus, the potential changes in the
wirings WW([7], WW[i+1], WD[j], WD[j+1], WDref, ORP, OSP, ORM, and OSM are not shown
in the timing chart in FIG. 18. The timing chart in FIG. 18 also shows the changes in the
current Alg[;] and the current Alg[j+1], which are described later.

[0177]
<<Period from Time TO1 to Time T02>>

During a period from Time TO1 to Time TO02, the high-level potential (denoted by High
in FIG. 16) is applied to the wiring WW[7], and the low-level potential (denoted by Low in FIG.
16) is applied to the wiring WW[i+1]. Furthermore, a potential higher than the ground potential
(denoted by GND in FIG. 16) by Vpr—Fx[7,j] 1s applied to the wiring WDJ[;], the potential higher
than the ground potential by Vpr—Vx[7,j+1] is applied to the wiring WD[j+1], and a potential
higher than the ground potential by Vpr is applied to the wiring WDref. Moreover, a reference
potential (denoted by REFP in FIG. 16) is applied to the wiring RW[7] and the wiring RW[i+1].
[0178]

The potential I’x[7,j] and the potential V’x[7j+1] each correspond to the first analog data.
The potential Vpr corresponds to the reference analog data.

[0179]

In this period, the high-level potential is supplied to the gates of the transistors Tr11 in
the memory cell AM[i,j], the memory cell AM[i,j+1], and the memory cell AMref[7]; accordingly,
the transistors Tr11 in the memory cell AM[7 /], the memory cell AM[7 j+1], and the memory cell
AMref]7] are turned on.  Thus, in the memory cell AM[i,j], the wiring WD[;] and the node NJ[7 /]
are electrically connected to each other, and the potential of the node N[7;] is Ver—Vx[ij].

Similarly, in the memory cell AM[ij+1], the wiring WD[j+1] and the node N[ij+1] are
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electrically connected to each other, and the potential of the node N[7 j+1] is Vpr—Fx[7ij+1]. In

the memory cell AMref[7], the wiring WDref and the node Nref[7] are electrically connected to
each other, and the potential of the node Nref[7] is Vpg.
[0180]

A current flowing from the first to second terminal of the transistor Tr12 in each of the
memory cell AM[i,j], the memory cell AM[i,j+1], and the memory cell AMref]/] is considered.
The current /o[7,7] flowing from the wiring B[;] to the second terminal through the first terminal
of the transistor Tr12 in the memory cell AM[i,j] can be expressed by the following formula.
[0181]

[Formula 3]
Loli, J1=k(Vpr =Vx[1.J1=Vi)®  + = +(ED)
[0182]

In the formula, & is a constant determined by the channel length, the channel width, the
mobility, the capacitance of a gate insulating film, and the like of the transistor Trl2.
Furthermore, Vy, is a threshold voltage of the transistor Tr12.

[0183]

At this time, the current flowing from the output terminal OT[;] of the column output
circuit OUT(/] to the wiring B[] is Jo[7,f].
[0184]

Similarly, the current /y[i,j+1] flowing from the wiring B[j+1] to the second terminal
through the first terminal of the transistor Tr12 in the memory cell AM[7j+1] can be expressed
by the following formula.

[0185]

[Formula 4]

Lolt, j+ 1] =k(Vpr = Vxli, j+1]- Vth)2
[0186]

At this time, the current flowing from the output terminal OT[j+1] of the column output
circuit OUT[j+1] to the wiring B[j+1] 1s Jo[7,j+1].
[0187]

The current /.g[7] flowing from the wiring Bref to the second terminal through the first
terminal of the transistor Tr12 in the memory cell AMref]/] can be expressed by the following
formula.

[0188]
[Formula 5]
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Lrolil= k(o = V)™ * + = (E2)
[0189]

At this time, the current flowing from the output terminal OTref of the reference column
output circuit Cref to the wiring Bref is en[7].
[0190]

Note that since the low-level potential is supplied to the gates of the transistors Trll in
the memory cell AM[i+1,/], the memory cell AM[i+1,j+1], and the memory cell AMref[i+1], the
transistors Trll in the memory cell AM[i+1,/], the memory cell AM[i+1,j+1], the memory cell
AMref]i+1] are turned off. Thus, the potentials are not held at the node N[i+1,/], the node
N[#+1, j+1], and the node Nref[i+1].

[0191]
<<Period from Time T02 to Time T03>>

During a period from Time T02 to Time TO03, the low-level potential is supplied to the
wiring WW[i]. At this time, the low-level potential is supplied to the gates of the transistors
Tr11 in the memory cell AM[i,j], the memory cell AM[7 j+1], and the memory cell AMref]7], and
accordingly, the transistors Tr11 in the memory cells AM[i,j], AM[7j+1], and AMref]7] are turned
off.

[0192]

The low-level potential has been applied to the wiring WW[i+1] continuously since
before Time T02. Thus, the transistors Trll in the memory cell AM[i+1,/], the memory cell
AMJi+1,j+1], and the memory cell AMref[i+1] have been kept in an off state since before Time
TO2.

[0193]

Since the transistors Trll in the memory cell AM[7 ], the memory cell AM[i,j+1], the
memory cell AM[i+1,j], the memory cell AM[i+1,+1], the memory cell AMref[i], and the
memory cell AMref[i+1] are each in an off state as described above, the potentials at the node
N[7,j], the node N[7,j+1], the node N[i+1,/], the node N[i+1, j+1], the node Nref[/], and the node
Nref[i+1] are held in a period from Time T02 to Time TO3.

[0194]

In particular, when an OS transistor is used as each of the transistors Trll in the
memory cell AM[i,j], the memory cell AM[7 j+1], the memory cell AM[i+1,], the memory cell
AMJi+1,j+1], the memory cell AMref[7], and the memory cell AMref[i+1] as described in the
circuit configuration of the semiconductor device 100, the amount of leakage current flowing

between the sources and the drains of the transistors Trl1 can be made small, which makes it
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possible to hold the potentials at the nodes for a long time.
[0195]

During the period from Time TO2 to Time TO03, the ground potential is supplied to the
wiring WDJ/j], the wiring WD[j+1], and the wiring WDref. Since the transistors Trll in the
memory cell AM[i,j], the memory cell AM[7 j+1], the memory cell AM[i+1,], the memory cell
AMJi+1,j+1], the memory cell AMref]7], and the memory cell AMref[i+1] are each in an off state,
the potentials held at the nodes in the memory cell AM[i,j], the memory cell AM[i j+1], the
memory cell AM[i+1,j], the memory cell AM[i+1,+1], the memory cell AMref[i], and the
memory cell AMref[i+1] are not rewritten by application of potentials from the wiring WDJ[/],
the wiring WD[j+1], and the wiring WDref.

[0196]
<<Period from Time TO03 to Time T04>>

During a period from Time TO03 to Time T04, the low-level potential is supplied to the
wiring WW][i], and the high-level potential is supplied to the wiring WW[i+1]. Furthermore,
the potential higher than the ground potential by Fpr—Vi[i+1,7] is applied to the wiring WDJ/],
the potential higher than the ground potential by Vpr—Vi[i+1,j+1] is applied to the wiring
WD[j+1], and the potential higher than the ground potential by }Jpr is applied to the wiring
WDref. Moreover, the reference potential is continuously being applied to the wiring RW[7]
and the wiring RW[i+1] continuously since Time T02.

[0197]

Note that the potential Vy[i+1,/] and the potential }y[i+1,j+1] are each a potential
corresponding to the first analog data.
[0198]

In this period, the high-level potential is supplied to the gates of the transistors Trll in
the memory cell AM[i+1,/], the memory cell AM[i+1,+1], and the memory cell AMref[i+1], and
accordingly, the transistors Trl1l in the memory cell AM[i+1,/], the memory cell AM[i+1,j+1],
and the memory cell AMref[i+1] are each turned on. Thus, in the memory cell AM[i+1,/], the
node N[i+1,] and the wiring WDJ/] are electrically connected to each other, and the potential of
the node N[i+1,j] becomes Vpr—V[i+1,]. Similarly, in the memory cell AM[i+1,j+1], the
wiring WD[j+1] and the node N[i+1,j+1] are electrically connected to each other, and the
potential of the node N[i+1,j+1] becomes Vpr—V[i+1,j+1]. In the memory cell AMref[i+1], the
wiring WDref and the node Nref[i+1] are electrically connected to each other, and the potential
of the node Nref[i+1] becomes }pg.

[0199]
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The current flowing from the first to second terminal of the transistor Tr12 in each of
the memory cell AM[i+1], the memory cell AM[i+1,j+1], and the memory cell AMref[i+1] is
considered. The current /y[i+1,j] flowing from the wiring B[;] to the second terminal through
the first terminal of the transistor Tr12 in the memory cell AM[i+1,] can be expressed by the
following formula.

[0200]
[Formula 6]

L+ jl1=kVe =Vili+ 1, j1-Vy)’
[0201]

At this time, the current flowing from the output terminal OT[;] of the column output
circuit OUT(/] to the wiring B[] is lo[7,j]+lo[i+1,7].
[0202]

Similarly, the current /y[i+1,j+1] flowing from the wiring B[j+1] to the second terminal
through the first terminal of the transistor Tr12 in the memory cell AM[i+1,j+1] can be expressed
by the following formula.

[0203]
[Formula 7]

Lli+1, j+1]=k(Vpg = Vxli+1, j+1]1-V)?
[0204]

At this time, the current flowing from the output terminal OT[j+1] of the column output
circuit OUT[j+1] to the wiring B[j+1] 1s lo[7,j+1]+ lo[i+1,j+1].
[0205]

The current /. p[i+1] flowing from the wiring Bref to the second terminal through the
first terminal of the transistor Tr12 in the memory cell AMref[i+1] can be expressed by the
following formula.

[0206]

[Formula 8]
. 2
Lipoli +11=k(Vpr = Vi)
[0207]
At this time, the current flowing from the output terminal OTref of the reference column
output circuit Cref to the wiring Bref 1S Jreso [+ rero[7+1].

[0208]

<<Period from Time T04 to Time TO5>>
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During a period from Time T04 to Time TOS, the potential corresponding to the first

analog data is written to the rest of the memory cells AM, and the potential }'pr is written to the
rest of memory cells AMref, in a manner similar to that of the operation during the period from
Time TO1 to Time TO2 or that of the operation during the period from Time TO3 to Time T04.
Thus, the total amount of currents flowing in the transistors Tr12 in all of the memory cells AM
corresponds to the amount of current flowing from the output terminal OT[j] of the column
output circuit OUT[j] to the wiring BJ[j] that is denoted by Zl[7j] (Zlo[i,j] represents the
summation of the current /y[7,j] over 7 from 1 to m).

[0209]

Here, the reference column output circuit Cref is focused on. The wiring OLref of the
reference column output circuit Cref is electrically connected to the wiring Bref via the output
terminal OTref, thus, current flowing through the wiring Bref is current flowing through the
wiring OLref. The total amount of current flowing through the transistors Tr12 in the memory
cells AMref[1] to AMref[m] flows into the wiring Bref. That is, the current Z/[7] flows into
the wiring Bref (here, X/ s0[7] is the summation of /w[i] over i from 1 to m); thus, the current
also flows through the wiring OLref. In the current mirror circuit CM, the current is output in
the direction from the first terminal of the transistor Tr9 to the node NCMref in accordance with
the potential of the node NCMref.

[0210]

Although the current flowing through the wiring ILref is denoted by /comer in FIG. 14,
the current flowing through the wiring ILref before Time TO09 is denoted by /cmrero in this
specification.

[0211]

Thus, the current /cyvrero flowing through the wiring ILref can be expressed by the
following formula.
[0212]

[Formula 9]

[CMrefO :[Bref :Z[refo[i] *t '(E3)

[0213]

Note that since the potential of the gate of the transistor Tr9 (potential of the node
NCMref) is used as a reference in the current mirror circuit CM, the current /omrero also flows in
the wirings IL[ 1] to IL[N] of the column output circuits OUT[1] to OUT[N].

[0214]

<<Period from Time TO06 to Time TO7>>
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A period from Time T06 to Time T11 are described with reference to FIG. 17.  During

the period from Time T06 to Time TO7, the wiring ORP is set at the high-level potential, and the
wiring ORM is set at the high-level potential. At this time, the high-level potential is supplied
to the gates of the transistors Tr3 in the column output circuits OUT[1] to OUT[#n], so that the
transistors Tr3 are turned on. Thus, the low-level potential is supplied to the first terminals of
the capacitors C1 in the column output circuits OUT[1] to OUT[#], and thus the potentials of the
capacitors C1 are initialized. Moreover, the high-level potential is supplied to the gates of the
transistors Tr23 in the column output circuits OUT[1] to OUT[#], so that the transistors Tr23 are
turned on. Thus, the low-level potential is supplied to the first terminals of the capacitors C3 in
the column output circuits OUT[1] to OUT[#n], and thus the potentials of the capacitors C3 are
initialized. When Time TO6 starts, the low-level potential is supplied to the wiring OSP, so that
the transistors Tr2 in the column output circuits OUT[1] to OUT[#] are turned off, and the
low-level potential is supplied to the wiring OSM, so that the transistors Tr22 in the column
output circuits OUT[1] to OUT][#] are turned off.
[0215]
<<Period from Time TO7 to Time TO8>>

During a period from Time TO07 to Time T08, the wirings ORP and ORM are each set to
the low-level potential. At this time, the low-level potential is supplied to the gates of the
transistors Tr3 in the column output circuits OUT[1] to OUT[#], so that the transistors Tr3 are
turned off. Furthermore, the low-level potential is supplied to the gates of the transistors Tr23
in the column output circuits OUT[1] to OUT[#], so that the transistors Tr23 are turned off.
[0216]
<<Period from Time T08 to Time T09>>

During a period from Time TO8 to Time T09, the wiring OSP is set at the high-level
potential. At this time, the high-level potential is supplied to the gates of the transistors Tr2 in
the column output circuits OUT[1] to OUT[#], so that the transistors Tr2 are turned on. The
current /g[j] output from the column output circuit OUT[j] is Zly[7j] (here, Xly[i,j] is the
summation of /o[7,j] over i from 1 to m). When the current /cmrero 1S greater than the current
Ig[j], current flows into the first terminals of the capacitors C1 from the first terminals of the
transistors Tr2 through the second terminals of the transistors Tr2, and positive potentials are
held in the capacitors C1. Thus, the potentials of the gates of the transistors Trl are held, so
that the current corresponding to the potentials of the gates of the transistors Tr1 flows between
the sources and the drains of the transistors Tr1.
[0217]

When Time TO9 starts, the low-level potential is supplied to the wiring OSP, so that the
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transistors Tr2 in the column output circuits OUT[1] to OUT[#] are turned off. The potentials

of the gates of the transistors Trl are held in the capacitors C1, so that even after Time T09, the
same amount of current keeps flowing between the sources and the drains of the transistors Tr1.
[0218]

<<Period from Time T10 to Time T11>>

During a period from Time T10 to Time T11, the wiring OSM is set at the high-level
potential. At this time, the high-level potential is supplied to the gates of the transistors Tr22 in
the column output circuits OUT[1] to OUT[#], so that the transistors Tr22 are turned on. The
current /g[j] output from the column output circuit OUT[j] is Zly[7j] (here, Xly[i,j] is the
summation of /y[7,j] over i from 1 to m). When the current /omeero 18 smaller than the current
Ig[j], the current flows into the first terminals of the transistors Tr22 from the first terminals of
the capacitors C3 through the second terminals of the transistors Tr22, and potentials are held in
the capacitors C3. Thus, the potentials of the gates of the transistors Tr21 are held, so that the
current corresponding to the potentials of the gates of the transistors Tr21 flows between the
sources and the drains of the transistors Tr21.

[0219]

When Time T11 starts, the low-level potential is supplied to the wiring OSM, so that the
transistors Tr22 in the column output circuits OUT[1] to OUT|[n] are turned off. The potentials
of the gates of the transistors Tr21 are held in the capacitors C3, so that even after Time T11, the
same amount of current keeps flowing between the sources and the drains of the transistors Tr21.
[0220]

Note that in the timing chart in FIG. 17, the operation for switching the conducting and
non-conducting states of the transistor Tr2 (during the period from Time TO08 to Time T09) is
performed before the operation for switching the conducting and non-conducting states of the
transistor Tr22 (during the period from Time T10 to Time T11); however, the order of the
operation of the offset circuit 151 is not limited thereto. For example, the operation for
switching the conducting and non-conducting states of the transistor Tr22 (during the period
from Time T10 to Time T11) may be performed first, and then the operation for switching the
conducting and non-conducting states of the transistor Tr2 (during the period from Time TO08 to
Time T09) may be performed.

[0221]

Here, the column output circuit OUT(j] during a period from Time TO6 to Time T12
(shown in FIG. 18) is focused on. In the column output circuit OUT][/], the current flowing
between the source and the drain of the transistor Trl is denoted by /cp[j], and the current

flowing between the source and the drain of the transistor Tr21 of the constant current circuit CI
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(current flowing from the terminal CT2 to the terminal CT5[j]) is denoted by /c[j]. The current

flowing between the source and the drain of the transistor Tr8 through the current mirror circuit
CM is Iemreo. . On the assumption that the current is not output from the output terminal SPT[;]
during the period from Time T1 to Time T12, the sum of the amounts of current flowing through
each of the transistors Tr12 in the memory cells AM[1,7] to AM[n,i] flows in the wiring B[]
electrically connected to the column output circuit OUT[j]. In other words, the current X/y[7 /]
flows in the wiring B[j] (here, Z/y[7,/] is the summation of /o[7,j] over 7 from 1 to m). During the
period from Time T06 to Time T12, in the column output circuit OUT(/], the current Jenmrero that
is input is different from X10[7 j] that is output, the current /c[j] flowing from the second terminal
of the transistor Tr21 is supplied to the wiring OL[/], or the current /cp[j] flowing from the wiring
OL[j] is supplied to the first terminal of the transistor Trl. Thus, the above satisfies the
following formula.

[0222]

[Formula 10]

Tt +1cLi1=Tepl1= Y Lolij1 * =+ (E4)

[0223]
<<Period from Time T12 to Time T13>>

The operation after Time T12 is described with reference to FIG. 18. During a period
from Time T12 to Time T13, a potential higher than the reference potential (denoted by REFP in
FIG. 18) by V][] is applied to the wiring RW[7]. At this time, the potential }'w[7] is applied to
the second terminals of the capacitors C2 in the memory cells AM[7,1] to AM[7,n] and the
memory cell AMref]7], so that the potentials of the gates of the transistors Tr12 increase.

[0224]

Note that the potential V'w][7] is a potential corresponding to the second analog data.
[0225]

An increase in the potential of the gate of the transistor Tr12 corresponds to the potential
obtained by multiplying a change in potential of the wiring RWJ[7] by a capacitive coupling
coefficient determined by the memory cell structure. The capacitive coupling coefficient is
calculated on the basis of the capacitance of the capacitor C2, the gate capacitance of the
transistor Tr2, and the parasitic capacitance. In this operation example, to avoid complexity of
description, an increase in potential of the wiring RW[7] is equal to an increase in potential of the
gate of the transistor Tr12, which corresponds to a case where the capacitive coupling coefficient
in each of the memory cells AM and the memory cell AMref'is set to 1.

[0226]
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When the potential V7] is applied to the second terminals of the capacitors C2 in the

memory cell AM[i,j], the memory cell AM[7j+1], and the memory cell AMref[/] on the
assumption that the capacitive coupling coefficient is 1, the potentials of the node NJ[i,f], the node
N[7,j+1], and the node Nref[7] each increase by Vyl[i].

[0227]

The current flowing from the first to second terminal of the transistor Tr12 in each of
the memory cell AM[i,j], the memory cell AM[7 j+1], and the memory cell AMref]7] is described.
The current /[7,j] flowing from the wiring B[] to the second terminal through the first terminal of
the transistor Tr12 in the memory cell AM[7,j] can be expressed by the following formula.

[0228]
[Formula 11]

Ii, J1= k (Ve = V[, 1+ Vyli1=V)* = = +(ES)
[0229]

In other words, by application of the potential Vw[7] to the wiring RW[7], the current
flowing from the wiring B[j] to the second terminal through the first terminal of the transistor
Tr12 in the memory cell AM[7j] increases by /[7,j]-Io[7,j] (denoted by Al[7 ;] in FIG. 18).

[0230]

Similarly, the current /[7j+1] flowing from the wiring B[j+1] to the second terminal
through the first terminal of the transistor Tr12 in the memory cell AM[7j+1] can be expressed
by the following formula.

[0231]

[Formula 12]

I, j+ 1= k(Vor = Vx[i, j+ 1+ Vy[i1= Vi)’
[0232]

In other words, by application of the potential Vw[7] to the wiring RW[7], the current
flowing from the wiring B[j+1] to the second terminal through the first terminal of the transistor
Tr12 in the memory cell AM[7j+1] increases by /[i,j+1]-/o[7j+1] (denoted by Al[i,j+1] in FIG.
18).

[0233]

Furthermore, the current /7] flowing from the wiring Bref to the second terminal

through the first terminal of the transistor Tr12 in the memory cell AMref[/] can be expressed by

the following formula.

[0234]

45



10

15

20

25

30

WO 2017/178947 PCT/1IB2017/052047
[Formula 13]

L [i1= k(Vr +Vylil=Vy)* = = - (E6)
[0235]

In other words, by application of the potential Vw[7] to the wiring RW[7], the current
flowing from the wiring Bref to the second terminal through the first terminal of the transistor
Tr12 in the memory cell AMref[7] increases by /ief[7]—/rero[7] (denoted by Alf7] in FIG. 18).
[0236]

Here, the reference column output circuit Cref is focused on. The total amount of
current flowing through the transistors Tr12 in the memory cells AMref[1] to AMref[m] flows
into the wiring Bref. The wiring OLref is electrically connected to the wiring Bref via the
output terminal OTref, and thus the current /g, which is the current Z/¢[7], flows through the
wiring OLref. In the current mirror circuit CM, the current is output in the direction from the
first terminal of the transistor Tr9 to the node NCMref in accordance with the potential of the
node NCMref.

[0237]

Thus, the current /eyrer flowing from the terminal CT8 through the wiring ILref in the
current mirror circuit CM can be expressed by the following formula.
[0238]

[Formula 14]

Tenier = Y Trrl] + * *(E7)

[0239]

Here, the current Alg[j] that is output from the wiring B[/] is focused on. During the
period from Time T11 to Time T12, Formula (E4) is satisfied, and the current Alg[f] is not output
from the terminal SPT(;] that is electrically connected to the wiring B[/].

[0240]

During the period from Time T12 to Time T13, a potential higher than the reference
potential by Vw[7] is applied to the wiring RW[7], and the current flowing between the source and
the drain of the transistor Tr12 in the memory cell AM[7;j] changes. Then, the current Alg[j] is
output from the output terminal SPT[;] that is electrically connected to the wiring B[j].
Specifically, in the column output circuit OUT][/], the current /¢[;] is output from the terminal
CT2 of the constant current circuit CI, the current /oy flows between the source and the drain of
the transistor Tr5, and the current /cp[j] flows between the source and the drain of the transistor

Tr1. Thus, the current Alg[j] can be expressed by the following formula using X/[7,j], which is
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the summation of current /[i,j] over 7 from 1 to m. Here, the current /[i,j] is current flowing
between the source and the drain of the transistor Tr12 in the memory cell AM[i j].

[0241]

[Formula 15]

Alg[j1= e[/~ Tow = Tep /D= D 115, j1  + + *(E8)

[0242]
Formulae (E1) to (E7) are applied to Formula (E8), so that the following formula can be
obtained.
[0243]
[Formula 16]

Alglj1= 2k (Vxli, jWwlil) =+« (E9)

[0244]

According to Formula (E9), the current Alg[j] is a value corresponding to the sum of
products of the potential }’x[7,j] that is the first analog data and the potential Vw[7] that is the
second analog data. That is, when the current Alg[j] is calculated, the value of the sum of
products of the first analog data and the second analog data can be obtained.

[0245]

During the period from Time T12 to Time T13, when all of the wirings RW[1] to
RW[m] except the wiring RW[i] are set to have a reference potential, the relation, Vw[g] = 0
(here, g is an integer that is greater than or equal to 1 and less than or equal to m and not 7), is
satisfied. Thus, according to Formula (E9), Alg[j] = 2kVx[7,j]Vwl[7] is output. In other words,
the data corresponding to the product of the first analog data stored in the memory cell AM[i ]
and the second analog data corresponding to a selection signal supplied to the wiring RW[/] is
output from the output terminal SPT[/] that is electrically connected to the wiring B[/].

[0246]

Furthermore, similarly, a differential current that is output from the output terminal
SPT[j+1] that is electrically connected to the wiring B[j+1] is expressed as Alg[j+1] =
2kVx[ij+11Vwli]. The data corresponding to the product of the first analog data stored in the
memory cell AM[7,j+1] and the second analog data corresponding to a selection signal supplied
to the wiring RW[7] is output from the output terminal SPT[j+1] that is electrically connected to
the wiring B[j+1].

[0247]
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<<Period from Time T13 to Time T14>>

During a period from Time T13 to Time T14, the ground potential is supplied to the
wiring RW[7]. The ground potential is supplied to the second terminals of the capacitors C2 in
the memory cells AM[7,1] to AM[i,n] and the memory cell AMref[7]. Thus, the potentials of the
nodes N[7,1] to N[7,n] and the node Nref[/] return to the potentials during the period from Time
T11 to Time T12.

[0248]
<<Period from Time T14 to Time T15>>

During a period from Time T14 to Time T15, the wirings RW[1] to RW[m] except the
wiring RW[i+1] are set to have the reference potential, and a potential higher than the reference
potential by Vw[i+1] is applied to the wiring RW[i+1]. At this time, as in the operation during
the period from Time T12 to Time T13, the potential }w[i+1] is applied to the second terminals
of the capacitors C2 in the memory cells AM[i+1,1] to AM[i+1,n] and the memory cell
AMref]i+1], so that the potentials of the gates of the transistors Tr12 increase.

[0249]

The potential Vw[i+1] corresponds to the second analog data.
[0250]

As described above, the capacitive coupling coefficients of the memory cells AM and
the memory cell AMref are each 1. When the potential I'w[i+1] is applied to the second
terminals of the capacitors C2 in the memory cell AM[i+1,/], the memory cell AM[i+1,j+1], and
the memory cell AMref[i+1], the potentials of the node N[i+1,/], the node N[i+1,j+1], and the
node Nref[i+1] each increase by Vw[i+1].

[0251]

When the potentials of the node N[i+1,/], the node N[i+1,j+1], and the node Nref[i+1]
increase by Vw[i+1], the amount of current flowing in each of the transistors Tr12 in the memory
cell AM[i+1,/], the memory cell AM[i+1,j+1], and the memory cell AMref[i+1] increases.
When the current flowing in the transistor Tr12 in the memory cell AM[i+1,/] is denoted by
I[i+1,j], the current flowing from the output terminal OTJ[j] of the column output circuit OUT][/]
to the wiring BJ[j] increases by I[i+1,/]-Io[i+1,j] (denoted by Al[i+1,j] in FIG. 18). Similarly,
when the current flowing in the transistor Tr12 in the memory cell AM[i+1,j+1] is denoted by
I[i+1,j+1], the current flowing from the output terminal OT[j+1] of the column output circuit
OUT([j+1] to the wiring B[j+1] increases by /[i+1,j+1]-/o[i+1,j+1] (denoted by Al[i+1,j+1] in
FIG. 18). When the current flowing in the transistor Tr12 in the memory cell AMref[i+1] is

denoted by /lf7+1], the current flowing from the output terminal OTref of the reference column
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output circuit Cref to the wiring Bref increases by lef]i+1]-Iwero[i+1] (denoted by Aldi+1] in
FIG. 18).

[0252]

The operation during the period from Time T14 to Time T15 can be similar to the
operation during the period from Time T12 to Time T13. Thus, when Formula (E9) is applied
to the operation during the period from Time T14 to Time T15, the differential current that is
output from the wiring B[j] is expressed as Alg[j] = 2kVy[i+1,j]Vw[i+1]. In other words, the
data corresponding to the product of the first analog data stored in the memory cell AM[i+1,]
and the second analog data corresponding to a selection signal applied to the wiring RW[i+1] is
output from the output terminal SPT[/] that is electrically connected to the wiring B[/].

[0253]

Furthermore, similarly, the differential current that is output from the wiring B[j+1] is
expressed as Alg[j+1] = 2kV[i+1,j+1]1Vw[i+1]. The data corresponding to the product of the
first analog data stored in the memory cell AM[i+1,j+1] and the second analog data
corresponding to a selection signal applied to the wiring RW[i+1] is output from the output
terminal SPT[j+1] that is electrically connected to the wiring B[j+1].

[0254]
<<Period from Time T15 to Time T16>>

During a period from Time T15 to Time T16, the ground potential is supplied to the
wiring RW[i+1]. In this period, the ground potential is supplied to the second terminals of the
capacitors C2 in the memory cells AM[i+1,1] to AM[i+1,n] and the memory cell AMref[i+1],
and the potentials of nodes N[i+1,1] to N[7+1,#] and the node Nref[i+1] return to the potentials in
the period from Time T13 to Time T14.

[0255]
<<Period from Time T16 to Time T17>>

During a period from Time T16 to Time T17, the wirings RW[1] to RW[m] except the
wiring RW[i] and the wiring RW[i+1] are set to have the reference potential, a potential higher
than the reference potential by Vy,[7] is applied to the wiring RW[7], and a potential lower than
the reference potential by Vw;[i+1] is applied to the wiring RW[i+1]. At this time, as in the
operation during the period from Time T12 to Time T13, the potential }w;[7] is applied to the
second terminals of the capacitors C2 in the memory cells AM[7,1] to AM[i,n] and the memory
cell AMref]7], so that potentials of the gates of the transistors Tr12 in the memory cells AM[7,1]
to AM[i,n] and the memory cell AMref[/] increase. Concurrently, the potential —}w;[i+1] is

applied to the second terminals of the capacitors C2 in the memory cells AM[i+1,1] to
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AM]Ji+1,n] and the memory cell AMref[i+1], so that the potentials of the gates of the transistors

Tr12 in the memory cells AM[i+1,1] to AM[i+1,#] and the memory cell AMref[i+1] decrease.
[0256]

The potential Vw;[7] and the potential Vw,[i+1] are potentials each corresponding to the
second analog data.
[0257]

Note that the capacitive coupling coefficients of the memory cell AM and the memory
cell AMref are each 1. When the potential Vw;[i] is applied to the second terminals of the
capacitors C2 in the memory cell AM[7j], the memory cell AM[7 j+1], and the memory cell
AMref]7], the potentials of the node NJ[i,j], the node N[i,j+1], and the node Nref[/] each increase
by Vw2[i]. When the potential —}w;[i+1] is applied to the second terminals of the capacitors C2
in the memory cell AM[i+1,/], the memory cell AM[i+1,j+1], and the memory cell AMref]i+1],
the potentials of the node N[7i+1,/], the node N[7i+1, j+1], and the node Nref[i+1] each decrease
by Vwa[i+1].

[0258]

When each of the potentials of the node NJ[i,j], the node NJ[i,j+1], and the node Nref][7]
increases by I'w,[7], the amount of current flowing in each of the transistors Tr12 in the memory
cell AM[i,j], the memory cell AM[7j+1], and the memory cell AMref[7] increases. Here, the
current flowing in the transistor Tr12 in the memory cell AM[7 ;] is denoted by /[i,j], the current
flowing in the transistor Tr12 in the memory cell AM[7j+1] is denoted by /[i,j+1], and the
current flowing in the transistor Tr12 in the memory cell AMref[7] is denoted by /..f7].

[0259]

When the potentials of the node N[i+1,/], the node N[i+1,j+1], and the node Nref[i+1]
each decrease by Vyp,[i+1], the amount of current flowing in each of the transistors Tr12 in the
memory cell AM[i+1,/], the memory cell AM[i+1,;+1], and the memory cell AMref[i+1]
decreases. Here, the current flowing in the transistor Tr12 in the memory cell AM[i+1,/] is
denoted by 15[7,f], the current flowing in the transistor Tr12 in the memory cell AM[i+1j+1] is
denoted by /[7i,j+1], and the current flowing in the transistor Tr12 in the memory cell
AMref]i+1] is denoted by Lref[i+1].

[0260]

At this time, the current flowing from the output terminal OT[;] of the column output
circuit OUTJ[j] to the wiring B[j] increases by (L2[ij]-lo[7j1)+(L2[i+1,7]-1[i+1,/]) (denoted by
Allj] in FIG. 18). The current flowing from the output terminal OT[j+1] of the column output

circuit OUT[j+1] to the wiring B[j+1] increases by (L2[7,j+1]-1lo[ij+1)+(LL[i+]1,j+1]-Lo[i+1,j+1])
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(denoted by Al[j+1] in FIG. 18, which is a negative current). The current flowing from the

output terminal OTref of the reference column output circuit Cref to the wiring Bref increases by
(Lorefli jl-Trefo[7,j])+H(Loref]i+1,j]-Irefo[i+1,7]) (denoted by Algkrin FIG. 18).
[0261]

The operation during the period from Time T16 to Time T17 can be similar to that
operation during the period from Time T12 to Time T13. When Formula (E9) is applied to the
operation during the period from Time T16 to Time T17, the differential current that is output
from the wiring BJ[j] is expressed as Alg[j] = 2k{Vx[ij1Vwalil-Vili+1,j1Vw2[i+1]}. Thus, the
data corresponding to the sum of products of the first analog data stored in each of the memory
cell AM[7j] and the memory cell AM[i+1,] and the second analog data corresponding to a
selection signal applied to each of the wiring RW[7] and the wiring RW[i+1] is output from the
output terminal SPT[/] that is electrically connected from the wiring B[/].

[0262]

Furthermore, similarly, the differential current that is output from the wiring B[j+1] is
expressed as AIB[j+1] = 2k{Vx[i j+11Vw2[i]-Vx[i+1,j+11Vw2[i+1]}. The data corresponding to
the product of the first analog data stored in each of the memory cell AM[7;j+1] and the memory
cell AM[i+1,j+1] and the second analog data corresponding to a selection signal applied to each
of the wiring RW[i] and the wiring RW[i+1] is output from the output terminal SPT[j+1] that is
electrically connected to the wiring B[j+1].

[0263]
<<After Time T17>>

After Time T17, the ground potential is supplied to the wiring RW[i] and the wiring
RW[i+1]. At this time, the ground potential is supplied to the second terminals of the
capacitors C2 in the memory cells AM[7,1] to AM[i,n], the memory cells AM[i+1,1] to
AM][i+1,n1], the memory cell AMref[/], and the memory cell AMref[i+1]. Thus, the potentials
of the nodes N[i,1] to N[i,n], the nodes N[i+1,1] to N[i+1,n], the node Nref[7], and the node
Nref[i+1] return to the potentials in the period from Time T15 to Time T16.

[0264]

With the circuit configuration of FIG. 7, a plurality of product-sum operations can be
executed concurrently. Thus, a semiconductor device enabling high-speed product-sum
operation can be provided.

[0265]
When the product-sum operation circuit described in this embodiment is used for the

hidden layer described in Embodiment 1, the weight coefficient wyysy_y® is the first analog data
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stored in the memory cell AM[7,j] and the output signal zs[k_l](k_l) from the s[f—1]-th neuron in
the (k—1)-th layer is a potential (second analog data) supplied from the wiring RW[7]; thus, the
value of the sum of products of the first analog data and the second analog data can be obtained
from the current output to the terminal SPT[7] in the product-sum operation circuit. In addition,
the value of the activation function can be obtained from the value of the sum of products, so that
the value of the activation function can be the output signal zs[k](k) of the s[k]-th neuron in the £-th
layer.

[0266]

When the product-sum operation circuit described in this embodiment is used for the
output layer described in Embodiment 1, the weight coefficient wqjz-1"” is the first analog
data stored in the memory cell AM[7,j] and the output signal zg;_1,“"" from the s[Z—1]-th neuron
in the (L—-1)-th layer is a potential (second analog data) supplied from the wiring RW[7]; thus, the
value of the sum of products of the first analog data and the second analog data can be obtained
from current output to the terminal SPT[7] in the product-sum operation circuit. In addition, the
value of the activation function can be obtained from the value of the sum of products, so that the
value of the activation function can be the output signal zy;;" of the s[L]-th neuron in the L-th
layer.

[0267]

Note that the input layer described in Embodiment 1 may function as a buffer circuit
that outputs an input signal to the second layer.
[0268]

In the product-sum operation circuit described in this embodiment, the number of the
rows of the memory cells AM in one layer corresponds to the number of the neurons in the
previous layer. That is, the number of the rows of the memory cells AM in one layer
corresponds to the number of output signals of the neurons in the previous layer that are input to
the one layer. In the case where the number of the neurons in the previous layer is greater than
the number of the rows of the memory cells AM, as described in Embodiment 1, a plurality of
product-sum operation circuits are connected to each other with the switch circuit MSW by
sharing the wiring B[j]; accordingly, the number of the rows of the memory cells AM is
increased to be equal to the number of the neurons in the previous layer. In the case where the
number of the neurons in the one layer is increased, as described in Embodiment 1, a plurality of
product-sum operation circuits are connected to each other with the switch circuit MSW by
sharing the wirings WW|[7] and RW[7]; accordingly, the number of the columns of the memory
cells AM is increased to be equal to the number of the neurons in the one layer. That is, by

combining this embodiment with Embodiment 1, the connection of the wirings B[j], WW[7], and
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RW][7] of a plurality of product-sum operation circuits can be freely changed, so that a variety of
neural networks become possible.
[0269]

Note that this embodiment can be combined with not only Embodiment 1 but also any
of the other embodiments in this specification as appropriate.
[0270]

(Embodiment 3)

In this embodiment, application examples of the semiconductor device described in the
above embodiment to electronic devices are described with reference to FIGS. 19A to 19E.
[0271]
<Electronic component>

FIG. 19A illustrates an example where the semiconductor device described in the
foregoing embodiment is used as a memory device in an electronic component. Note that the
electronic component is also referred to as a semiconductor package or an IC package. This
electronic component has a plurality of standards and names depending on a terminal extraction
direction and a terminal shape. Thus, examples of the electronic component are described in
this embodiment.

[0272]

The semiconductor device described in Embodiments 1 and 2, which are described
above, including transistors, capacitors, and other components is completed through an assembly
process (post-process) of assembling detachable components on a printed board.

[0273]

The post-process can be completed through steps in FIG. 19A. Specifically, after an
element substrate obtained in the proceeding process is completed (Step STP1), a rear surface of
the substrate is ground (Step STP2). The substrate is thinned in this step to reduce warpage or
the like of the substrate in the proceeding process and to reduce the size of the component itself.
[0274]

After the rear surface of the substrate is ground, a dicing step is performed to divide the
substrate into a plurality of chips (Step STP3). Then, the divided chips are separately picked up,
placed on a lead frame, and bonded thereto in a die bonding step (Step STP4). In this die
bonding step, the chip is bonded to the lead frame by an appropriate method depending on a
product, for example, bonding with a resin or a tape. Note that in the die bonding step, the chip
may be mounted on an interposer to be bonded.

[0275]

Note that in this embodiment, when an element is formed on a surface of a substrate, the
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other surface is referred to as a rear surface (a surface on which the element is not formed).
[0276]

Next, wire bonding for electrically connecting a lead of the lead frame and an electrode
on a chip through a metal wire is performed (Step STP5). A silver line or a gold line can be
used as the metal fine line. Ball bonding or wedge bonding can be used as the wire bonding.
[0277]

A wire-bonded chip is subjected to a molding step of sealing the chip with an epoxy
resin or the like (Step STP6). With the molding step, the inside of the electronic component is
filled with a resin, thereby reducing damage to the circuit portion and the wire embedded in the
component caused by external mechanical force as well as reducing deterioration of
characteristics due to moisture or dust.

[0278]

Next, plate processing is performed on the lead of the lead frame. Then, the lead is cut
and processed into a predetermined shape (Step STP7). This plate processing prevents rust of
the lead and facilitates soldering at the time of mounting the chip on a printed circuit board in a
later step.

[0279]

Next, printing (marking) is performed on a surface of the package (Step STP8). After
a final testing step (Step STP9), the electronic component is completed (Step STP10).

[0280]

The above electronic component can include the semiconductor device described in the
above embodiment. Thus, a highly reliable electronic component can be obtained.
[0281]

FIG. 19B is a schematic perspective diagram of the completed electronic component.
FIG. 19B is a schematic perspective diagram of a quad flat package (QFP) as an example of the
electronic component. An electronic component 4700 in FIG. 19B includes a lead 4701 and a
circuit portion 4703. The electronic component 4700 in FIG. 19B is mounted on a printed
circuit board 4702, for example. A plurality of electronic components 4700 that are combined
and electrically connected to each other over the printed circuit board 4702 can be mounted on
an electronic device. A completed circuit board 4704 is provided in an electronic device or the
like.

[0282]

One embodiment of the present invention is not limited to the shape of the electronic

component 4700, and the element substrate fabricated in Step STP1 is included. In addition,

the element substrate of one embodiment of the present invention includes an element substrate
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that has been subjected to Step STP2 where the rear surface of the substrate is ground. In
addition, the element substrate of one embodiment of the present invention includes an element
substrate that has been subjected to Step STP3 where the dicing step is performed. For example,
a semiconductor wafer 4800 shown in FIG. 19C or the like corresponds to the element substrate.
In the semiconductor wafer 4800, a plurality of circuit portions 4802 are formed on a top surface
of a wafer 4801. A part without the circuit portions 4802 on the top surface of the wafer 4801
is a spacing 4803 that is a region for dicing.

[0283]

The dicing is carried out along scribe lines SCL1 and scribe lines SCL2 (referred to as
dicing line or cutting line in some cases) indicated by dashed-dotted lines. For performing the
dicing step easily, the spacing 4803 is preferably provided such that a plurality of scribe lines
SCL1 are parallel to each other, a plurality of scribe lines SCL2 are parallel to each other, and the
scribe lines SCL1 and the scribe lines SCL2 are intersected perpendicularly with each other.
[0284]

With the dicing step, a chip 4800a as shown in FIG. 19D can be cut out from the
semiconductor wafer 4800. The chip 4800a includes a wafer 4801a, the circuit portion 4802,
and a spacing 4803a. Note that it is preferable to provide the spacing 4803a to be made as
small as possible. In this case, it is preferable that the width of the spacing 4803 between
adjacent circuit portions 4802 be substantially the same as a length of margin for cutting of the
scribe line SCL1 or the scribe line SCL2.

[0285]

The shape of the element substrate of one embodiment of the present invention is not
limited to the shape of the semiconductor wafer 4800 shown in FIG. 19C. For example, a
rectangular semiconductor wafer 4810 shown in FIG. 19E can be employed. The shape of the
element substrate can be changed as appropriate, depending on a process for fabricating an
element and an apparatus for fabricating an element.

[0286]

Note that this embodiment can be combined with any of the other embodiments in this
specification as appropriate.
[0287]

(Embodiment 4)

In this embodiment, application examples of the semiconductor device described in
Embodiments 1 and 2 are described.

[0288]

Since the semiconductor device 100 functions as a product-sum operation circuit, the
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semiconductor device 100 can be used as one of components of a neural network in some cases.
The neural network is an information processing system modeled on a biological neural network
and enables the characteristics of a brain function to be expressed on a computer.

[0289]

The neural network has a configuration where units resembling neurons are connected
to each other through units resembling synapses. It is considered that when the connection
strength is changed, the neural network learns about a variety of input patterns and comes to
enable pattern recognition, associative storage, and data mining to be executed at high speed.
In particular, a novel electronic device utilizing pattern recognition of sound, voice, music,
images, videos, or the like can be fabricated in some cases with the neural network.

[0290]

In the semiconductor device described in Embodiments 1 and 2, the first analog data
serves as weight coefficients, and the second analog data corresponds to neuron outputs,
whereby the weighting calculation of neuron outputs can be conducted concurrently. Thus, data
corresponding to results of the weighting calculation, that is, synapse inputs can be obtained as
the output signals.

[0291]
<Electronic device>

Here, electronic devices or systems utilizing the neural network are described.
[0292]

FIG. 20 illustrates a tablet information terminal 5200, which includes a housing 5221, a
display portion 5222, operation buttons 5223, and a speaker 5224. A display device with a
position input function may be used for a display portion 5222. Note that the position input
function can be added by providing a touch panel in a display device. Alternatively, the
position input function can be added by providing a photoelectric conversion element called a
photosensor in a pixel area of a display device. As the operation buttons 5223, any one of a
power switch for starting the information terminal 5200, a button for operating an application of
the information terminal 5200, a volume control button, a switch for turning on or off the display
portion 5222, and the like can be provided. Although the number of the operation buttons 5223
is four in the information terminal 5200 illustrated in FIG. 20, the number and position of
operation buttons included in the information terminal 5200 is not limited to this example.

[0293]

Although not illustrated, the information terminal 5200 illustrated in FIG. 20 may

include a microphone. With this structure, the information terminal 5200 can have a telephone

function like a cellular phone, for example.
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[0294]

Although not illustrated, the information terminal 5200 illustrated in FIG. 20 may
include a camera.  Although not illustrated, the information terminal 5200 illustrated in FIG. 20
may include a light-emitting device for use as a flashlight or a lighting device.

[0295]

Although not illustrated, the information terminal 5200 illustrated in FIG. 20 may
include a sensor (that measures force, displacement, position, speed, acceleration, angular
velocity, rotational frequency, distance, light, liquid, magnetism, temperature, a chemical
substance, a sound, time, hardness, electric field, current, voltage, electric power, radiation, flow
rate, humidity, gradient, oscillation, smell, infrared rays, or the like) inside the housing 5221.
In particular, when a sensing device including a sensor for sensing inclination such as a
gyroscope sensor or an acceleration sensor is provided, display on the screen of the display
portion 5222 can be automatically changed in accordance with the orientation of the information
terminal 5200 illustrated in FIG. 20 by determining the orientation of the information terminal
5200 (the orientation of the information the terminal with respect to the vertical direction).

[0296]

Although not illustrated, the information terminal 5200 illustrated in FIG. 20 may
include a device for obtaining biological information such as fingerprints, veins, iris, voice prints,
or the like. With this structure, the information terminal 5200 can have a biometric
authentication function. In particular, the artificial neural network is used for the biometric
authentication function, whereby a high-accuracy authentication system can be constructed in
some cases.

[0297]

Furthermore, the application of the neural network in the information terminal is not
limited only to the authentication system. For example, in the information terminal 5200 in
FIG. 20 utilizing the neural network, speech interpretation can be performed in some cases.
With the speech interpretation function, the information terminal 5200 can have a function of
operating the information terminal 5200 by speech recognition, a function of interpreting a
speech or a conversation and creating a summary of the speech or the conversation, and the like.
This can be utilized to create meeting minutes or the like, for example.

[0298]

For example, when a touch panel is used for the display portion 5222, a character or a
figure that is written or drawn on the display portion 5222 with a finger, a stylus pen, or the like
can be recognized by use of a neural network in some cases. With this character recognition

function, the information terminal 5200 can be operated by input of a character, a figure, or the
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like. 1In addition, the information terminal 5200 can recognize the written character and can
obtain the data of the character.
[0299]

This function can be used for a learning method in which an answer is written with a
finger, a stylus pen, or the like on an information terminal that displays a workbook or the like
for studying mathematics or for learning a native or foreign language, and then the information
terminal determines whether or not the answer is correct. Furthermore, the above-described
function of interpreting a speech or a conversation can be used for learning of a foreign language.
Thus, the pattern recognition function of the neural network is suitable for an information
terminal used for teaching materials such as textbooks.

[0300]

This embodiment can be combined with any of the other embodiments in this
specification as appropriate.
[0301]

(Embodiment 5)

In this embodiment, an input/output device that can be provided for the tablet terminal
in FIG. 20 described in Embodiment 4 is described.
[0302]

FIGS. 21A, 21B-1, 21B-2, and 21C illustrate a structure of a touch panel 2000TP1 that
can be used for an input/output device. FIG. 21A is a top view of the touch panel. FIG. 21B-1
is a schematic view illustrating part of an input portion of the touch panel. FIG. 21B-2 is a
schematic view illustrating part of the structure of FIG. 21B-1. FIG. 21C is a schematic view
illustrating part of a display portion included in the touch panel.

[0303]

FIG. 22A is a bottom view illustrating part of the structure of a pixel in the touch panel
in FIG. 21C. FIG. 22B is a bottom view illustrating part of the structure in FIG. 22A in which
some components are omitted.

[0304]

FIGS. 23A and 23B and FIGS. 24A and 24B are cross-sectional views illustrating the
structure of the touch panel. FIG. 23A is a cross-sectional view taken along bold lines Z1-Z2,
7Z3-Z4, and Z5-Z6 in FIG. 21A. FIG. 23B illustrates part of FIG. 23A.

[0305]

FIG. 24A is a cross-sectional view taken along bold lines Z7-Z8, Z9-Z10, and Z11-Z12
in FIG. 21A. FIG. 24B illustrates part of FIG. 24A.
[0306]
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FIGS. 25A to 25C are schematic views each illustrating the shape of a reflective film

that can be used in a pixel of the touch panel.
[0307]

FIG. 26 is a block diagram illustrating the structure of the input portion of the touch
panel.
[0308]

FIG. 27 is a circuit diagram illustrating a configuration of a pixel circuit included in the
input/output device.

[0309]
<Structure example of input/output device>

The input/output device described in this embodiment includes the touch panel 2000TP1
(see FIG. 21A). Note that the touch panel includes the display portion and the input portion.
[0310]
<<Structure example of display portion>>

The display portion includes a display panel, and the display panel includes a pixel
2100 ).

[0311]

The pixel 2100(7,j) includes a second conductive film, a first conductive film, a second
insulating film 2506B, and a first display element 2110(ij) (see FIG. 24A).
[0312]

The second conductive film is electrically connected to a pixel circuit 2200(7,j). For
example, a conductive film 2522B that functions as a source electrode or a drain electrode of a
transistor used as a switch SWT1 of the pixel circuit 2200(i,j) can be used as the second
conductive film (see FIG. 24A and FIG. 27).

[0313]

The first conductive film includes a region overlapping with the second conductive film.
For example, the first conductive film can be used for a first electrode 2111(7;) of the first
display element 2110(7 ;).

[0314]

The second insulating film 2506B includes a region sandwiched between the second
conductive film and the first conductive film. The second insulating film 2506B has an
opening 2602A in the region sandwiched between the first conductive film and the second
conductive film. Furthermore, the second insulating film 2506B includes a region sandwiched
between a first insulating film 2506A and a conductive film 2524A. Moreover, the second

insulating film 2506B has an opening 2602B. The second insulating film 2506B has an
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opening 2602C (see FIG. 23A and FIG. 24A).

[0315]

The first conductive film is electrically connected to the second conductive film in the
opening 2602A. For example, the first electrode 2111(7,j) is electrically connected to the
conductive film 2522B. The first conductive film electrically connected to the second
conductive film through the opening 2602 A provided in the second insulating film 2506B can be
referred to as a through electrode.

[0316]

The first display element 2110(i,j) is electrically connected to the first conductive film.
[0317]

The first display element 2110(7j) includes a reflective film and has a function of
controlling the intensity of light reflected by the reflective film. For example, the first
conductive film, the first electrode 2111(7 ), or the like can be used as the reflective film of the
first display element 2110(7,7). Similarly, the first conductive film, a first electrode 21117 j+1),
or the like can be used as a reflective film of a first display element 2110(i,j+1), and the first
conductive film, a first electrode 2111(7,j+2), or the like can be used as a reflective film of a first
display element 2110(7,j+2) (see FIG. 25A). Note that also in FIG. 25B described later, the first
electrode 2111(7,j), a first electrode 2111(i+1,j), and a first electrode 2111(i+2,) are illustrated as
the reflective film.

[0318]

The second display element 2120(7,j) has a function of emitting light toward the second
insulating film 2506B (see FIG. 23A).
[0319]

The reflective film has a shape including a region that does not block light emitted from
the second display element 2120(7 ;).
[0320]

The reflective film included in the pixel 2100(7,j) of the display panel described in this
embodiment includes one or a plurality of openings 2111H (see FIGS. 25A to 25C).
[0321]

The second display element 2120(7,j) has a function of emitting light toward the opening
2111H. Note that the opening 2111H transmits light emitted from the second display element
2120 ).

[0322]
The opening 2111H of the pixel 2100(7,j+1), that is adjacent to the pixel 2100(7 /), is not

provided on a line that extends in the row direction (the direction indicated by an arrow Rol in
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the drawing) through the opening 2111H of the pixel 2100(i,j) (see FIG. 25A). Alternatively,

for example, the opening 2111H of the pixel 2100(7+1,j), which is adjacent to the pixel 2100(i ),
is not provided on a line that extends in the column direction (the direction indicated by an arrow
Col in the drawing) through the opening 2111H of the pixel 2100(7 /) (see FIG. 25B).

[0323]

For example, the opening 2111H of the pixel 2100(7j+2) is provided on a line that
extends in the row direction through the opening 2111H of the pixel 2100(i,j) (see FIG. 25A).
In addition, the opening 2111H of the pixel 2100(i j+1) is provided on a line that is perpendicular
to the above-mentioned line between the opening 2111H of the pixel 2100(7,j) and the opening
2111H of the pixel 2100(7,j+2).

[0324]

Alternatively, for example, the opening 2111H of the pixel 2100(i+2,j) is provided on a
line that extends in the column direction through the opening 2111H of the pixel 2100(i,j) (see
FIG. 25B). In addition, for example, the opening 2111H of the pixel 2100(i+1,j) is provided on
a line that is perpendicular to the above-mentioned line between the opening 2111H of the pixel
2100(7,7) and the opening 2111H of the pixel 2100(7+2 ).

[0325]

Thus, a third display element that displays a color different from that displayed by the
second display element can be provided easily near the second display element. As a result, a
display panel with high convenience or high reliability can be provided.

[0326]

For example, the reflective film can be formed using a material having a shape in which
an end portion is cut off so as to form a region 2111E that does not block light emitted from the
second display element 2120(i,j) (see FIG. 25C). Specifically, the first electrode 2111(7)
whose end portion is cut off so as to be shorter in the column direction (the direction indicated by
the arrow Col in the drawing) can be used as the reflective film. Note that the first electrode
2111(,j+1) is illustrated in FIG. 25C in addition to the first electrode 2111(75).

[0327]

Thus, the first display element and the second display element that displays an image
using a method different from that of the first display element can be driven using pixel circuits
that can be formed in the same process. Specifically, a reflective display element is used as the
first display element, whereby the power consumption can be reduced. In addition, an image
with high contrast can be favorably displayed in an environment with bright external light. In
addition, the second display element that emits light is used, whereby an image can be favorably

displayed in a dark environment. Furthermore, using the second insulating film, impurity
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diffusion between the first display element and the second display element or between the first
display element and the pixel circuit can be suppressed. Moreover, part of light emitted from
the second display element to which a voltage controlled on the basis of the control data is
supplied is not blocked by the reflective film included in the first display element. As a result,
a display device with high convenience or high reliability can be provided.

[0328]

The second display element 2120(7j) included in the pixel of the input/output device
described in this embodiment is provided so as to be seen in part of a range from which display
using the first display element 2110(i,j) can be seen. For example, dashed arrows shown in FIG.
24A denote the directions in which external light is incident on and reflected by the first display
element 2110(7,) that performs display by controlling the intensity of external light reflection.
In addition, a solid arrow shown in FIG. 23 A denotes the direction in which the second display
element 2120(7j) emits light to the part of the region from which the display using the first
display element 2110(i,j) can be seen.

[0329]

Accordingly, display using the second display element can be seen from part of the
region from which the display using the first display element can be seen.  Alternatively, a user
can see the display without changing the attitude or the like of the display panel. As a result, a
display panel with high convenience or high reliability can be provided.

[0330]

The pixel circuit 2200(i,j) is electrically connected to the signal line Sigl(j). Note that
the conductive film 2522A is electrically connected to the signal line Sigl(j) (see FIG. 24A and
FIG. 27). Furthermore, for example, the transistor in which the second conductive film is used
as the conductive film 2522B serving as a source electrode or a drain electrode can be used as
the switch SW1 of the pixel circuit 2200(7 7).

[0331]

The display panel described in this embodiment includes the first insulating film 2506A
(see FIG. 23A).

[0332]

The first insulating film 2506A has a first opening 2603 A, a second opening 2603B, and
an opening 2603C (see FIG. 23A or FIG. 24A).
[0333]

The first opening 2603 A includes a region overlapping with a first intermediate film
2540A and the first electrode 2111(7j) or a region overlapping with the first intermediate film
2540A and the second insulating film 2506B.
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[0334]

The second opening 2603B includes a region overlapping with a second intermediate
film 2540B and the conductive film 2524A. Furthermore, the opening 2603C includes a region
overlapping with an intermediate film 2540C and the conductive film 2524B.

[0335]

The first insulating film 2506A includes a region that is along an outer edge of the first
opening 2603 A and is between the first intermediate film 2540A and the second insulating film
2506B. The first insulating film 2506A also includes a region that is along an outer edge of the
second opening 2603B and is between the second intermediate film 2540B and the conductive
film 2524A.

[0336]

The display panel described in this embodiment includes a scan line G2(7), a wiring
CSCOM, a third conductive film ANO, and a signal line Sig2(j) (see FIG. 27).

[0337]

The second display element 2120(i,j) of the display panel described in this embodiment
includes a third electrode 2121(7,j), a fourth electrode 2122, and a layer 2123(j) containing a
light-emitting material (see FIG. 23A). Note that the third electrode 2121(7,j) and the fourth
electrode 2122 are electrically connected to the third conductive film ANO and a fourth
conductive film VCOM2, respectively (see FIG. 27).

[0338]

The fourth electrode 2122 includes a region overlapping with the third electrode
2121(i).

[0339]

The layer 2123(j) containing a light-emitting material includes a region sandwiched
between the third electrode 2121(7,j) and the fourth electrode 2122.

[0340]

The third electrode 2121(7j) is electrically connected to the pixel circuit 2200(7,j) at a
connection portion 2601.

[0341]

The first display element 2110(7,j) of the display panel described in this embodiment
includes a layer 2113 containing a liquid crystal material, the first electrode 2111(7,j), and a
second electrode 2112. The second electrode 2112 is positioned such that an electric field that
controls the alignment of the liquid crystal material is generated between the second electrode
2112 and the first electrode 2111(7j) (see FIG. 23A and FIG. 24A).

[0342]
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The display panel described in this embodiment includes an alignment film AF1 and an
alignment film AF2. The alignment film AF2 is provided such that the layer 2113 containing a
liquid crystal material is interposed between the alignment film AF1 and the alignment film AF2.
[0343]

The display panel described in this embodiment includes the first intermediate film
2540A and the second intermediate film 2540B.

[0344]

The first intermediate film 2540A includes a region that overlaps with the second
insulating film 2506B with the first conductive film interposed therebetween, and the first
intermediate film 2540A includes a region in contact with the first electrode 2111(7). The
second intermediate film 2540B includes a region in contact with the conductive film 2524A.
[0345]

The display panel described in this embodiment includes a light-blocking film BM, an
insulating film 2507, a functional film 2802P, a functional film 2802D, a coloring film CF1, and
a coloring film CF2.

[0346]

The light-blocking film BM has an opening in a region overlapping with the first
display element 2110(7,j). The coloring film CF2 is provided between the second insulating
film 2506B and the second display element 2120(7,j) and includes a region overlapping with the
opening 2111H (see FIG. 23A).

[0347]

The insulating film 2507 includes a region sandwiched between the coloring film CF1
and the layer 2113 containing a liquid crystal material or between the light-blocking film BM
and the layer 2113 containing a liquid crystal material. The insulating film 2507 can reduce
unevenness due to the thickness of the coloring film CF1. Alternatively, impurities can be
prevented from being diffused from the light-blocking film BM, the coloring film CF1, or the
like to the layer 2113 containing a liquid crystal material.

[0348]

The functional film 2802P includes a region overlapping with the first display element
2110(1,j).

[0349]

The functional film 2802D includes a region overlapping with the first display element
2110(i,j). The functional film 2802D is provided such that a substrate 2802 is interposed
between the functional film 2802D and the first display element 2110(7j). Thus, for example,
light reflected by the first display element 2110(7,j) can be diffused.
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[0350]

The display panel described in this embodiment includes a substrate 2801, the substrate

2802, and a functional layer 2581.
[0351]

The substrate 2802 includes a region overlapping with the substrate 2801.
[0352]

The functional layer 2581 includes a region sandwiched between the substrate 2801 and
the substrate 2802. The functional layer 2581 includes the pixel circuit 2200(7 ), the second
display element 2120(i,j), an insulating film 2502, and an insulating film 2501. Furthermore,
the functional layer 2581 includes an insulating film 2503 and an insulating film 2504 (see FIGS.
23A and 23B).

[0353]

The insulating film 2502 includes a region sandwiched between the pixel circuit
2200(i,j) and the second display element 2120(i j).

[0354]

The insulating film 2501 is provided between the insulating film 2502 and the substrate
2801 and has an opening in a region overlapping with the second display element 2120(7 j).
[0355]

The insulating film 2501 formed along an edge of the third electrode 2121(7j) can
prevent a short circuit between the third electrode 2121(7,j) and the fourth electrode.

[0356]

The insulating film 2503 includes a region sandwiched between the insulating film 2502
and the pixel circuit 2200(7,j). The insulating film 2504 includes a region sandwiched between
the insulating film 2503 and the pixel circuit 2200(7,j).

[0357]

The display panel described in this embodiment includes a bonding layer 2811, a sealing
material 2820, and a structure body KB1.
[0358]

The bonding layer 2811 includes a region sandwiched between the functional layer 2581
and the substrate 2801, and has a function of bonding the functional layer 2581 and the substrate
2801 together.

[0359]

The sealing material 2820 includes a region sandwiched between the functional layer
2581 and the substrate 2802, and has a function of bonding the functional layer 2581 and the
substrate 2802 together.
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[0360]

The structure body KB1 has a function of providing a certain space between the
functional layer 2581 and the substrate 2802.

[0361]

The display panel described in this embodiment includes a terminal 2900A and a
terminal 2900B.
[0362]

The terminal 2900A includes the conductive film 2524A and the intermediate film
2540B, and the intermediate film 2540B includes a region in contact with the conductive film
2524A. The terminal 2900A is electrically connected to the signal line Sigl(j), for example.
[0363]

The terminal 2900A can be electrically connected to a flexible printed circuit FPC1
using a conductive material ACF1.

[0364]

The terminal 2900B includes the conductive film 2524B and the intermediate film
2540C, and the intermediate film 2540C includes a region in contact with the conductive film
2524B. The conductive film 2524B is electrically connected to a wiring VCOMI, for example.
[0365]

A conductive material CP 1s sandwiched between the terminal 2900B and the second
electrode 2112, and has a function of electrically connecting the terminal 2900B and the second
electrode 2112. For example, a conductive particle can be used as the conductive material CP.
[0366]

The display panel described in this embodiment includes a driver circuit GD and a
driver circuit SD (see FIG. 21A).

[0367]

The driver circuit GD is electrically connected to a scan line G1(7). The driver circuit
GD includes a transistor MD, for example (see FIG. 23A).  Specifically, a transistor including a
semiconductor film that can be formed in the same process as the transistor included in the pixel
circuit 2200(i,j) can be used as the transistor MD.

[0368]

The driver circuit SD is electrically connected to the signal line Sigl(j). The driver
circuit SD is electrically connected to the terminal 2900A, for example.
[0369]
<<Structure example of input portion>>

The input portion includes a region overlapping with the display panel (see FIGS. 21A,
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21B-1, 21B-2, and 21C, FIG. 23A, or FIG. 24A).

[0370]

The input portion includes a substrate 2803, a functional layer 2582, a bonding layer
2812, and a terminal 2901 (see FIG. 23A and FIG. 24A).

[0371]

The input portion includes a control line CL(g), a sensor signal line ML(%), and a
sensing element 2150(g,/4) (see FIG. 21B-2).
[0372]

The functional layer 2582 includes a region sandwiched between the substrate 2802 and
the substrate 2803. The functional layer 2582 includes the sensing element 2150(g,/7) and an
insulating film 2508.

[0373]

The bonding layer 2812 is provided between the functional layer 2582 and the substrate
2802 and has a function of bonding the functional layer 2582 and the substrate 2802 together.
[0374]

The sensing element 2150(g.4) is electrically connected to the control line CL(g) and
the sensor signal line ML(%).

[0375]

The control line CL(g) has a function of supplying a control signal.
[0376]

The sensing element 2150(g,/) receives the control signal and has a function of
supplying the control signal and a sensor signal that changes in accordance with a distance
between the sensing element 2150(g,/) and an object approaching a region overlapping with the
display panel.

[0377]

The sensor signal line ML(/) has a function of receiving the sensor signal.
[0378]

The sensing element 2150(g,/) has a light-transmitting property.

[0379]

The sensing element 2150(g,/) includes an electrode C(g) and an electrode M(4).
[0380]

The electrode C(g) is electrically connected to the control line CL(g).

[0381]

The electrode M(#) is electrically connected to the sensor signal line ML(4) and is

provided so that an electric field part of which is blocked by an object approaching a region
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overlapping with the display panel is generated between the electrode M(#) and the electrode

C(g).
[0382]

Thus, the object approaching the region overlapping with the display panel can be
sensed while the image data is displayed on the display panel.
[0383]

The input portion described in this embodiment includes the substrate 2803 and the
bonding layer 2812 (see FIG. 23A and FIG. 24A).
[0384]

The substrate 2803 is provided so that the sensing element 2150(g,/) is sandwiched
between the substrate 2803 and the substrate 2802.

[0385]

The bonding layer 2812 is provided between the substrate 2802 and the sensing element
2150(g,h) and has a function of bonding the substrate 2802 and the sensing element 2150(g./)
together.

[0386]

The functional film 2802P is provided so that the sensing element 2150(g,h) is
interposed between the functional film 2802P and the first display element 2110(i,j). Thus, the
intensity of light reflected by the sensing element 2150(g,/) can be reduced, for example.

[0387]

The input portion described in this embodiment includes one group of sensing elements
2150(g,1) to 2150(g,q) and another group of sensing elements 2150(1,k) to 2150(p,h) (see FIG.
26). Note that g is an integer greater than or equal to 1 and less than or equal to p, 4 is an
integer greater than or equal to 1 and less than or equal to g, and each of p and ¢ is an integer
greater than or equal to 1.

[0388]

The one group of the sensing elements 2150(g,1) to 2150(g,q) includes the sensing
element 2150(g,#) and is provided in the row direction (indicated by an arrow Ro2 in the
drawing).

[0389]

The another group of sensing elements 2150(1,4) to 2150(p,h) includes the sensing
element 2150(g,/#) and is provided in the column direction (the direction indicated by an arrow
Co2 in the drawing) that intersects the row direction.

[0390]
The one group of sensing elements 2150(g,1) to 2150(g,q) provided in the row direction
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includes the electrode C(g) that is electrically connected to the control line CL(g).

[0391]

The another group of sensing elements 2150(1,/) to 2150(p,k) provided in the column
direction includes the electrode M(4) that is electrically connected to the sensor signal line
ML(h).

[0392]

The control line CL(g) of the touch panel described in this embodiment includes a
conductive film BR(g,#) (see FIG. 23A). The conductive film BR(g/) includes a region
overlapping with the sensor signal line ML(/).

[0393]

The insulating film 2508 includes a region sandwiched between the sensor signal line
ML(%) and the conductive film BR(g,/#). Thus, a short circuit between the sensor signal line
ML(4) and the conductive film BR(g,/) can be prevented.

[0394]

The touch panel described in this embodiment includes an oscillator circuit OSC and a
detection circuit DC (see FIG. 26).

[0395]

The oscillator circuit OSC is electrically connected to the control line CL(g) and has a
function of supplying a control signal. For example, a rectangular wave, a sawtooth wave, a
triangular wave, or the like can be used as the control signal.

[0396]

The detection circuit DC is electrically connected to the sensor signal line ML(/) and
has a function of supplying a sensor signal on the basis of a change in the potential of the sensor
signal line ML(#).

[0397]

Components of the touch panel are described below. Note that these components
cannot be clearly distinguished and one component may also serve as another component or
include part of another component.

[0398]

For example, the first conductive film can be used as the first electrode 2111(7,7). The
first conductive film can be used as a reflective film.
[0399]

In addition, the second conductive film can be used as the conductive film 2522B
serving as a source electrode or a drain electrode of a transistor.

[0400]
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The terminal 2901 can be electrically connected to a flexible printed circuit FPC2 using
a conductive material ACF2, for example. In addition, the terminal 2901 is electrically
connected to the sensing element 2150(g./).

[0401]
<<Configuration example of pixel circuit>>

A configuration example of a pixel circuit is described with reference to FIG. 27. The
pixel circuit 2200(7,j) is electrically connected to the signal line Sigl(j), the signal line sig2(j),
the scan line G1(7), the scan line G2(7), the wiring CSCOM, and the third conductive film ANO.
Similarly, a pixel circuit 2200(7,j+1) is electrically connected to a signal line Sigl(j+1), a signal
line Sig2(j+1), the scan line G1(7), a scan line G2(7), the wiring CSCOM, and the third
conductive film ANO.

[0402]

The pixel circuit 2200(i,j) and the pixel circuit 2200(i,j+1) each include the switch
SWT]1 and a capacitor C11.

[0403]

The pixel circuit 2200(7,j) and the pixel circuit 2200(7,j+1) each include a switch SWT2,
a transistor M, and a capacitor C12.

[0404]

For example, a transistor including a gate electrode electrically connected to the scan
line G1(7) and a first electrode electrically connected to the signal line Sigl(j) can be used as the
switch SWT1.

[0405]

The capacitor C11 includes a first electrode electrically connected to a second electrode
of the transistor used as the switch SWT1 and a second electrode electrically connected to the
wiring CSCOM.

[0406]

For example, a transistor including a gate electrode electrically connected to the scan
line G2(7) and a first electrode electrically connected to the signal line Sig2(j) can be used as the
switch SWT2.

[0407]

The transistor M includes a gate electrode electrically connected to a second electrode
of the transistor used as the switch SWT2 and a first electrode electrically connected to the third
conductive film ANO.

[0408]
Note that a transistor including a conductive film provided such that a semiconductor
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film is interposed between a gate electrode and the conductive film can be used as the transistor
M. For example, as the conductive film, a conductive film electrically connected to a wiring
that can supply the same potential as that of the gate electrode of the transistor M can be used.
[0409]

The capacitor C12 includes a first electrode electrically connected to the second
electrode of the transistor used as the switch SWT2 and a second electrode electrically connected
to the first electrode of the transistor M.

[0410]

Note that in the pixel circuit 2200(7,j), the first electrode and the second electrode of the
first display element 2110(7,j) are electrically connected to the second electrode of the transistor
used as the switch SWT1 and the wiring VCOMI, respectively. This enables the first display
element 2110 to be driven. Similarly, in the pixel circuit 2200(7,j+1), a first electrode and a
second electrode of the first display element 2110(7,j+1) are electrically connected to the second
electrode of the transistor used as the switch SWT1 and the wiring VCOMI, respectively. This
enables the first display element 2110 to be driven.

[0411]

Furthermore, in the pixel circuit 2200(7j), the first electrode and the second electrode of
the second display element 2120(i,j) are electrically connected to the second electrode of the
transistor M and the fourth conductive film VCOM2, respectively. This enables the second
display element 2120(i,j) to be driven. Similarly, in the pixel circuit 2200(i,j+1), the first
electrode and the second electrode of a second display element 2120(7,j+1) are electrically
connected to the second electrode of the transistor M and the fourth conductive film VCOM?2,
respectively. This enables the second display element 2120(7 j+1) to be driven.

[0412]
<<Transistor structure example>>

A bottom-gate transistor, a top-gate transistor, or the like can be used as the switch
SWT1, the transistor M, and the transistor MD.

[0413]

For example, a transistor including a semiconductor containing an element belonging to
Group 14 in a semiconductor film can be used.  Specifically, a semiconductor containing silicon
can be used for a semiconductor film. For example, a transistor including single crystal silicon,
polysilicon, microcrystalline silicon, amorphous silicon, or the like in a semiconductor film can
be used.

[0414]

For example, a transistor including an oxide semiconductor in a semiconductor film can
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be used. Specifically, an oxide semiconductor containing indium or an oxide semiconductor
containing indium, zinc, and the element M (the element M is aluminum, gallium, yttrium, or tin)
can be used for the semiconductor film.

[0415]

For example, a transistor whose leakage current in an off state is smaller than that of a
transistor including amorphous silicon in a semiconductor film can be used as the switch SWTI,
the transistor M, the transistor MD, or the like. Specifically, a transistor including an oxide
semiconductor in a semiconductor film 2560 can be used as the switch SWT1, the transistor M,
the transistor MD, or the like.

[0416]

Thus, a pixel circuit can hold an image signal for a longer Time than a pixel circuit
including a transistor that uses amorphous silicon for a semiconductor film. Specifically, the
selection signal can be supplied at a frequency of lower than 30 Hz, preferably lower than 1 Hz,
further preferably less than once per minute while flickering is suppressed. Consequently,
eyestrain on a user of the information processing device can be reduced, and power consumption
for driving can be reduced.

[0417]

The transistor that can be used as the switch SWTTI includes the semiconductor film
2560 and a conductive film 2523 including a region overlapping with the semiconductor film
2560 (see FIG. 24B). The transistor that can be used as the switch SWT1 includes the
conductive film 2522A and the conductive film 2522B, which are electrically connected to the
semiconductor film 2560.

[0418]

Note that the conductive film 2523 and an insulating film 2505 serve as a gate electrode
and a gate insulating film, respectively. The conductive film 2522A has one of a function as a
source electrode and a function as a drain electrode, and the conductive film 2522B has the other.
[0419]

A transistor in which the semiconductor film 2560 is provided between the conductive
film 2523 and a conductive film 2521 can be used as the transistor M (see FIG. 23B).

[0420]

The above-described input/output device is used for the tablet information terminal
5200 in FIG. 20 described in Embodiment 4, whereby an electronic device that is highly visible,
convenient, or reliable can be obtained.

[0421]

This embodiment can be combined with any of the other embodiments in this
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specification as appropriate.
[0422]
(Notes on the description in this specification and the like)

The following are notes on the structures in the above embodiments.
[0423]
<Notes on one embodiment of the present invention described in Embodiments>

One embodiment of the present invention can be constituted by appropriately combining
the structure described in an embodiment with any of the structures described in the other
embodiments. In addition, in the case where a plurality of structure examples are described in
one embodiment, some of the structure examples can be combined as appropriate.

[0424]

Note that what is described (or part thereof) in an embodiment can be applied to,
combined with, or replaced with another content in the same embodiment and/or what is
described (or part thereof) in another embodiment or other embodiments.

[0425]

Note that in each embodiment, a content described in the embodiment is a content
described with reference to a variety of diagrams or a content described with text disclosed in
this specification.

[0426]

Note that by combining a diagram (or part thereof) described in one embodiment with
another part of the diagram, a different diagram (or part thereof) described in the embodiment,
and/or a diagram (or part thereof) described in another embodiment or other embodiments, much
more diagrams can be formed.

[0427]
<Notes on ordinal numbers>

In this specification and the like, ordinal numbers such as "first", "second", and "third"
are used in order to avoid confusion among components. Thus, the terms do not limit the
number or order of components. In the present specification and the like, a "first" component in
one embodiment can be referred to as a "second" component in other embodiments or claims.
Furthermore, in the present specification and the like, a "first" component in one embodiment
can be referred to without the ordinal number in other embodiments or claims.

[0428]
<Notes on the description for drawings>
Embodiments are described with reference to drawings. However, the embodiments

can be implemented with various modes. It is readily appreciated by those skilled in the art that
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modes and details can be changed in various ways without departing from the spirit and scope of
the present invention. Thus, the present invention should not be interpreted as being limited to
the description of the embodiments. Note that in the structures of the embodiments, the same
portions or portions having similar functions are denoted by the same reference numerals in
different drawings, and the description of such portions is not repeated.

[0429]

In this specification and the like, the terms for explaining arrangement, such as "over"
and "under", are used for convenience to describe the positional relation between components
with reference to drawings. Furthermore, the positional relation between components is
changed as appropriate in accordance with a direction in which the components are described.
Therefore, the terms for explaining arrangement are not limited to those used in this specification
and may be changed to other terms as appropriate depending on the situation.

[0430]

The term "over" or "under" does not necessarily mean that a component is placed
directly over or directly under and directly in contact with another component. For example,
the expression "electrode B over insulating layer A" does not necessarily mean that the electrode
B is on and in direct contact with the insulating layer A and can mean the case where another
component is provided between the insulating layer A and the electrode B.

[0431]

Furthermore, in a block diagram in this specification and the like, components are
functionally classified and shown by blocks that are independent from each other. However, in
an actual circuit and the like, such components are sometimes hard to classify functionally, and
there is a case in which one circuit is concerned with a plurality of functions or a case in which a
plurality of circuits are concerned with one function. Therefore, blocks in a block diagram do
not necessarily show components described in the specification, which can be explained with
another term as appropriate depending on the situation.

[0432]

In drawings, the size, the layer thickness, or the region is determined arbitrarily for
description convenience. Therefore, the size, the layer thickness, or the region is not limited to
the illustrated scale. Note that the drawings are schematically shown for clarity, and
embodiments of the present invention are not limited to shapes or values shown in the drawings.
For example, the following can be included: variation in signal, voltage, or current due to noise
or difference in timing.

[0433]

In drawings such as a perspective view, some components might not be illustrated for
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clarity of the drawings.
[0434]

In the drawings, the same components, components having similar functions,
components formed of the same material, or components formed at the same time are denoted by
the same reference numerals in some cases, and the description thereof is not repeated in some
cases.

[0435]
<Notes on expressions that can be rephrased>

In this specification or the like, the terms "one of a source and a drain" (or a first
electrode or a first terminal) and "the other of the source and the drain" (or a second electrode or
a second terminal) are used to describe the connection relation of a transistor.  This is because a
source and a drain of a transistor are interchangeable depending on the structure, operation
conditions, or the like of the transistor. Note that the source or the drain of the transistor can
also be referred to as a source (or drain) terminal, a source (or drain) electrode, or the like as
appropriate depending on the situation. In this specification and the like, two terminals except a
gate are sometimes referred to as a first terminal and a second terminal or as a third terminal and
a fourth terminal. In this specification and the like, in the case where a transistor has two or
more gates (such a structure is referred to as a dual-gate structure in some cases), these gates are
referred to as a first gate and a second gate or a front gate and a back gate in some cases. Note
that a "bottom gate" is a terminal that is formed before a channel formation region in
manufacture of a transistor, and a "top gate" is a terminal that is formed after a channel formation
region in manufacture of a transistor.

[0436]

A transistor is an element having three terminals: a gate, a source, and a drain. A gate
is a terminal that functions as a control terminal for controlling the conduction state of a
transistor. Functions of input/output terminals of the transistor depend on the type and the
levels of potentials applied to the terminals, and one of the two terminals serves as a source and
the other serves as a drain. Therefore, the terms "source" and "drain" can be switched in this
specification and the like. In this specification and the like, two terminals except a gate are
sometimes referred to as a first terminal and a second terminal or as a third terminal and a fourth
terminal.

[0437]

In addition, in this specification and the like, the term such as an "electrode" or a

"wiring" does not limit a function of the component. For example, an "electrode" is used as

part of a "wiring" in some cases, and vice versa. Furthermore, the term "electrode" or "wiring"
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can also mean a combination of a plurality of "electrodes" and "wirings" formed in an integrated

manner.

[0438]

In this specification and the like, "voltage" and "potential" can be replaced with each

other. The term "voltage" refers to a potential difference from a reference potential. When the
reference potential is a ground potential, for example, "voltage" can be replaced with "potential".
The ground potential does not necessarily mean O V. Potentials are relative values, and the
potential applied to a wiring or the like is changed depending on the reference potential, in some

cascs.

[0439]

In this specification and the like, the terms "film" and "layer" can be interchanged with
each other depending on the case or circumstances. For example, the term "conductive layer"
can be changed into the term "conductive film" in some cases. Moreover, the term "insulating
film" can be changed into the term "insulating layer" in some cases, or can be replaced with a
word not including the term "film" or "layer" depending on the case or circumstances. For
example, the term "conductive layer" or "conductive film" can be changed into the term
"conductor" in some cases. Furthermore, for example, the term "insulating layer" or "insulating
film" can be changed into the term "insulator" in some cases.

[0440]

"non
2

In this specification and the like, the terms "wiring", "signal line", "power supply line",
and the like can be interchanged with each other depending on circumstances or conditions.
For example, the term "wiring" can be changed into the term "signal line" in some cases. For
example, the term "wiring" can be changed into the term such as "power source line" in some
cases. The term such as "signal line" or "power source line" can be changed into the term
"wiring" in some cases. The term such as "power source line" can be changed into the term
such as "signal line" in some cases. The term such as "signal line" can be changed into the term
such as "power source line" in some cases. The term "potential" that is applied to a wiring can
be changed into the term "signal" or the like depending on circumstances or conditions.
Inversely, the term "signal" or the like can be changed into the term "potential" in some cases.
[0441]

<Notes on definitions of terms>

The following are definitions of the terms mentioned in the above embodiments.

[0442]
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<<Semiconductor>>

In this specification, a "semiconductor" may have characteristics of an "insulator" in
some cases when the conductivity is sufficiently low, for example. Furthermore, a
"semiconductor" and an "insulator" cannot be strictly distinguished from each other in some
cases because a border between the "semiconductor" and the "insulator" is not clear.
Accordingly, a "semiconductor” in this specification can be called an "insulator" in some cases.
Similarly, an "insulator" in this specification can be called a "semiconductor" in some cases.
[0443]

Furthermore, a "semiconductor" includes characteristics of a "conductor" in some cases
when the conductivity is sufficiently high, for example. Furthermore, a "semiconductor" and a
"conductor" cannot be strictly distinguished from each other in some cases because a border
between the "semiconductor" and the "conductor" is not clear. Accordingly, a "semiconductor”
in this specification can be called a "conductor" in some cases. Similarly, a "conductor” in this
specification can be called a "semiconductor" in some cases.

[0444]

Note that an impurity in a semiconductor refers to, for example, elements other than the
main components of a semiconductor layer. For example, an element with a concentration of
lower than 0.1 atomic% is an impurity. When an impurity is contained, the density of states
(DOS) may be formed in a semiconductor, the carrier mobility may be decreased, or the
crystallinity may be decreased. In the case where the semiconductor is an oxide semiconductor,
examples of an impurity that changes characteristics of the semiconductor include Group 1
elements, Group 2 elements, Group 13 elements, Group 14 elements, Group 15 elements, and
transition metals other than the main components of the semiconductor; specifically, there are
hydrogen (included in water), lithium, sodium, silicon, boron, phosphorus, carbon, and nitrogen,
for example. When the semiconductor is an oxide semiconductor, oxygen vacancies may be
formed by entry of impurities such as hydrogen, for example. Furthermore, when the
semiconductor is a silicon layer, examples of an impurity that changes the characteristics of the
semiconductor include oxygen, Group 1 elements except hydrogen, Group 2 elements, Group 13
elements, and Group 15 elements.

[0445]
<<Transistor>>

In this specification, a transistor is an element having at least three terminals of a gate, a
drain, and a source. The transistor has a channel formation region between the drain (a drain
terminal, a drain region, or a drain electrode) and the source (a source terminal, a source region,

or a source electrode), and current can flow through the channel formation region between the
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source and the drain. Note that in this specification and the like, a channel formation region
refers to a region through which current mainly flows.
[0446]

Furthermore, functions of a source and a drain might be switched when transistors
having different polarities are employed or a direction of current flow is changed in circuit
operation, for example. Therefore, the terms "source" and "drain" can be switched in this
specification and the like.

[0447]
<<Switch>>

In this specification and the like, a switch is conducting (on state) or not conducting (off
state) to determine whether current flows therethrough or not. Alternatively, a switch has a
function of selecting and changing a current path.

[0448]

Examples of a switch include an electrical switch and a mechanical switch. That is,
any element can be used as a switch as long as it can control current, without limitation to a
certain element.

[0449]

Examples of the electrical switch include a transistor (e.g., a bipolar transistor or a MOS
transistor), a diode (e.g., a PN diode, a PIN diode, a Schottky diode, a metal-insulator-metal
(MIM) diode, a metal-insulator-semiconductor (MIS) diode, or a diode-connected transistor),
and a logic circuit in which such elements are combined.

[0450]

In the case of using a transistor as a switch, an "on state" of the transistor refers to a
state in which a source electrode and a drain electrode of the transistor are electrically
short-circuited. Furthermore, an "off state" of the transistor refers to a state in which the source
electrode and the drain electrode of the transistor are electrically cut off. In the case where a
transistor operates just as a switch, the polarity (conductivity type) of the transistor is not
particularly limited to a certain type.

[0451]

An example of a mechanical switch is a switch formed using a micro electro mechanical
systems (MEMS) technology, such as a digital micromirror device (DMD). Such a switch
includes an electrode that can be moved mechanically, and operates by controlling conduction
and non-conduction in accordance with movement of the electrode.

[0452]

<<Connection>>
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In this specification and the like, when it is described that X and Y are connected, the
case where X and Y are electrically connected, the case where X and Y are functionally connected,
and the case where X and Y are directly connected are included therein. Accordingly, another
element may be interposed between elements having a connection relation shown in drawings
and texts, without limiting to a predetermined connection relation, for example, the connection
relation shown in the drawings and the texts.

[0453]

Here, X, ¥, and the like each denote an object (e.g., a device, an element, a circuit, a
wiring, an electrode, a terminal, a conductive film, a layer, or the like).
[0454]

For example, in the case where X and Y are electrically connected, one or more elements
that enable an electrical connection between X and Y (e.g., a switch, a transistor, a capacitor, an
inductor, a resistor, a diode, a display element, a light-emitting element, or a load) can be
connected between X and Y. Note that the switch is controlled to be turned on or off. That is,
a switch is conducting or not conducting (is turned on or off) to determine whether current flows
therethrough or not.

[0455]

For example, in the case where X and Y are functionally connected, one or more circuits
that enable functional connection between X and Y (e.g., a logic circuit such as an inverter, a
NAND circuit, or a NOR circuit; a signal converter circuit such as a DA converter circuit, an AD
converter circuit, or a gamma correction circuit, a potential level converter circuit such as a
power source circuit (e.g., a step-up converter or a step-down converter) or a level shifter circuit
for changing the potential level of a signal; a voltage source; a current source; a switching
circuit; an amplifier circuit such as a circuit that can increase signal amplitude, the amount of
current, or the like, an operational amplifier, a differential amplifier circuit, a source follower
circuit, or a buffer circuit; a signal generation circuit; a memory circuit, and/or a control circuit)
can be connected between X and Y. For example, even when another circuit is interposed
between X and ¥, X and Y are functionally connected if a signal output from X is transmitted to Y.
[0456]

Note that when it is explicitly described that X and ¥ are electrically connected, the case
where X and Y are electrically connected (i.e., the case where X and Y are connected with another
element or another circuit provided therebetween), the case where X and Y are functionally
connected (i.e., the case where X and Y are functionally connected with another circuit provided
therebetween), and the case where X and Y are directly connected (i.e., the case where X and ¥

are connected without another element or another circuit provided therebetween) are included
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therein. That is, the explicit expression "X and Y are electrically connected" is the same as the
explicit simple expression "X and ¥ are connected".
[0457]

For example, any of the following expressions can be used for the case where a source
(or a first terminal or the like) of a transistor is electrically connected to X through (or not
through) Z1 and a drain (or a second terminal or the like) of the transistor is electrically
connected to ¥ through (or not through) Z2, or the case where a source (or a first terminal or the
like) of a transistor is directly connected to one part of Z1 and another part of Z1 is directly
connected to X while a drain (or a second terminal or the like) of the transistor is directly
connected to one part of Z2 and another part of Z2 is directly connected to Y.

[0458]

The expressions include, for example, "X, ¥, a source (or a first terminal or the like) of a
transistor, and a drain (or a second terminal or the like) of the transistor are electrically connected
to each other, and X, the source (or the first terminal or the like) of the transistor, the drain (or the
second terminal or the like) of the transistor, and Y are electrically connected to each other in this

order", "a source (or a first terminal or the like) of a transistor is electrically connected to X, a
drain (or a second terminal or the like) of the transistor is electrically connected to ¥, and X, the
source (or the first terminal or the like) of the transistor, the drain (or the second terminal or the
like) of the transistor, and Y are electrically connected to each other in this order", and "X is
electrically connected to ¥ through a source (or a first terminal or the like) and a drain (or a
second terminal or the like) of a transistor, and X, the source (or the first terminal or the like) of
the transistor, the drain (or the second terminal or the like) of the transistor, and ¥ are provided to
be connected in this order". When the connection order in a circuit configuration is defined by
an expression similar to the above examples, a source (or a first terminal or the like) and a drain
(or a second terminal or the like) of a transistor can be distinguished from each other to specify
the technical scope. Note that these expressions are examples and there is no limitation on the
expressions. Here, X, ¥, Z1, and Z2 each denote an object (e.g., a device, an element, a circuit,
a wiring, an electrode, a terminal, a conductive film, and a layer).

[0459]

Even when independent components are electrically connected to each other in a circuit
diagram, one component has functions of a plurality of components in some cases. For
example, when part of a wiring also functions as an electrode, one conductive film functions as
the wiring and the electrode. Thus, "electrical connection" in this specification includes in its
category such a case where one conductive film has functions of a plurality of components.

[0460]
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<<Parallel and perpendicular>>

In this specification, the term "parallel" indicates that the angle formed between two
straight lines is greater than or equal to —10° and less than or equal to 10°, and accordingly also
includes the case where the angle is greater than or equal to —5° and less than or equal to 5°. In
addition, the term "substantially parallel" indicates that the angle formed between two straight
lines is greater than or equal to —30° and less than or equal to 30°. The term "perpendicular"
indicates that the angle formed between two straight lines is greater than or equal to 80° and less
than or equal to 100°. Thus, the case where the angle is greater than or equal to 85° and less
than or equal to 95° is also included. In addition, the term "substantially perpendicular"
indicates that the angle formed between two straight lines is greater than or equal to 60° and less
than or equal to 120°.
[0461]
<<Trigonal and rhombohedral>>

In this specification, trigonal and rhombohedral crystal systems are included in a

hexagonal crystal system.

EXPLANATION OF REFERENCE

[0462]

OUT](1]: column output circuit, OUT[j]: column output circuit, OUT[j+1]: column output circuit,
OUT][n]: column output circuit, Cref: reference column output circuit, OT[1]: output terminal,
OTT[j]: output terminal, OT[j+1]: output terminal, OT[#]: output terminal, OTref: output terminal,
SPT[1]: output terminal, SPT[j]: output terminal, SPT[#]: output terminal, SPT[j+1]: output
terminal, AM[1,1]: memory cell, AM[7,1]: memory cell, AM[m,1]: memory cell, AM[1/]:
memory cell, AM[7j]: memory cell, AM[i+1,j]: memory cell, AMJ[ij+1]: memory cell,
AM[i+1,j+1]: memory cell, AM[m,j]: memory cell, AM[1,#]: memory cell, AM[7,n]: memory
cell, AM[m,n]: memory cell, AMref[1]: memory cell, AMref[/]: memory cell, AMref[m]:
memory cell, ORP: wiring, OSP: wiring, ORM: wiring, OSM: wiring, WW|[1]: wiring, WW[i]:
wiring, WW[m]: wiring, RW[1]: wiring, RW[i]: wiring, RW[m]: wiring, WD[1]: wiring, WD[J]:
wiring, WD[j+1]: wiring, WD[#n]: wiring, WDref: wiring, B[1]: wiring, B[j]: wiring, B[j+1]:
wiring, B[n]: wiring, Bref: wiring, VR: wiring, CI: constant current circuit, Clref: constant
current circuit, CM: current mirror circuit, CT1: terminal, CT1-1: terminal, CT1-2: terminal,
CT1-3: terminal, CT2: terminal, CT3: terminal, CT4: terminal, CT5[1]: terminal, CT5[j]:
terminal, CT5[j+1]: terminal, CT5[#n]: terminal, CT6[1]: terminal, CT6[/]: terminal, CT6[j+1]:
terminal, CT6[#n]: terminal, CT7: terminal, CT8: terminal, IL[1]: wiring, IL[j]: wiring, IL[j+1]:
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wiring, IL[n]: wiring, ILref: wiring, OL[1]: wiring, OL[j]: wiring, OL[j+1]: wiring, OL[#]:
wiring, OLref: wiring, VDDL: wiring, VSSL: wiring, BG[1]: wiring, BG[j]: wiring, BG[#]:
wiring, BGref: wiring, NCMref: node, N[1,1]: node, N[7,1]: node, N[m,1]: node, N[1,]: node,
N[7j]: node, N[i+1,/]: node, N[7,j+1]: node, N[i+1,j+1]: node, N[m,j]: node, N[1,#]: node, N[7,#]:
node, N[m,n]: node, Nref[1]: node, Nref[7]: node, Nref[i+1]: node, Nref[m]: node, NNC: circuit,
U[1,1]: product-sum operation circuit, U[2,1]: product-sum operation circuit, UJ[3,1]:
product-sum operation circuit, U[1,2]: product-sum operation circuit, U[2,2]: product-sum
operation circuit, U[3,2]: product-sum operation circuit, U[1,3]: product-sum operation circuit,
U[2,3]: product-sum operation circuit, UJ[3,3]: product-sum operation circuit, U[M,1]:
product-sum operation circuit, U[g,A]: product-sum operation circuit, U[1,N]: product-sum
operation circuit, U[M,N]: product-sum operation circuit, MSW: switch circuit, MSW1: switch
circuit, MSW2: switch circuit, MSW-RW: switch circuit, MSW-WW: switch circuit, MSW-WD:
switch circuit, MSW-B: switch circuit, HRW[1]: wiring group, HRW[2]: wiring group, HRW[3]:
wiring group, HRW[4]: wiring group, HRW[5]: wiring group, HRW[6]: wiring group, HRW[N]:
wiring group, HRW[(g-1)N+1]: wiring group, HRW[gN]: wiring group, HRW[(M-1)N+1]:
wiring group, HRW[MN]: wiring group, HWW]1]: wiring group, HWW|[2]: wiring group,
HWW]|3]: wiring group, HWW|[g]: wiring group, HWWI[M]: wiring group, VB[1]: wiring group,
VB[2]: wiring group, VB[3]: wiring group, VB[4]: wiring group, VB[5]: wiring group, VBJ[6]:
wiring group, VB[M]: wiring group, VB[(h-1)M+1]: wiring group, VB[AM]: wiring group,
VB[ (n—1)M+1]: wiring group, VB[NM]: wiring group, VWDJ[1]: wiring group, VWDI2]: wiring
group, VWD[3]: wiring group, VWD[A]: wiring group, VWDI[N]: wiring group, SW[1]: circuit,
SW]x]: circuit, SWWJ1]: wiring, SWW|[x]: wiring, SWW: wiring, SWB[1]: wiring, SWBJx]:
wiring, SWB: wiring, RW: terminal, WW: terminal, WD: terminal, B: terminal, TH1: terminal,
THI1[1]: terminal, TH1[x]: terminal, TH2: terminal, TH2[1]: terminal, TH2[x]: terminal, TV1:
terminal, TV1[1]: terminal, TV1[x]: terminal, TV2: terminal, TV2[1]: terminal, TV2[x]: terminal,
RWSig(2): signal, RWSig(3): signal, BSig(2): signal, BSig(3): signal, BSig(4): signal, WWSig:
selection signal, TO1: Time, TO2: Time, TO3: Time, T04: Time, TOS: Time, T06: Time, TO7: Time,
T08: Time, TO9: Time, T10: Time, T11: Time, T12: Time, T13: Time, T14: Time, T15: Time,
T16: Time, T17: Time, Trl: transistor, Tr2: transistor, Tr3: transistor, Tr4: transistor, Tr5:
transistor, Tr6: transistor, Tr7: transistor, Tr8: transistor, Tr9: transistor, Tr1l: transistor, Tr12:
transistor, Tr21: transistor, Tr22: transistor, Tr23: transistor, Tr31: transistor, Tr32: transistor,
Tr41: transistor, Tr42[1]: transistor, Tr42[x]: transistor, C1: capacitor, C2: capacitor, C3:
capacitor, C4: capacitor, C5: capacitor, Col: arrow, Co2: arrow, Rol: arrow, Ro2: arrow, SWTI:
switch, SWT2: switch, M: transistor, MD: transistor, C11: capacitor, C12: capacitor, Sigl(j):

signal line, Sig2(j): signal line, Sigl(j+1): signal line, Sig2(j+1): signal line, G1(7): scan line,
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G2(i): scan line, CL(g): control line, ML(%): sensor signal line, C(g): electrode, M(4): electrode,

BR(g,h): conductive film, CSCOM: wiring, VCOM1: wiring, VCOM2: fourth conductive film,
ANO: third conductive film, FPC1: flexible printed circuit, FPC2: flexible printed circuit, ACF1:
conductive material, ACF2: conductive material, AF1: alignment film, AF2: alignment film, BM:
light-blocking film, CF1: coloring film, CF2: coloring film, KB1: structure body, CP: conductive
material, GD: driver circuit, SD: driver circuit, OSC: oscillator circuit, DC: detection circuit,
100: semiconductor device, 110: offset circuit, 111: offset circuit, 112: offset circuit, 113: offset
circuit, 115: offset circuit, 116: offset circuit, 120: memory cell array, 121: memory cell array,
151: offset circuit, 160: memory cell array, 2000TP1: touch panel, 2100(7,j): pixel, 2100(,j+1):
pixel, 2100(i+1,): pixel, 2100(i4+2,): pixel, 2110(,j): first display element, 2110(7,j+1): first
display element, 2110(7j+2): first display element, 2111(j): first electrode, 21113 j+1): first
electrode, 2111(i,j+2): first electrode, 2111(i+1): first electrode, 2111(i+2): first electrode,
2111E: region, 2111H: opening, 2112: second electrode, 2113: layer, 2120(i,j): second display
element, 2120(7,j+1): second display element, 2121(i,j): third electrode, 2122: fourth electrode,
2123(j): layer, 2150(g,h): sensing element, 2150(g,1): sensing element, 2150(g,q): sensing
element, 2150(1,h): sensing element, 2150(p,n): sensing element, 2200(i,j): pixel circuit,
2200(7,j+1): pixel circuit, 2501: insulating film, 2502: insulating film, 2503: insulating film,
2504: insulating film, 2505: insulating film, 2500A: first insulating film, 2506B: second
insulating film, 2507: insulating film, 2508: insulating film, 2521: conductive film, 2522A:
conductive film, 2522B: conductive film, 2523: conductive film, 2524A: conductive film,
2524B: conductive film, 2540A: first intermediate film, 2540B: second intermediate film,
2540C: intermediate film, 2560: semiconductor film, 2581: functional layer, 2582: functional
layer, 2601: connection portion, 2602A: opening, 2602B: opening, 2602C: opening, 2603 A first
opening, 2603B: second opening, 2603C: opening, 2801: substrate, 2802: substrate, 2802P:
functional film, 2802D: functional film, 2803: substrate, 2811: bonding layer, 2812: bonding
layer, 2820: sealing material, 2900A: terminal, 2900B: terminal, 2901: terminal, 4700: electronic
component, 4701: lead, 4702: printed circuit board, 4703: circuit portion, 4704: circuit substrate,
4800: semiconductor wafer, 4800a: chip, 4801: wafer, 4801a: wafer, 4802: circuit portion, 4803:
spacing, 4803a: spacing, 4810: semiconductor wafer, 5200: information terminal, 5221: housing,

5222: display portion, 5223: operation button, 5224: speaker.

This application is based on Japanese Patent Application serial No. 2016-081092 filed
with Japan Patent Office on April 14, 2016, the entire contents of which are hereby incorporated

by reference.
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CLAIMS

1. A semiconductor device comprising:

a first product-sum operation circuit comprising a first terminal;

a second product-sum operation circuit comprising a second terminal;

a first switch circuit comprising a third terminal and a fourth terminal, the third terminal
being electrically connected to the first terminal; and

a second switch circuit comprising a fifth terminal and a sixth terminal, the fifth
terminal being electrically connected to the second terminal,

wherein the fourth terminal and the sixth terminal are electrically connected to each
other,

wherein the first switch circuit is configured to control a conduction state between the
third terminal and the fourth terminal, and

wherein the second switch circuit is configured to control a conduction state between

the fifth terminal and the sixth terminal.

2. The semiconductor device according to claim 1,

wherein the first switch circuit further comprises a first transistor and a second
transistor,

wherein one of a source and a drain of the first transistor is electrically connected to a
gate of the second transistor,

wherein one of a source and a drain of the second transistor is electrically connected to
the third terminal, and

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

connected to the fourth terminal.

3. The semiconductor device according to claim 2,

wherein the first switch circuit further comprises a capacitor,

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

wherein a second electrode of the capacitor is electrically connected to a wiring for

supplying a low-level potential.

4. The semiconductor device according to claim 2, wherein the first transistor comprises

an oxide semiconductor layer comprising indium and zinc.
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5. The semiconductor device according to claim 1, wherein the semiconductor device is

configured to perform pattern recognition and associative storage.

6. A semiconductor device comprising a plurality of product-sum operation circuits
arranged in a matrix, the plurality of product-sum operation circuits comprising:

a first product-sum operation circuit comprising a first terminal;

a second product-sum operation circuit comprising a second terminal;

a first switch circuit comprising a third terminal and a fourth terminal, the third terminal
being electrically connected to the first terminal; and

a second switch circuit comprising a fifth terminal and a sixth terminal, the fifth
terminal being electrically connected to the second terminal,

wherein the first product-sum operation circuit and the first switch circuit are arranged
in a first row and a first column of the matrix, and the second product-sum operation circuit and
the second switch circuit are in a second row and the first column of the matrix,

wherein the fourth terminal and the sixth terminal are electrically connected to each
other,

wherein the first switch circuit is configured to control a conduction state between the
third terminal and the fourth terminal, and

wherein the second switch circuit is configured to control a conduction state between

the fifth terminal and the sixth terminal.

7. The semiconductor device according to claim 6,

wherein the first switch circuit further comprises a first transistor and a second
transistor,

wherein one of a source and a drain of the first transistor is electrically connected to a
gate of the second transistor,

wherein one of a source and a drain of the second transistor is electrically connected to
the third terminal, and

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

connected to the fourth terminal.

8. The semiconductor device according to claim 7,
wherein the first switch circuit further comprises a capacitor,

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

supplying a low-level potential.

9. The semiconductor device according to claim 7, wherein the first transistor comprises

an oxide semiconductor layer comprising indium and zinc.

10. The semiconductor device according to claim 6, wherein the semiconductor device

is configured to perform pattern recognition and associative storage.

11. A semiconductor device comprising:

a first product-sum operation circuit comprising a first terminal;

a second product-sum operation circuit comprising a second terminal;

a first switch circuit comprising a third terminal and a fourth terminal, the third terminal
being electrically connected to the first terminal; and

a second switch circuit comprising a fifth terminal and a sixth terminal, the fifth
terminal being electrically connected to the second terminal,

wherein the fourth terminal and the sixth terminal are electrically connected to each
other,

wherein the first switch circuit is configured to control a conduction state between the
third terminal and the fourth terminal,

wherein the second switch circuit is configured to control a conduction state between
the fifth terminal and the sixth terminal, and

wherein each of the first product-sum operation circuit and the second product-sum
operation circuit comprises a memory cell array and an offset circuit electrically connected to the

memory cell array.

12. The semiconductor device according to claim 11,

wherein the first switch circuit further comprises a first transistor and a second
transistor,

wherein one of a source and a drain of the first transistor is electrically connected to a
gate of the second transistor,

wherein one of a source and a drain of the second transistor is electrically connected to
the third terminal, and

wherein the other of the source and the drain of the second transistor is electrically
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connected to the fourth terminal.

13. The semiconductor device according to claim 12,

wherein the first switch circuit further comprises a capacitor,

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

wherein a second electrode of the capacitor is electrically connected to a wiring for

supplying a low-level potential.

14. The semiconductor device according to claim 12, wherein the first transistor

comprises an oxide semiconductor layer comprising indium and zinc.

15. The semiconductor device according to claim 11, wherein the semiconductor device

is configured to perform pattern recognition and associative storage.

16. The semiconductor device according to claim 11, wherein the offset circuit

comprises a constant current circuit and a current mirror circuit.

17. The semiconductor device according to claim 11,

wherein the memory cell array comprises a first memory cell and a second memory cell,

wherein the first memory cell is configured to supply a first current in accordance with a
first signal,

wherein the second memory cell is configured to supply a second current in accordance
with the first signal,

wherein the offset circuit is configured to supply a third current corresponding to a first
differential current between the first current and the second current,

wherein the first memory cell is configured to supply a fourth current in accordance
with a second signal,

wherein the second memory cell is configured to supply a fifth current in accordance
with the second signal, and

wherein the first product-sum operation circuit is configured to output a sixth current
that is obtained by subtracting the third current from a second differential current between the

fourth current and the fifth current.
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