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(57) Abstract: The circuit scale of a semiconductor device that can
perform arithmetic processing of analog data is reduced. In the semi-
conductor device, a memory cell is configured to generate a first cur-
rent corresponding to first analog data and to generate a second cur-
rent corresponding to the first analog data and second analog data. A
reference memory cell is configured to generate a reference current
corresponding to reference data. A first circuit is configured to gener-
ate and hold a third current corresponding to the difference between
the first current and the reference current when the first current is
lower than the reference current. A second circuit is configured to
generate and hold a fourth current corresponding to the difference
between the first current and the reference current when the first cur-
rent is higher than the reference current. One of the first circuit and
the second circuit is configured to generate a fifth current correspond-
ing to third analog data.
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DESCRIPTION

SEMICONDUCTOR DEVICE

TECHNICAL FIELD
[0001]

One embodiment of the present invention relates to a semiconductor device such as an
arithmetic processing circuit that manipulates analog data.
[0002]

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

them.

BACKGROUND ART
[0003]

Arithmetic processing performed after conversion of analog data into digital data
requires massive arithmetic processing. As a result, it is difficult to shorten the time for the
arithmetic processing. Thus, a variety of methods for performing arithmetic processing without
converting analog data into digital data, as in analog data processing performed by a brain where
a neuron is a fundamental component, have been proposed.

[0004]

Patent Document 1 discloses an arithmetic circuit that can simultaneously execute
independent nonlinear transformation processing and weighting processing.
[Reference]

[Patent Document]
[0005]
[Patent Document 1] Japanese Published Patent Application No. 2004-110421

DISCLOSURE OF INVENTION
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[0006]

Product-sum operation processing is arithmetic processing often used in a digital circuit.
Product-sum operation processing of analog data by a digital circuit can be performed in the
following specific manner: a multiplier circuit multiplies a plurality of pieces of first digital data
and a plurality of pieces of second digital data that correspond to the plurality of pieces of first
digital data together, a plurality of pieces of third digital data that correspond to the
multiplication results are stored in a digital memory; the plurality of pieces of third digital data
are read out from the digital memory in succession; and an adder circuit performs the summation
of the plurality of pieces of third digital data. As apparent from the above, storing of the third
digital data into the digital memory and reading of the data from the digital memory need to be
frequently performed in the product-sum operation processing performed by the digital circuit.
This means that the arithmetic processing speed depends on the access speed to the digital
memory. The time required for the arithmetic processing can be shortened by providing a
plurality of multiplier circuits or adder circuits in the digital circuit; in that case, however, it is
difficult to suppress the power consumption of the digital circuit.

[0007]

In view of the foregoing technical background, an object of one embodiment of the
present invention is to reduce the circuit scale of a semiconductor device that can perform
arithmetic processing of analog data. Another object of one embodiment of the present
invention is to provide a semiconductor device with which the time required for arithmetic
processing of analog data can be shortened. Another object of one embodiment of the present
invention is to reduce power consumption of a semiconductor device that can perform arithmetic
processing of analog data.

[0008]

An object of one embodiment of the present invention is to provide a novel
semiconductor device or the like. Note that the descriptions of these objects do not disturb the
existence of other objects. One embodiment of the present invention does not need to achieve
all the objects. Other objects will be apparent from and can be derived from the description of
the specification, the drawings, the claims, and the like.

[0009]

In view of the above objects, a semiconductor device of one embodiment of the present
invention includes a memory cell, a reference memory cell, a first circuit, and a second circuit.
The memory cell is configured to generate a first current corresponding to first analog data and
to generate a second current corresponding to the first analog data and second analog data. The

reference memory cell is configured to generate a reference current corresponding to reference
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data. The first circuit is configured to generate and hold a third current corresponding to a
difference between the first current and the reference current when the first current is lower than
the reference current. The second circuit is configured to generate and hold a fourth current
corresponding to a difference between the first current and the reference current when the first
current is higher than the reference current. One of the first circuit and the second circuit is
configured to generate a fifth current corresponding to third analog data from the second current
and one of the third current and the fourth current.

[0010]

In view of the above objects, a semiconductor device of one embodiment of the present
invention includes a first memory cell, a second memory cell, a first reference memory cell, a
second reference memory cell, a first circuit, and a second circuit. The first memory cell is
configured to generate a first current corresponding to first analog data and to generate a second
current corresponding to the first analog data and second analog data. The second memory cell
is configured to generate a third current corresponding to third analog data and to generate a
fourth current corresponding to the third analog data and fourth analog data. The first reference
memory cell is configured to generate a first reference current corresponding to reference data.
The second reference memory cell is configured to generate a second reference current
corresponding to the reference data. The first circuit is configured to generate and hold a fifth
current corresponding to a difference between a sum of the first current and the third current and
a sum of the first reference current and the second reference current when the sum of the first
current and the third current is smaller than the sum of the first reference current and the second
reference current. The second circuit is configured to generate and hold a sixth current
corresponding to a difference between the sum of the first current and the third current and the
sum of the first reference current and the second reference current when the sum of the first
current and the third current is larger than the sum of the first reference current and the second
reference current. One of the first circuit and the second circuit is configured to generate a
seventh current corresponding to fifth analog data from a sum of the second current and the
fourth current and one of the fifth current and the sixth current.

[0011]

One embodiment of the present invention can reduce the circuit scale of a
semiconductor device that can perform arithmetic processing of analog data. Another
embodiment of the present invention can provide a semiconductor device with which the time
required for arithmetic processing of analog data can be shortened. Another embodiment of the
present invention can reduce power consumption of a semiconductor device that can perform

arithmetic processing of analog data.
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[0012]

Another embodiment of the present invention can provide a novel semiconductor device
or the like. Note that the description of these effects does not preclude the existence of other
effects. One embodiment of the present invention does not necessarily achieve all the effects
listed above. Other effects will be apparent from and can be derived from the description of the

specification, the drawings, the claims, and the like.

BRIEF DESCRIPTION OF DRAWINGS
[0013]

FIG. 1 illustrates a configuration of a semiconductor device.

FIG. 2 illustrates a specific configuration of a memory circuit and a reference memory
circuit.

FIG. 3 illustrates a specific circuit configuration of a memory cell MC and a memory
cell MCR and a specific connection relationship between them.

FIG. 4 illustrates a specific configuration of a circuit 13, a circuit 14, and a current
supply circuit.

FIG. 5 is a timing chart.

FIG. 6 illustrates a specific connection relationship between the circuit 13, the circuit 14,
a current supply circuit, and a switch.

FIG. 7 illustrates a configuration of a current-voltage converter circuit.

FIG. 8 illustrates a configuration of a driver circuit.

FIG. 9 illustrates a configuration of a semiconductor device.

FIGS. 10A to 10C illustrate a structure of a transistor.

FIG. 11 is a schematic diagram of an energy band structure.

FIG. 12 illustrates a cross-sectional structure of a semiconductor device.

FIGS. 13A and 13B illustrate a chip and a module.

FIG. 14 illustrates a configuration of a PLD.

FIGS. 15A to 15F illustrate electronic devices.

BEST MODE FOR CARRYING OUT THE INVENTION
[0014]

Hereinafter, embodiments of the present invention will be described in detail with
reference to the accompanying drawings. However, the present invention is not limited to the
following description and it is easily understood by those skilled in the art that the mode and

details can be variously changed without departing from the scope and spirit of the present
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invention. Accordingly, the present invention should not be construed as being limited to the
description of the embodiments below.
[0015]

In the drawings, the size, the layer thickness, or the region is exaggerated for clarity in
some cases. Therefore, the size, the layer thickness, or the region is not limited to the
illustrated scale. Note that the drawings are schematic views showing ideal examples, 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.

[0016]

29 CC 29 CC

In this specification, terms for describing arrangement, such as “over,” “above,” “under,”
and “below,” are used for convenience in describing a positional relationship between
components with reference to drawings in some cases. Furthermore, the positional relationship
between components is changed as appropriate in accordance with a direction in which each
component is described. Thus, there is no limitation on terms used in this specification, and
description can be made appropriately depending on the situation.

[0017]

The positional relation of circuit blocks illustrated in a block diagram is specified for
description. Even when a block diagram shows that different functions are achieved by
different circuit blocks, one circuit block may be actually configured to achieve different
functions. The functions of circuit blocks are specified for description, and even in the case
where one circuit block is illustrated, blocks might be provided in an actual circuit block so that
processing performed by one circuit block is performed by a plurality of circuit blocks.

[0018]

In this specification and the like, a semiconductor device refers to a device that utilizes
semiconductor characteristics, and means a circuit including a semiconductor element (e.g., a
transistor or a diode), a device including the circuit, and the like. The semiconductor device
also means any device that can function by utilizing semiconductor characteristics. For
example, an integrated circuit, and a chip including an integrated circuit are semiconductor
devices. Moreover, a storage device, a display device, a light-emitting device, a lighting device,
an electronic device, and the like themselves might be semiconductor devices, or might each
include a semiconductor device.

[0019]
In this specification and the like, when it is explicitly described that X and Y are

connected, the case where X and Y are electrically connected, the case where X and Y are
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functionally connected, and the case where X and Y are directly connected are included therein.
Accordingly, without being limited to a predetermined connection relationship, for example, a
connection relationship shown in drawings or texts, another connection relationship is included
in the drawings or the texts. Here, X and Y 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).

[0020]

A transistor includes three terminals: a gate, a source, and a drain. A gate is a node that
controls the conduction state of a transistor. Depending on the channel type of the transistor or
levels of a potential applied to the terminals, one of two input/output nodes functions as a source
and the other functions as a drain. Therefore, the terms “source” and “drain” can be used
interchangeably in this specification and the like. In this specification and the like, the two
terminals other than the gate may be referred to as a first terminal and a second terminal.

[0021]

A node can be referred to as a terminal, a wiring, an electrode, a conductive layer, a
conductor, an impurity region, or the like depending on the circuit configuration, the device
structure, or the like. Furthermore, a terminal, a wiring, or the like can be referred to as a node.
[0022]

In many cases, a voltage refers to a potential difference between a certain potential and a
reference potential (e.g., a ground potential (GND) or a source potential). Thus, a voltage can
also be referred to as a potential. Note that the potential indicates a relative value.
Accordingly, “ground potential” does not necessarily mean 0 V.

[0023]

In this specification and the like, the terms “film” and “layer” can be interchanged
depending on the case or circumstances. For example, a term “conductive layer” can be
changed to a term “conductive film” in some cases. For example, a term “insulating film” can
be changed to a term “insulating layer” in some cases.

[0024]

In this specification and the like, ordinal numbers such as first, second, and third are
used to avoid confusion among components, and the terms do not limit the components
numerically or do not limit the order.

[0025]
(Embodiment 1)

FIG. 1 illustrates a configuration example of a semiconductor device 10 of one

embodiment of the present invention. The semiconductor device 10 illustrated in FIG. 1

includes a memory circuit 11 (MEM), a reference memory circuit 12 (RMEM), a circuit 13, and
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a circuit 14. The semiconductor device 10 may further include a current supply circuit 15
(CREF).
[0026]

The memory circuit 11 (MEM) includes a memory cell MC such as a memory cell MC[J,
j1 and a memory cell MC[i+1, j]. The memory cell MC includes an element that has a function
of converting an input potential into current. ~As the element having such a function, an active
element such as a transistor can be used, for example. FIG. 1 illustrates an example where the
memory cell MC includes a transistor Tr1.

[0027]

Note that a first analog potential is input to the memory cell MC through a wiring WD
such as a wiring WDJj]. The first analog potential corresponds to first analog data. The
memory cell MC has a function of generating a first analog current corresponding to the first
analog potential. ~Specifically, drain current of the transistor Trl, which is obtained when the
first analog potential is supplied to a gate of the transistor Trl, can be used as the first analog
current. Hereinafter, current flowing in the memory cell MC[;, j] is denoted by I[7, j], and
current flowing in the memory cell MC[i+1, j] is denoted by I[i+1, j].

[0028]

The drain current of the transistor Tr1 operating in a saturation region is not dependent
on voltage between a source and a drain and is controlled by the difference between its gate
voltage and threshold voltage. Thus, the transistor Tr1 desirably operates in a saturation region.
Note that the gate voltage and the voltage between the source and the drain of the transistor Trl
are each appropriately set to a voltage at which the transistor Trl operates in a saturation region.
[0029]

Specifically, in the semiconductor device 10 illustrated in FIG. 1, a first analog potential
Vx[i, j] or a potential corresponding to the first analog potential Vx[7, j] is input to the memory
cell MCJj, j] through the wiring WD[j]. The memory cell MC[;, j] has a function of generating
a first analog current corresponding to the first analog potential Vx[7, j]. This means that the
current I[7, j] flowing in the memory cell MC[7, j] corresponds to the first analog current, in this
case.

[0030]

Furthermore, in the semiconductor device 10 illustrated in FIG. 1, a first analog
potential Vx[i+1, j] or a potential corresponding to the first analog potential Vx[i+1, j] is input to
the memory cell MC[i+1, j] through the wiring WD[j]. The memory cell MC[i+1, j] has a
function of generating a first analog current corresponding to the first analog potential Vx[i+1, j].

This means that the current I[i+1, j] flowing in the memory cell MCJ[i+1, j] corresponds to the
7
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first analog current, in this case.
[0031]

The memory cell MC has a function of holding the first analog potential. In other
words, the memory cell MC has a function of holding the first analog current corresponding to
the first analog potential.

[0032]

Moreover, a second analog potential is input to the memory cell MC through a wiring
RW such as a wiring RW[i] and a wiring RW[i+1]. The second analog potential corresponds to
second analog data. The memory cell MC has a function of adding the second analog potential
or a potential corresponding to the second analog potential to the first analog potential that is
held and a function of holding a third analog potential obtained by the addition. The memory
cell MC also has a function of generating a second analog current corresponding to the third
analog potential. In other words, the memory cell MC has a function of holding the second
analog current corresponding to the third analog potential.

[0033]

Specifically, in the semiconductor device 10 illustrated in FIG. 1, a second analog
potential Vwl[i, j] is input to the memory cell MC[7, j] through the wiring RW[/]. The memory
cell MC]7, j] has a function of holding a third analog potential corresponding to the first analog
potential Vx[7, j] and the second analog potential Vw[7, j]. The memory cell MC[;, j] also has a
function of generating a second analog current corresponding to the third analog potential. This
means that the current I[7, j] flowing in the memory cell MCJ[i, j] corresponds to the second
analog current, in this case.

[0034]

Furthermore, in the semiconductor device 10 illustrated in FIG. 1, a second analog
potential Vw([i+1, j] is input to the memory cell MCJ[i+1, j] through the wiring RW[i+1]. The
memory cell MC[i+1, j] has a function of holding the first analog potential Vx[i+1, j] and a third
analog potential corresponding to the second analog potential Vw[i+1, j]. The memory cell
MC[i+1, j] also has a function of generating a second analog current corresponding to the third
analog potential. This means that the current I[i+1, j] flowing in the memory cell MC[i+1, j]
corresponds to the second analog current, in this case.

[0035]

The current I[7, j] flows between a wiring BL[/] and a wiring VR[;] through the memory

cell MCJ7, j]. The current I[i+1, j] flows between the wiring BL[j] and the wiring VR[/]

through the memory cell MC[i+1, j]. Accordingly, a current I[/], which corresponds to the sum
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of the current I[7, j] and the current I[7+1, j], flows between the wiring BL[;] and the wiring
VR[] through the memory cell MC[j, j] and the memory cell MC[i+1, j].
[0036]

The reference memory circuit 12 (RMEM) includes a memory cell MCR such as a
memory cell MCR[7] and a memory cell MCR[i+1]. Note that a first reference potential VPR is
input to the memory cell MCR through a wiring WDREF. The memory cell MCR has a
function of generating a first reference current corresponding to the first reference potential VPR.
Hereinafter, current flowing in the memory cell MCR[/] is denoted by IREF[/], and current
flowing in the memory cell MCR[i+1] is denoted by IREF[i+1].

[0037]

Specifically, in the semiconductor device 10 illustrated in FIG. 1, the first reference
potential VPR is input to the memory cell MCR[7] through the wiring WDREF. The memory
cell MCRJ/] has a function of generating the first reference current corresponding to the first
reference potential VPR. This means that the current IREF[/] flowing in the memory cell
MCR]J/] corresponds to the first reference current, in this case.

[0038]

Furthermore, in the semiconductor device 10 illustrated in FIG. 1, the first reference
potential VPR is input to the memory cell MCR[7+1] through the wiring WDREF. The memory
cell MCR[i+1] has a function of generating the first reference current corresponding to the first
reference potential VPR. This means that the current IREF[i+1] flowing in the memory cell
MCR]Ji+1] corresponds to the first reference current, in this case.

[0039]

The memory cell MCR has a function of holding the first reference potential VPR. 1In
other words, the memory cell MCR has a function of holding the first reference current
corresponding to the first reference potential VPR.

[0040]

Moreover, the second analog potential is input to the memory cell MCR through the
wiring RW such as the wiring RW[7] and the wiring RW[i+1]. The memory cell MCR has a
function of adding the second analog potential or a potential corresponding to the second analog
potential to the first reference potential VPR that is held and a function of holding a second
reference potential obtained by the addition. The memory cell MCR also has a function of
generating a second reference current corresponding to the second reference potential. In other
words, the memory cell MCR has a function of holding the second reference current

corresponding to the second reference potential.
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[0041]

Specifically, in the semiconductor device 10 illustrated in FIG. 1, the second analog
potential Vw[i7, j] is input to the memory cell MCR[7] through the wiring RW[7]. The memory
cell MCRJ/] has a function of holding a second reference potential corresponding to the first
reference potential VPR and the second analog potential Vw[i, j|. The memory cell MCR][/]
also has a function of generating the second reference current corresponding to the second
reference potential. This means that the current IREF[7] flowing in the memory cell MCR][7]
corresponds to the second reference current, in this case.

[0042]

Furthermore, in the semiconductor device 10 illustrated in FIG. 1, the second analog
potential Vw[i+1, j] is input to the memory cell MCR[i+1] through the wiring RW[i+1]. The
memory cell MCR[i+1] has a function of holding the first reference potential VPR and a second
reference potential corresponding to the second analog potential Vw[i+1, j]. The memory cell
MCR]Ji+1] also has a function of generating the second reference current corresponding to the
second reference potential. This means that the current IREF[i+1] flowing in the memory cell
MCR]Ji+1] corresponds to the second reference current, in this case.

[0043]

The current IREF[7] flows between a wiring BLREF and a wiring VRREF through the
memory cell MCRJ[7/]. The current IREF[i+1] flows between the wiring BLREF and the wiring
VRREF through the memory cell MCR[i+1]. Accordingly, a current IREF, which corresponds
to the sum of the current IREF[/] and the current IREF[i+1], flows between the wiring BLREF
and the wiring VRREF through the memory cell MCR[/] and the memory cell MCR[i+1].

[0044]

The current supply circuit 15 has a function of supplying current with the same value as
the current IREF that flows through the wiring BLREF or supplying current corresponding to the
current IREF to the wiring BL. In the case where the current I[/] that flows between the wiring
BL[j] and the wiring VR[;] through the memory cell MC[;, j] and the memory cell MC[i+1, j] is
different from the current IREF that flows between the wiring BLREF and the wiring VRREF
through the memory cell MCR[7] and the memory cell MCR[i+1] and thus offset current is set as
described later, current corresponding to the difference flows in the circuit 13 or the circuit 14.
The circuit 13 functions as a current source circuit, and the circuit 14 functions as a current sink
circuit.

[0045]

Specifically, in the case where the current I[/] is higher than the current IREEF, the circuit
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13 has a function of generating a current Al[/] that corresponds to the difference between the
current I[j] and the current IREF. The circuit 13 also has a function of supplying the generated
current Al[j] to the wiring BL[j]. This means that the circuit 13 has a function of holding the
current Al[j].

[0046]

In the case where the current I[j] is lower than the current IREF, the circuit 14 has a
function of generating the current Al[j] that corresponds the difference between the current I[f]
and the current IREF. The circuit 14 also has a function of drawing current corresponding to
the absolute value of the generated current Al[j] from the wiring BL[j]. This means that the
circuit 14 has a function of holding the current AI[/].

[0047]

Next, an operation example of the semiconductor device 10 illustrated in FIG. 1 will be
described.
[0048]

First, a potential corresponding to the first analog potential is stored in the memory cell
MCJ7, jl. Specifically, a potential VPR-VX[i, j], which is obtained by subtracting the first
analog potential Vx[7, j] from the first reference potential VPR, is input to the memory cell MC[7,
j1 through the wiring WD[j]. The memory cell MCJ7, j] holds the potential VPR-VX[7, j]. In
addition, the memory cell MC[7, j] generates the current I[7, j] that corresponds to the potential
VPR-Vx[i, j]. The first reference potential VPR is, for example, a high-level potential that is
higher than a ground potential. Specifically, the first reference potential VPR is desirably
higher than a ground potential and as high as or lower than a high-level potential VDD that is
supplied to the current supply circuit 15.

[0049]

Furthermore, the first reference potential VPR is stored in the memory cell MCR[7].
Specifically, the first reference potential VPR is input to the memory cell MCR[/] through the
wiring WDREF. The memory cell MCRJ/] holds the first reference potential VPR. In
addition, the memory cell MCR[7] generates the current IREF[7] that corresponds to the first
reference potential VPR,

[0050]

Moreover, a potential corresponding to the first analog potential is stored in the memory
cell MC[i+1, j]. Specifically, a potential VPR—-Vx[i+1, j], which is obtained by subtracting the
first analog potential Vx[i+1, j] from the first reference potential VPR, is input to the memory

cell MCJ[i+1, j] through the wiring WD[j]. The memory cell MC[i+1, j] holds the potential
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VPR-Vx[i+1, j]. In addition, the memory cell MC[i+1, j] generates the current I[i+1, j] that
corresponds to the potential VPR-Vx[i+1, j].

[0051]

Furthermore, the first reference potential VPR is stored in the memory cell MCR[i+1].
Specifically, the first reference potential VPR 1is input to the memory cell MCR[i+1] through the
wiring WDREF. The memory cell MCRJ[i+1] holds the first reference potential VPR. In
addition, the memory cell MCR[7+1] generates the current IREF[i+1] that corresponds to the first
reference potential VPR,

[0052]

During the above operation, the wiring RW[i] and the wiring RW[i+1] are each set to a
base potential. As a base potential, for example, a ground potential or a low-level potential
VSS that is lower than a ground potential can be used. Alternatively, a potential between the
potential VSS and the potential VDD may be used as a base potential. This is preferable
because the potential of the wiring RW can be higher than a ground potential regardless of
whether the second analog potential Vw is positive or negative, which enables easy generation of
signals and multiplication of either positive or negative analog data.

[0053]

As a result of the above operation, current corresponding to the sum of currents
generated in the memory cells MC electrically connected to the wiring BL[/] flows through the
wiring BL[j]. Specifically, in FIG. 1, the current I[j], which is the sum of the current I[7, j]
generated in the memory cell MC[7, j] and the current I[i+1, j] generated in the memory cell
MC[i+1, j], flows through the wiring BL[j]. In addition, as a result of the above operation,
current corresponding to the sum of currents generated in the memory cells MCR electrically
connected to the wiring BLREF flows through the wiring BLREF.  Specifically, in FIG. 1, the
current IREF, which is the sum of the current IREF[7] generated in the memory cell MCR[/] and
the current IREF[i+1] generated in the memory cell MCR[i+1], flows through the wiring
BLREF.

[0054]

Next, an offset current Ioffset[;], which is the difference between the current I[j]
obtained by inputting the first analog potential and the current IREF obtained by inputting the
first reference potential, is held in the circuit 13 or the circuit 14 while the wiring RW[7] and the
wiring RW[i+1] are kept at base potentials.

[0055]
Specifically, when the current I[/] is higher than the current IREF, the circuit 13 supplies
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the current loffset[/] to the wiring BL[j]. This means that a current ICM[j] that flows in the

circuit 13 corresponds to the current loffset[/]. The current ICM]/] is held in the circuit 13.
When the current I[j] is lower than the current IREF, the circuit 14 draws the current loffset[/]
from the wiring BL[j]. This means that a current ICP[/] that flows in the circuit 14 corresponds
to the current loffset[j]. The current ICP[/] is held in the circuit 14.

[0056]

Then, the second analog potential or a potential corresponding to the second analog
potential is stored in the memory cell MC[j, j] so as to be added to the first analog potential or a
potential corresponding to the first analog potential held in the memory cell MCJ[i, j].
Specifically, when the potential of the wiring RW[7] is set to a potential that is higher than a base
potential by Vw][i], a second analog potential Vw[7] is input to the memory cell MC[j, j] through
the wiring RW[7/]. The memory cell MC[i, j] holds a potential VPR-Vx[i, jl+VwI[i].
Furthermore, the memory cell MCJ7, j] generates the current I[7, j] corresponding to the potential
VPR-Vx[i, j]+Vwl[il.

[0057]

In addition, the second analog potential or the potential corresponding to the second
analog potential is stored in the memory cell MCJ[i+1, j] so as to be added to the first analog
potential or a potential corresponding to the first analog potential held in the memory cell
MCJ[i+1, j]. Specifically, when the potential of the wiring RW[i+1] is set to a potential that is
higher than a base potential by Vw[i+1], a second analog potential Vw[i+1] is input to the
memory cell MC[i+1, j] through the wiring RW[i+1]. The memory cell MC[i+1, j] holds a
potential VPR-Vx[i+1, jl+Vw[i+1]. Furthermore, the memory cell MC[i+1, j] generates the
current I[7+1, j] corresponding to the potential VPR—Vx[i+1, j]+Vw[i+1].

[0058]

In the case where the transistor Trl that operates in a saturation region is used as an
element for converting a potential into current, since the drain current of the transistor Trl
included in the memory cell MC]7, j] corresponds to the current I[7, j], the second analog current
is expressed by Formula 1 below. Note that Vw][7] is the potential of the wiring RW[7], Vw[i+1]
is the potential of the wiring RW[i+1], & is a coefficient, and Vth is the threshold voltage of the
transistor Trl.

[0059]

I[i, j] = k(Vw[i] - Vth + VPR — Vx[7, /])>  (Formula 1)

[0060]

Furthermore, since the drain current of the transistor Trl included in the memory cell
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MCR]J/] corresponds to the current IREF[7], the second reference current is expressed by
Formula 2 below.
[0061]
IREF[i] = k(Vw[i] - Vth + VPR)®  (Formula 2)
[0062]

The current I[j], which corresponds to the sum of the current I[7, j] flowing in the
memory cell MCJ7, j] and the current I[i+1, j] flowing in the memory cell MC[i+1, j], can be
expressed as Xil[7, j]. The current IREF, which corresponds to the sum of the current IREF[/]
flowing in the memory cell MCRJ[7] and the current IREF[i+1] flowing in the memory cell
MCR]Ji+1], can be expressed as Z/IREF[/]. Accordingly, the current Al[/] that correspond to the
difference between the current I[j] and the current IREF is expressed by Formula 3 below.

[0063]
Al[j] = IREF - I[j] = Z/IREF[i] — %il[i,j]  (Formula 3)
[0064]
The current Al[j] can be obtained from Formulae 1 to 3, as expressed by Formula 4

below.
[0065]

Allj]

= Si{k(Vw[i] - Vth + VPR)* — k(Vw[i] — Vth + VPR — Vx[i, j])*}

= 2kZi(Vw[i]- VX[i, j]) — 2kZi(Vth — VPR)-Vx[i, j] — kZiVx[i, jI°  (Formula 4)

[0066]

The term 2kXi(Vw[i]-Vx[i, j]) in Formula 4 corresponds to the sum of the product of the
first analog potential Vx[7, j] and the second analog potential Vw[7] and the product of the first
analog potential Vx[i+1, j] and the second analog potential Vw[i+1].

[0067]

Furthermore, if the current Ioffset[;] is defined as the current Al[;] at the time when the
potential of the wiring RW is set to a base potential, that is, when the second analog potential
Vwl[i] and the second analog potential Vw[i+1] are both 0, Formula 5 below can be obtained
from Formula 4.

[0068]
Toffset[j] = —2kZi(Vth — VPR)-Vx[i, /] — kZiVx[i, j*  (Formula 5)
[0069]
It is found from Formulae 3 to 5 that 2&Xi(Vw[i]-Vx[i, j]) that corresponds to the

product-sum of the first analog data and the second analog data is expressed by Formula 6 below.
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[0070]

2kZi(VW[i]-Vx[i, j]) = IREF — I[j] — Ioffset[j]  (Formula 6)
[0071]

When the potential of the wiring RW[7] is Vw[7] and the potential of the wiring RW[i+1]
is Vw[i+1], a current Iout[j] that flows from the wiring BL[j] is expressed by
IREF-I[j]-Toffset[j], where I[j] is the sum of currents flowing in the memory cells MC, IREF is
the sum of currents flowing in the memory cells MCR, and Ioffset[/] is current flowing in the
circuit 13 or the circuit 14. According to Formula 6, the current Iout[j] equals to
2kZi(Vwl[i]-Vx[i, j]), which corresponds to the sum of the product of the first analog potential
Vx[i, j] and the second analog potential Vw[7] and the product of the first analog potential
Vx[i+1, j] and the second analog potential Vw[i+1].

[0072]

The transistor Trl desirably operates in a saturation region. However, even if the
operation region of the transistor Trl deviates from an ideal saturation region, the transistor Trl
is regarded as operating in a saturation region as long as there is no problem in obtaining current
that corresponds to the sum of the product of the first analog potential Vx[i, j] and the second
analog potential Vw([7] and the product of the first analog potential Vx[i+1, j] and the second
analog potential Vw[i+1] with an accuracy within a desired range.

[0073]

According to one embodiment of the present invention, analog data can be subjected to
arithmetic processing without being converted into digital data; thus, the circuit scale of a
semiconductor device can be reduced or the time required for the arithmetic processing of analog
data can be shortened. Alternatively, according to one embodiment of the present invention,
power consumption of a semiconductor device can be reduced while the time required for
arithmetic processing of analog data is shortened.

[0074]

This embodiment can be implemented in appropriate combination with any of the other
embodiments.
[0075]
(Embodiment 2)

Next, a specific configuration example of the memory circuit 11 (MEM) and the
reference memory circuit 12 (RMEM) will be described with reference to FIG. 2.

[0076]
FIG. 2 illustrates an example where the memory circuit 11 (MEM) includes the memory

cells MC in y rows and x columns (x and y are natural numbers) and the reference memory
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circuit 12 (RMEM) includes the memory cells MCR in y rows and one column.

[0077]

The memory circuit 11 is electrically connected to the wiring RW, a wiring WW, the
wiring WD, the wiring VR, and the wiring BL. In the example illustrated in FIG. 2, wirings
RW[1] to RW][y] and wirings WW[1] to WW|[y] are electrically connected to the memory cells
MC in the respective rows. Moreover, wirings WD[1] to WDJ[x], wirings BL[1] to BL[x], and
wirings VR[1] to VR[x] are electrically connected to the memory cells MC in the respective
columns. Note that the wirings VR[1] to VR[x] may be electrically connected to each other.
[0078]

The reference memory circuit 12 is electrically connected to the wiring RW, the wiring
WW, the wiring WDREF, the wiring VRREF, and the wiring BLREF. In the example
illustrated in FIG. 2, the wirings RW[1] to RW[y] and the wirings WWJ[1] to WW[y] are
electrically connected to the memory cells MCR in the respective rows. Moreover, the wiring
WDREF, the wiring BLREF, and the wiring VRREF are electrically connected to the memory
cells MCR in the one column. Note that the wiring VRREF may be electrically connected to
the wirings VR[1] to VR|[x].

[0079]

FIG. 3 illustrates, as an example, a specific circuit configuration and a specific
connection relationship of the memory cells MC in any two rows and two columns among the
memory cells MC illustrated in FIG. 2 and the memory cells MCR in any two rows and one
column among the memory cells MCR illustrated in FIG. 2.

[0080]

Specifically, FIG. 3 illustrates the memory cell MC[;, j] in the i-th row and the j-th
column, the memory cell MC[i+1, j] in the i+1-th row and the j-th column, a memory cell MC[;,
j+1] in the i-th row and the j+1-th column, and a memory cell MC[i+1, j+1] in the i+1-th row and
the j+1-th column. FIG. 3 also illustrates the memory cell MCR[7] in the i-th row and the
memory cell MCR[i+1] in the 7+1-th row. Note that 7 is any number from 1 to y, and j is any
number from 1 to x.

[0081]

The memory cell MC[7, j], the memory cell MC[i, j+1], and the memory cell MCR[7] in
the 7-th row are electrically connected to the wiring RW[i] and a wiring WW[i]. The memory
cell MC[i+1, j], the memory cell MC[i+1, j+1], and the memory cell MCR[i+1] in the i+1-th row
are electrically connected to the wiring RW[i+1] and a wiring WWT[i+1].

[0082]

The memory cell MCJ[7, j] and the memory cell MC[i+1, j] in the j-th column are
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electrically connected to the wiring WDJj], the wiring VR[], and the wiring BL[j]. The

memory cell MCJj, j+1] and the memory cell MCJ[i+1, j+1] in the j+1-th column are electrically
connected to a wiring WD[j+1], a wiring VR[j+1], and a wiring BL[j+1]. The memory cell
MCR][7] in the i-th row and the memory cell MCR[i+1] in the i+1-th row are electrically
connected to the wiring WDREF, the wiring VRREF, and the wiring BLREF.

[0083]

The memory cells MC and MCR each include the transistor Trl, a transistor Tr2, and a
capacitor C1. The transistor Tr2 has a function of controlling the input of the first analog
potential to the memory cell MC or the memory cell MCR. The transistor Trl has a function of
generating analog current in accordance with a potential input to its gate. The capacitor C1 has
a function of adding the second analog potential or a potential corresponding to the second
analog potential to the first analog potential or a potential corresponding to the first analog
potential that is held in the memory cell MC or the memory cell MCR.

[0084]

Specifically, in the memory cell MC illustrated in FIG. 3, a gate of the transistor Tr2 is
electrically connected to the wiring WW, one of a source and a drain of the transistor Tr2 is
electrically connected to the wiring WD, and the other of the source and the drain of the
transistor Tr2 is electrically connected to the gate of the transistor Trl. Furthermore, one of a
source and a drain of the transistor Trl is electrically connected to the wiring VR, and the other
of the source and the drain of the transistor Trl is electrically connected to the wiring BL. A
first electrode of the capacitor C1 is electrically connected to the wiring RW, and a second
electrode of the capacitor C1 is electrically connected to the gate of the transistor Trl.

[0085]

In addition, in the memory cell MCR illustrated in FIG. 3, a gate of the transistor Tr2 is
electrically connected to the wiring WW, one of a source and a drain of the transistor Tr2 is
electrically connected to the wiring WDREF, and the other of the source and the drain of the
transistor Tr2 is electrically connected to the gate of the transistor Trl. Furthermore, one of a
source and a drain of the transistor Trl is electrically connected to the wiring VRREEF, and the
other of the source and the drain of the transistor Trl is electrically connected to the wiring
BLREF. A first electrode of the capacitor C1 is electrically connected to the wiring RW, and a
second electrode of the capacitor C1 is electrically connected to the gate of the transistor Trl.
[0086]

The gate of the transistor Trl in the memory cell MC is called a node N here. In the
memory cell MC, the first analog potential or a potential corresponding to the first analog
potential is input to the node N through the transistor Tr2. Then, when the transistor Tr2 is
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turned off, the node N is brought into a floating state and the first analog potential or the

potential corresponding to the first analog potential is held at the node N. In the memory cell
MC, when the node N is brought into a floating state, the second analog potential or a potential
corresponding to the second analog potential input to the first electrode of the capacitor C1 is
applied to the node N. As a result of the above operation, the node N can have a potential
obtained by adding the second analog potential or the potential corresponding to the second
analog potential to the first analog potential or the potential corresponding to the first analog
potential.

[0087]

Because the potential of the first electrode of the capacitor C1 is applied to the node N
through the capacitor C1, the amount of change in the potential of the first electrode is not
exactly the same as the amount of change in the potential of the node N, actually. Specifically,
the accurate amount of change in the potential of the node N can be calculated in the following
manner: a coupling coefficient uniquely determined by the capacitance value of the capacitor Cl1,
the value of the gate capacitance of the transistor Trl, and the value of parasitic capacitance is
multiplied by the amount of change in the potential of the first electrode. In the following
description, the amount of change in the potential of the first electrode is assumed to be
substantially the same as the amount of change in the potential of the node N, for easy
understanding.

[0088]

The drain current of the transistor Trl is determined in accordance with the potential of
the node N. Thus, when the transistor Tr2 is turned off, the value of the drain current of the
transistor Trl as well as the potential of the node N is held. The drain current is affected by the
first analog potential and the second analog potential.

[0089]

The gate of the transistor Tr1 in the memory cell MCR is called a node NREF here. In
the memory cell MCR, the first reference potential or a potential corresponding to the first
reference potential is input to the node NREF through the transistor Tr2. Then, when the
transistor Tr2 is turned off, the node NREF is brought into a floating state and the first reference
potential or the potential corresponding to the first reference potential is held at the node NREF.
In the memory cell MCR, when the node NREF is brought into a floating state, the second
analog potential or a potential corresponding to the second analog potential input to the first
electrode of the capacitor C1 is applied to the node NREF. As a result of the above operation,
the node NREF can have a potential obtained by adding the second analog potential or the

potential corresponding to the second analog potential to the first reference potential or the
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potential corresponding to the first reference potential.
[0090]

The drain current of the transistor Trl is determined in accordance with the potential of
the node NREF. Thus, when the transistor Tr2 is turned off, the value the drain current of the
transistor Trl as well as the potential of the node NREF is held. The drain current is affected by
the first reference potential and the second analog potential.

[0091]

When the drain current of the transistor Tr1 in the memory cell MCJ7, ;] is the current I[7,
j1 and the drain current of the transistor Tr1 in the memory cell MC[i+1, j] is the current I[i+1, j],
the sum of currents supplied to the memory cell MC[i, j] and the memory cell MC[i+1, j]
through the wiring BL[/] is the current I[j]. When the drain current of the transistor Trl in the
memory cell MC[7, j+1] is a current I[7, j+1] and the drain current of the transistor Trl in the
memory cell MC[i+1, j+1] is a current I[i+1, j+1], the sum of currents supplied to the memory
cell MCJj, j+1] and the memory cell MC[i+1, j+1] through the wiring BL[j+1] is a current I[j+1].
When the drain current of the transistor Trl in the memory cell MCR[7] is the current IREF[7]
and the drain current of the transistor Tr1 in the memory cell MCR[i+1] is the current IREF[i+1],
the sum of currents supplied to the memory cell MCR]/] and the memory cell MCR[7+1] through
the wiring BLREF is the current IREF.
[0092]

Then, a specific configuration example of the circuit 13, the circuit 14, and the current
supply circuit 15 (CREF) will be described with reference to FIG. 4.

[0093]

FIG. 4 illustrates a configuration example of the circuit 13, the circuit 14, and the
current supply circuit 15 for the memory cell MC and the memory cell MCR illustrated in FIG. 3.
Specifically, FIG. 4 illustrates a circuit 13[j] for the memory cells MC in the j-th column and a
circuit 13[j+1] for the memory cells MC in the j+1-th column, as the circuit 13. FIG. 4
illustrates a circuit 14[;] for the memory cells MC in the j-th column and a circuit 14[j+1] for the
memory cells MC in the j+1-th column, as the circuit 14.

[0094]

The circuit 13[j] and the circuit 14[j] are electrically connected to the wiring BL[;].
The circuit 13[j+1] and the circuit 14[j+1] are electrically connected to the wiring BL[j+1].
[0095]

The current supply circuit 15 is electrically connected to the wiring BL[/], the wiring

BL[j+1], and the wiring BLREF. The current supply circuit 15 has a function of supplying the
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current IREF to the wiring BLREF and a function of supplying current that is the same as the

current IREF or current that corresponds to the current IREF to each of the wiring BL[j] and the
wiring BL[j+1].
[0096]

Specifically, the circuit 13[j] and the circuit 13[j+1] each include a transistor Tr7, a
transistor Tr8, a transistor Tr9, and a capacitor C3. The transistor Tr7 in the circuit 13[;] has a
function of generating the current ICM[/] that corresponds to the difference between the current
I[j] and the current IREF, when the current I[;] is higher than the current IREF and offset current
is set. Furthermore, the transistor Tr7 in the circuit 13[j+1] has a function of generating a
current ICM[;j+1] that corresponds to the difference between the current I[j+1] and the current
IREF, when the current I[j+1] is higher than the current IREF. The current ICM[;] and the
current ICM[j+1] are supplied from the circuit 13[j] and the circuit 13[j+1] to the wiring BL[;]
and the wiring BL[j+1], respectively.

[0097]

In each of the circuit 13[/] and the circuit 13[j+1], one of a source and a drain of the
transistor Tr7 is electrically connected to the corresponding wiring BL, and the other of the
source and the drain is electrically connected to a wiring through which a predetermined
potential is supplied. One of a source and a drain of the transistor Tr8 is electrically connected
to the corresponding wiring BL, and the other of the source and the drain is electrically
connected to a gate of the transistor Tr7. One of a source and a drain of the transistor Tr9 is
electrically connected to the gate of the transistor Tr7, and the other of the source and the drain is
electrically connected to a wiring through which a predetermined potential is supplied. A first
electrode of the capacitor C3 is electrically connected to the gate of the transistor Tr7, and a
second electrode of the capacitor C3 is electrically connected to a wiring through which a
predetermined potential is supplied.

[0098]

A gate of the transistor Tr8 is electrically connected to a wiring OSM, and a gate of the
transistor Tr9 is electrically connected to a wiring ORM.
[0099]

Note that FIG. 4 illustrates an example where the transistor Tr7 is a p-channel transistor
and the transistors Tr8 and Tr9 are n-channel transistors.

[0100]
The circuit 14[/] and the circuit 14[j+1] each include a transistor Tr4, a transistor Tr5, a

transistor Tr6, and a capacitor C2. The transistor Tr4 in the circuit 14[;] has a function of
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generating the current ICP[j] that corresponds to the difference between the current IREF and the

current I[j], when the current I[j] is lower than the current IREF and offset current is set.
Furthermore, the transistor Tr4 in the circuit 14[j+1] has a function of generating a current
ICP[j+1] that corresponds to the difference between the current IREF and the current I[j+1],
when the current I[j+1] is lower than the current IREF. The current ICP[;] and the current
ICP[j+1] are drawn from the wiring BL[;j] and the wiring BL[j+1] into the circuit 14[j] and the
circuit 14[j+1], respectively.

[0101]

Note that the current ICM][;] and the current ICP[j] each correspond to the current
Ioffset[/], and the current ICM[j+1] and the current ICP[j+1] each correspond to a current
loffset[j+1].

[0102]

In each of the circuit 14[j] and the circuit 14[j+1], one of a source and a drain of the
transistor Tr4 is electrically connected to the corresponding wiring BL, and the other of the
source and the drain is electrically connected to a wiring through which a predetermined
potential is supplied. One of a source and a drain of the transistor Tr5 is electrically connected
to the corresponding wiring BL, and the other of the source and the drain is electrically
connected to a gate of the transistor Tr4. One of a source and a drain of the transistor Tr6 is
electrically connected to the gate of the transistor Tr4, and the other of the source and the drain is
electrically connected to a wiring through which a predetermined potential is supplied. A first
electrode of the capacitor C2 is electrically connected to the gate of the transistor Tr4, and a
second electrode of the capacitor C2 is electrically connected to a wiring through which a
predetermined potential is supplied.

[0103]

A gate of the transistor TrS is electrically connected to a wiring OSP, and a gate of the
transistor Tr6 is electrically connected to a wiring ORP.
[0104]

Note that FIG. 4 illustrates an example where the transistors Tr4 to Tr6 are n-channel
transistors.
[0105]

The current supply circuit 15 includes a transistor Tr10 for the wiring BL and a
transistor Tr1l for the wiring BLREF. Specifically, FIG. 4 illustrates an example where the
current supply circuit 15 includes, as the transistor Tr10, a transistor Tr10[/] for the wiring BL[]

and a transistor Tr10[j+1] for the wiring BL[j+1].
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[0106]

A gate of the transistor Tr10 is electrically connected to a gate of the transistor Trll.
One of a source and a drain of the transistor Tr10 is electrically connected to the corresponding
wiring BL, and the other of the source and the drain is electrically connected to a wiring through
which a predetermined potential is supplied. One of a source and a drain of the transistor Tr11
is electrically connected to the wiring BLREF, and the other of the source and the drain is
electrically connected to a wiring through which a predetermined potential is supplied.

[0107]

The transistors Tr10 and Trll have the same polarity. FIG. 4 illustrates an example
where the transistors Tr10 and Tr11 are p-channel transistors.
[0108]

The drain current of the transistor Tr11 corresponds to the current IREF. The transistor
Tr10 and the transistor Trll collectively function as a current mirror circuit; thus, the drain
current of the transistor Tr10 is substantially the same as the drain current of the transistor Tr11
or corresponds to the drain current of the transistor Tr11.

[0109]

Note that in FIG. 4, a switch may be provided between the circuit 13[;j] and the circuit
14[j] or between the circuit 13[j+1] and the circuit 14[j+1]. Alternatively, a switch may be
provided between the reference memory circuit 12 and the transistor Tr11 included in the current
supply circuit 15.

[0110]

FIG. 6 illustrates an example of a connection relationship between the circuit 13[/], the
circuit 14[;], a switch SW[j] controlling the electrical connection between the circuit 13[;] and
the circuit 14[/], and the current supply circuit 15. FIG. 6 also illustrates an example of a
connection relationship between the circuit 13[j+1], the circuit 14[j+1], a switch SW[j+1]
controlling the electrical connection between the circuit 13[j+1] and the circuit 14[j+1], and the
current supply circuit 15.

[0111]

Specifically, the switch SW[j] has a function of controlling the electrical connection
between one of the source and the drain of the transistor Tr7 in the circuit 13[/] and one of the
source and the drain of the transistor Tr4 in the circuit 14[j]. The switch SW[j+1] has a
function of controlling the electrical connection between one of the source and the drain of the
transistor Tr7 in the circuit 13[j+1] and one of the source and the drain of the transistor Tr4 in the
circuit 14[j+1].

[0112]
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The switch SW[j] can prevent current from flowing between the current supply circuit
15 or the circuit 13[f] and the circuit 14[/] or the memory circuit 11 in writing of the first analog
potential to the memory cell MC. Furthermore, the switch SW[j+1] can prevent current from
flowing between the current supply circuit 15 or the circuit 13[j+1] and the circuit 14[j+1] or the
memory circuit 11 in writing of the first analog potential to the memory cell MC.

[0113]

Next, a specific operation example of the semiconductor device 10 of one embodiment
of the present invention will be described with reference to FIG. 3, FIG. 4, and FIG. 5.

[0114]

FIG. 5 is an example of a timing chart showing the operations of the memory cell MC
and the memory cell MCR illustrated in FIG. 3 and the circuit 13, the circuit 14, and the current
supply circuit 15 illustrated in FIG. 4. From Time TO1 to Time T04 in FIG. 5, the first analog
data is stored in the memory cell MC and the memory cell MCR. From Time TOS5 to Time T10,
the value of the offset current loffset that is supplied from the circuit 13 and the circuit 14 is set.
From Time T11 to Time T16, data corresponding to the product-sum of the first analog data and
the second analog data is acquired.

[0115]

Note that a low-level potential is supplied to the wiring VR[j] and the wiring VR[j+1].
The high-level potential VDD is supplied to all wirings having a predetermined potential that are
electrically connected to the circuit 13. The low-level potential VSS is supplied to all wirings
having a predetermined potential that are electrically connected to the circuit 14. Furthermore,
the high-level potential VDD is supplied to all wirings having a predetermined potential that are
electrically connected to the current supply circuit 15.

[0116]

The transistors Trl, Tr4, Tr7, Tr10[j], Tr10[j+1], and Tr11 each operate in a saturation
region.
[0117]

First, a high-level potential is applied to the wiring WWT//] and a low-level potential is
applied to the wiring WW[i+1] from Time TO1 to Time TO2. Accordingly, the transistors Tr2 in
the memory cell MCJi, j], the memory cell MC[7, j+1], and the memory cell MCR[7] illustrated
in FIG. 3 are turned on. The transistors Tr2 in the memory cell MC[i+1, j], the memory cell
MC[i+1, j+1], and the memory cell MCR[i+1] remain off.

[0118]
In addition, from Time TO1 to Time TO02, a potential obtained by subtracting the first

analog potential from the first reference potential VPR is applied to each of the wiring WDJ[;]
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and the wiring WD[j+1] illustrated in FIG. 3. Specifically, the potential VPR-VX[i, j] is

applied to the wiring WDJ[j], and a potential VPR—Vx[i, j+1] is applied to the wiring WD[j+1].
The first reference potential VPR is applied to the wiring WDREF, and a potential between the
potential VSS and the potential VDD, e.g., a potential (VDD+VSS)/2, is applied as a base
potential to the wiring RW[7] and the wiring RW[i+1].

[0119]

Accordingly, the potential VPR-VX[i, j] is applied to a node N[, j] through the
transistor Tr2 in the memory cell MC[7, j] illustrated in FIG. 3, the potential VPR-Vx[7, j+1] is
applied to a node N[7, j+1] through the transistor Tr2 in the memory cell MC[7, j+1], and the first
reference potential VPR is applied to a node NREF[7] through the transistor Tr2 in the memory
cell MCR[i].

[0120]

After Time TO2, the potential applied to the wiring WW][/] illustrated in FIG. 3 changes
from a high-level potential to a low-level potential, so that the transistors Tr2 in the memory cell
MCJj, j], the memory cell MCJ[i, j+1], and the memory cell MCR[/] are turned off. Accordingly,
the potential VPR—Vx[;, j] is held at the node N[;, j], the potential VPR—Vx([7, j+1] is held at the
node N[7, j+1], and the first reference potential VPR is held at the node NREF([7].

[0121]

Then, from Time TO3 to Time T04, the potential of the wiring WW/[7] illustrated in FIG.
3 remains at a low level and a high-level potential is applied to the wiring WW[i+1].
Accordingly, the transistors Tr2 in the memory cell MC[i+1, j], the memory cell MC[i+1, j+1],
and the memory cell MCR[i+1] illustrated in FIG. 3 are turned on. The transistors Tr2 in the
memory cell MC[7, j], the memory cell MC[i, j+1], and the memory cell MCR[7] remain off.
[0122]

In addition, from Time TO3 to Time T04, a potential obtained by subtracting the first
analog potential from the first reference potential VPR is applied to each of the wiring WDJ[;]
and the wiring WD[j+1] illustrated in FIG. 3. Specifically, the potential VPR-Vx[i+1, j] is
applied to the wiring WDJ[j], and a potential VPR-Vx[i+1, j+1] is applied to the wiring WD[j+1].
The first reference potential VPR is applied to the wiring WDREF, and a potential between the
potential VSS and the potential VDD, e.g., the potential (VDD+VSS)/2, is applied as a base
potential to the wiring RW[7] and the wiring RW[i+1].

[0123]
Accordingly, the potential VPR-Vx[i+1, j] is applied to a node N[i+1, j] through the

transistor Tr2 in the memory cell MC[i+1, j] illustrated in FIG. 3, the potential VPR—Vx[i+1,
24



10

15

20

25

30

WO 2017/153864 PCT/IB2017/051116
Jj+1] is applied to a node N[i+1, j+1] through the transistor Tr2 in the memory cell MC[i+1, j+1],

and the first reference potential VPR is applied to a node NREF[i+1] through the transistor Tr2 in
the memory cell MCRJ[i+1].
[0124]

After Time TO4, the potential applied to the wiring WW[i+1] illustrated in FIG. 3
changes from a high-level potential to a low-level potential, so that the transistors Tr2 in the
memory cell MC[i+1, j], the memory cell MC[i+1, j+1], and the memory cell MCRJ[i+1] are
turned off. Accordingly, the potential VPR—Vx[i+1, j] is held at the node N[i+1, j], the
potential VPR—Vx[i+1, j+1] is held at the node N[i+1, j+1], and the first reference potential VPR
is held at the node NREF[i+1].

[0125]

Next, a high-level potential is applied to the wiring ORP and the wiring ORM illustrated
in FIG. 4 from Time TOS5 to Time TO6. When a high-level potential is applied to the wiring
ORM, the transistors Tr9 in the circuit 13[j] and the circuit 13[j+1] illustrated in FIG. 4 are
turned on, so that the gates of the transistors Tr7 are reset by the potential VDD applied thereto.
Furthermore, when a high-level potential is applied to the wiring ORP, the transistors Tr6 in the
circuit 14[;j] and the circuit 14[j+1] illustrated in FIG. 4 are turned on, so that the gates of the
transistors Tr4 are reset by the potential VSS applied thereto.

[0126]

After Time T06, the potential applied to the wiring ORP and the wiring ORM illustrated
in FIG. 4 changes from a high-level potential to a low-level potential, so that the transistors Tr9
in the circuit 13[j] and the circuit 13[j+1] and the transistors Tr6 in the circuit 14[j] and the
circuit 14[j+1] are turned off. Accordingly, the potential VDD is held at the gate of the
transistor Tr7 in each of the circuit 13[j] and the circuit 13[j+1], and the potential VSS is held at
the gate of the transistor Tr4 in each of the circuit 14[j] and the circuit 14[j+1].

[0127]

From Time TO7 to Time TO08, a high-level potential is applied to the wiring OSP
illustrated in FIG. 4. Furthermore, a potential between the potential VSS and the potential
VDD, e.g., the potential (VDD+VSS)/2, is applied as a base potential to the wiring RW[7] and
the wiring RW[i+1] illustrated in FIG. 3. Since a high-level potential is applied to the wiring
OSP, the transistors Tr5 in the circuit 14[;] and the circuit 14[j+1] are turned on.

[0128]

If the current I[j] flowing through the wiring BL[;] is lower than the current IREF

flowing through the wiring BLREF, that is, if the current Al[j] has a positive value, it means that
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the sum of current that can be drawn by the transistor Tr1 in the memory cell MCJ[j, ;] illustrated
in FIG. 3 and current that can be drawn by the transistor Trl in the memory cell MC[i+1, j] is
smaller than the value of the drain current of the transistor Tr10[j]. Thus, if the current Al[/]
has a positive value, part of the drain current of the transistor Tr10[;j] flows to the gate of the
transistor Tr4 when the transistor Tr5 is turned on in the circuit 14[;], and the potential of the gate
starts to rise. When the drain current of the transistor Tr4 becomes substantially equal to the
current Al[j], the potential of the gate of the transistor Tr4 converges on a certain value. The
potential of the gate of the transistor Tr4 at this time corresponds to a potential at which the drain
current of the transistor Tr4 becomes the current Al[/], i.e., the current Ioffset[;] (= ICP[/]).
This means that the transistor Tr4 in the circuit 14[/] is in a state of serving as a current source
that can supply the current ICP[].

[0129]

Similarly, if the current I[j+1] flowing through the wiring BL[j+1] is lower than the
current IREF flowing through the wiring BLREF, that is, if a current AI[j+1] has a positive value,
part of the drain current of the transistor Tr10[j+1] flows to the gate of the transistor Tr4 when
the transistor Tr5 is turned on in the circuit 14[j+1], and the potential of the gate starts to rise.
When the drain current of the transistor Tr4 becomes substantially equal to the current AI[j+1],
the potential of the gate of the transistor Tr4 converges on a certain value. The potential of the
gate of the transistor Tr4 at this time corresponds to a potential at which the drain current of the
transistor Tr4 becomes the current AI[j+1], i.e., the current loffset[j+1] (= ICP[j+1]). This
means that the transistor Tr4 in the circuit 14[j+1] is in a state of serving as a current source that
can supply the current ICP[j+1].

[0130]

After Time TO8, the potential applied to the wiring OSP illustrated in FIG. 4 changes
from a high-level potential to a low-level potential, so that the transistors Tr5 in the circuit 14[/]
and the circuit 14[j+1] are turned off. Accordingly, the potentials of the gates of the transistors
Tr4 are held. Thus, the circuit 14[j] remains in a state of serving as the current source that can
supply the current ICP[j], and the circuit 14[j+1] remains in a state of serving as the current
source that can supply the current ICP[j+1].

[0131]

From Time TO09 to Time T10, a high-level potential is applied to the wiring OSM
illustrated in FIG. 4. Furthermore, a potential between the potential VSS and the potential
VDD, e.g., the potential (VDD+VSS)/2, is applied as a base potential to each of the wiring
RW[7] and the wiring RW[7+1] illustrated in FIG. 3. Since a high-level potential is applied to
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the wiring OSM, the transistors Tr8 in the circuit 13[/] and the circuit 13[j+1] are turned on.
[0132]

If the current I[j] flowing through the wiring BL[j] is higher than the current IREF
flowing through the wiring BLREF, that is, if the current AI[j] has a negative value, it means that
the sum of current that can be drawn by the transistor Tr1 in the memory cell MCJ[j, ;] illustrated
in FIG. 3 and current that can be drawn by the transistor Trl in the memory cell MC[i+1, j] is
larger than the value of the drain current of the transistor Tr10[j]. Thus, if the current AI[/] has
a negative value, current flows from the gate of the transistor Tr7 to the wiring BL[j] when the
transistor Tr8 is turned on in the circuit 13[;], and the potential of the gate starts to decrease.
When the drain current of the transistor Tr7 becomes substantially equal to the current Al[j], the
potential of the gate of the transistor Tr7 converges on a certain value. The potential of the gate
of the transistor Tr7 at this time corresponds to a potential at which the drain current of the
transistor Tr7 becomes the current Al[/], i.e., the current Ioffset[j] (= ICM[;j]). This means that
the transistor Tr7 in the circuit 13[/] is in a state of serving as a current source that can supply the
current ICM[/].

[0133]

Similarly, if the current I[j+1] flowing through the wiring BL[j+1] is higher than the
current IREF flowing through the wiring BLREEF, that is, if the current AI[j+1] has a negative
value, current flows from the gate of the transistor Tr7 in the circuit 13[j+1] to the wiring
BL[j+1] when the transistor Tr8 is turned on, and the potential of the gate starts to decrease.
When the drain current of the transistor Tr7 becomes substantially equal to the absolute value of
the current Al[j+1], the potential of the gate of the transistor Tr7 converges on a certain value.
The potential of the gate of the transistor Tr7 at this time corresponds to a potential at which the
drain current of the transistor Tr7 becomes equal to the absolute value of the current Al[j+1], i.e.,
the current loffset[j+1] (= ICM[j+1]). This means that the transistor Tr7 in the circuit 13[j+1] is
in a state of serving as a current source that can supply the current ICM[;j+1].

[0134]

After Time T10, the potential applied to the wiring OSM illustrated in FIG. 4 changes
from a high-level potential to a low-level potential, so that the transistors Tr8 in the circuit 13[/]
and the circuit 13[j+1] are turned off. Accordingly, the potentials of the gates of the transistors
Tr7 are held. Thus, the circuit 13[j] remains in a state of serving as the current source that can
supply the current ICM[/], and the circuit 13[j+1] remains in a state of serving as the current
source that can supply the current ICM[j+1].

[0135]
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In each of the circuit 14[j] and the circuit 14[j+1], the transistor Tr4 has a function of
drawing current. Thus, from Time T07 to Time TO8, when the current I[j] flowing through the
wiring BL[/] is higher than the current IREF flowing through the wiring BLREF and the current
AI[j] has a negative value, or when the current I[j+1] flowing through the wiring BL[j+1] is
higher than the current IREF flowing through the wiring BLREF and the current Al[j+1] has a
negative value, it might be difficult to supply current from the circuit 14[;] or the circuit 14[j+1]
to the wiring BL[j] or the wiring BL[j+1] without excess or deficiency. In that case, it might be
difficult for the transistor Trl in the memory cell MC, the transistor Tr4 in the circuit 14[j] or the
circuit 14[j+1], and the transistor Tr10[;j] or Tr10[j+1] to concurrently operate in a saturation
region because a balance between the current flowing through the wiring BLREF and the current
flowing through the wiring BL[;] or the wiring BL[j+1] is struck.
[0136]

To ensure the operations of the transistor Trl, the transistor Tr4, and the transistor
Tr10[j] or Tr10[j+1] in a saturation region from Time TO07 to Time TO8 even when the current
AlI[j] has a negative value, the potential of the gate of the transistor Tr7 may be set to a potential
that is high enough to obtain a predetermined drain current, instead of resetting the potential of
the gate of the transistor Tr7 to the potential VDD, from Time TO0S to Time T06. In the above
configuration, the amount of current that cannot be drawn by the transistor Tr1 can be drawn by
the transistor Tr4 to some extent because current from the transistor Tr7, as well as the drain
current of the transistor Tr10[j] or Tr10[j+1], is supplied; thus, the operations of the transistor Tr1,
the transistor Tr4, and the transistor Tr10[j] or Tr10[j+1] in a saturation region can be ensured.
[0137]

Note that if the current I[j] flowing through the wiring BL[;] is lower than the current
IREF flowing through the wiring BLREF, that is, if the current Al[/] has a positive value, from
Time TO09 to Time T10, since the circuit 14[/] has been set as the current source that can supply
the current ICP[j] from Time TO7 to Time TO8, the potential of the gate of the transistor Tr7 in
the circuit 13[j] keeps a value substantially the same as that of the potential VDD. Similarly, if
the current I[j+1] flowing through the wiring BL[j+1] is lower than the current IREF flowing
through the wiring BLREF, that is, if the current Al[j+1] has a positive value, since the circuit
14[j+1] has been set as the current source that can supply the current ICP[j+1] from Time TO7 to
Time TOS8, the potential of the gate of the transistor Tr7 in the circuit 13[j+1] keeps a value
substantially the same as that of the potential VDD.
[0138]

Then, from Time T11 to Time T12, the second analog potential Vw][i] is applied to the
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wiring RW[7] illustrated in FIG. 3. Furthermore, a potential between the potential VSS and the

potential VDD, e.g., the potential (VDD+VSS)/2, is still applied as a base potential to the wiring
RW[i+1]. In practice, the potential of the wiring RW[7] is a potential higher than the potential
between the potential VSS and the potential VDD (e.g., the potential (VDD+VSS)/2), which is a
base potential, by Vw[i]; for the simplicity of the following description, however, the potential of
the wiring RW[7] is assumed to be the second analog potential Vw[i].

[0139]

When the potential of the wiring RW[i] becomes the second analog potential Vw][7],
with the assumption that the amount of change in the potential of the first electrode of the
capacitor C1 is substantially the same as the amount of change in the potential of the node N, the
potential of the node N in the memory cell MCJ7, ;] illustrated in FIG. 3 becomes VPR-Vx[;,
J1+Vwl[i] and the potential of the node N in the memory cell MC[7, j+1] becomes VPR-Vx[i,
J+11+Vw[i]. According to Formula 6, the product-sum of the first analog data and the second
analog data for the memory cell MC[7, j] affects current obtained by subtracting the current
Ioffset[j] from the current AI[;], that is, the current Iout[j] flowing from the wiring BLI[/].
Furthermore, the product-sum of the first analog data and the second analog data for the memory
cell MCJi, j+1] affects current obtained by subtracting the current loffset[j+1] from the current
Al[j+1], that is, a current Tout[j+1] flowing from the wiring BL[j+1].

[0140]

After Time T12, a potential between the potential VSS and the potential VDD (e.g., the
potential (VDD+VSS)/2), which is a base potential, is applied again to the wiring RW[7].
[0141]

Then, from Time T13 to Time T14, the second analog potential Vw[i+1] is applied to
the wiring RW[i+1] illustrated in FIG. 3. Furthermore, a potential between the potential VSS
and the potential VDD, e.g., the potential (VDD+VSS)/2, is still applied as a base potential to the
wiring RW[7]. In practice, the potential of the wiring RW[i+1] is a potential higher than the
potential between the potential VSS and the potential VDD (e.g., the potential (VDD+VSS)/2),
which is a base potential, by Vw[i+1]; for the simplicity of the following description, however,
the potential of the wiring RW[i+1] is assumed to be the second analog potential Vw[i+1].

[0142]

When the potential of the wiring RW[i+1] becomes the second analog potential Vw[i+1],
with the assumption that the amount of change in the potential of the first electrode of the
capacitor C1 is substantially the same as the amount of change in the potential of the node N, the

potential of the node N in the memory cell MC[i+1, j] illustrated in FIG. 3 becomes
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VPR-Vx[i+1, j+Vw[i+1] and the potential of the node N in the memory cell MC[i+1, j+1]

becomes VPR-Vx[i+1, j+1]+Vw[i+1]. According to Formula 6, the product-sum of the first
analog data and the second analog data for the memory cell MCJi+1, j] affects current obtained
by subtracting the current Ioffset[j] from the current AI[j], that is, the current Iout[/].
Furthermore, the product-sum of the first analog data and the second analog data for the memory
cell MC[i+1, j+1] affects current obtained by subtracting the current Ioffset[j+1] from the current
Al[j+1], that is, a current Tout[j+1].

[0143]

After Time T14, a potential between the potential VSS and the potential VDD (e.g., the
potential (VDD+VSS)/2), which is a base potential, is applied again to the wiring RW[i+1].
[0144]

Then, from Time T15 to Time T16, the second analog potential Vw][i] is applied to the
wiring RW[7] illustrated in FIG. 3 and the second analog potential Vw[i+1] is applied to the
wiring RW[i+1]. In practice, the potential of the wiring RW[/] is a potential higher than the
potential between the potential VSS and the potential VDD (e.g., the potential (VDD+VSS)/2),
which is a base potential, by Vw[7], and the potential of the wiring RW[i+1] is a potential higher
than the potential between the potential VSS and the potential VDD (e.g., the potential
(VDD+VSS)/2), which is a base potential, by Vw[i+1]; for the simplicity of the following
description, however, the potential of the wiring RWJ[7] is assumed to be the second analog
potential Vw[i] and the potential of the wiring RW[i+1] is assumed to be the second analog
potential Vw[i+1].

[0145]

When the potential of the wiring RW[i] becomes the second analog potential Vw][7],
with the assumption that the amount of change in the potential of the first electrode of the
capacitor C1 is substantially the same as the amount of change in the potential of the node N, the
potential of the node N in the memory cell MCJ7, ;] illustrated in FIG. 3 becomes VPR-Vx[;,
J1+Vwl[i] and the potential of the node N in the memory cell MC[7, j+1] becomes VPR-Vx[i,
J+11+Vw[i]. Furthermore, when the potential of the wiring RW[i+1] becomes the second
analog potential Vw[i+1], with the assumption that the amount of change in the potential of the
first electrode of the capacitor C1 is substantially the same as the amount of change in the
potential of the node N, the potential of the node N in the memory cell MC[i+1, j] illustrated in
FIG. 3 becomes VPR-Vx[i+1, jl+Vw[i+1] and the potential of the node N in the memory cell
MC[i+1, j+1] becomes VPR-Vx[i+1, j+1+Vw[i+1].

[0146]
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According to Formula 6, the product-sum of the first analog data and the second analog
data for the memory cell MCJj, j] and the memory cell MCJ[i+1, j] affects current obtained by
subtracting the current loffset[/] from the current Al[/], that is, the current Iout[j]. Furthermore,
the product-sum of the first analog data and the second analog data for the memory cell MC[7,
j+1] and the memory cell MC[i+1, j+1] affects current obtained by subtracting the current
Ioffset[j+1] from the current Al[j+1], that is, a current Iout[j+1].

[0147]

After Time T16, a potential between the potential VSS and the potential VDD (e.g., the
potential (VDD+VSS)/2), which is a base potential, is applied again to the wiring RW[7] and the
wiring RW[i+1].

[0148]

With the above configuration, the product-sum operation can be performed with a small
circuit scale. With the above configuration, the product-sum operation can be performed at
high speed. With the above configuration, the product-sum operation can be performed with
low power.

[0149]

Note that a transistor with an extremely low off-state current is desirably used as the
transistor Tr2, TrS, Tr6, Tr8, or Tr9. When a transistor with an extremely low off-state current
is used as the transistor Tr2, the potential of the node N can be held for a long time. When a
transistor with an extremely low off-state current is used as the transistors Tr5 and Tr6, the
potential of the gate of the transistor Tr4 can be held for a long time. When a transistor with an
extremely low off-state current is used as the transistors Tr8 and Tr9, the potential of the gate of
the transistor Tr7 can be held for a long time.

[0150]

To reduce the off-state current of a transistor, a channel formation region contains a
semiconductor with a wide energy gap, for example. The energy gap of the semiconductor is
preferably greater than or equal to 2.5 eV, greater than or equal to 2.7 eV, or greater than or equal
to3 eV. An oxide semiconductor can be given as an example of such a semiconductor material.
A transistor containing an oxide semiconductor in a channel formation region (hereinafter, such a
transistor is referred to as an OS transistor) may be used as the transistor Tr2, Tr5, Tr6, Tr8, or
Tr9. The leakage current of an OS transistor normalized by channel width can be lower than or
equal to 10 x 107" A/um (10 zA/um) with a source—drain voltage of 10 V at room temperature
(approximately 25 °C). The leakage current of the OS transistor used the transistor Tr2, Tr5,

Tr6, Tr8, or Tr9 is preferably lower than or equal to 1 x 107'® A, lower than or equal to 1 x 107!
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A, or lower than or equal to 1 x 107> A at room temperature (approximately 25 °C).
Alternatively, the leakage current is preferably lower than or equal to 1 x 107 A, lower than or
equal to 1 x 107"® A, or lower than or equal to 1 x 107" A at 85 °C.
[0151]

An oxide semiconductor is a semiconductor which has a large energy gap and in which
electrons are unlikely to be excited and the effective mass of a hole is large. Accordingly, an
avalanche breakdown and the like are less likely to occur in the OS transistor than in a
generally-used transistor using silicon or the like. Since hot-carrier degradation or the like due
to the avalanche breakdown is inhibited, the OS transistor has high drain breakdown voltage and
can be driven at high drain voltage.

[0152]

A channel formation region of the transistor is preferably formed using an oxide
semiconductor containing at least one of indium (In) and zinc (Zn). Typical examples of such
an oxide semiconductor include an In oxide, a Zn oxide, an In-Zn oxide, and an In-AM-Zn oxide
(element M i1s Al, Ti, Ga, Y, Zr, La, Ce, Nd, or Hf). A reduction in impurities serving as
electron donors, such as hydrogen, and a reduction in oxygen vacancies can make an oxide
semiconductor i-type (intrinsic) or substantially i-type. Such an oxide semiconductor can be
referred to as a highly purified oxide semiconductor.

[0153]

The channel formation region is preferably formed with an oxide semiconductor with a
low carrier density. The carrier density of an oxide semiconductor is, for example, preferably
less than 8 x 10"/cm’ and more than or equal to 1 x 10/cm’.  The carrier density is preferably
less than 1 x 10""/cm’, and further preferably less than 1 x 10'%cm’.

[0154]

A highly purified intrinsic or substantially highly purified intrinsic oxide semiconductor
has few carrier generation sources, and thus can have a low carrier density. The highly purified
intrinsic or substantially highly purified intrinsic oxide has a low density of defect states and
accordingly has a low density of trap states in some cases. A charge trapped by a trap state in
the oxide semiconductor takes a long time to be released and may behave like a fixed charge.
Thus, a transistor whose channel formation region is formed using an oxide semiconductor with
a high density of trap states has unstable electrical characteristics in some cases.

[0155]

Thus, in order to obtain stable electrical characteristics of the OS transistor, it is

effective to reduce the concentration of impurities in the channel formation region. In addition,

in order to reduce the concentration of impurities in the channel formation region, the
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concentration of impurities in a region in that is adjacent to the channel formation region is
preferably low. Examples of impurities in an oxide semiconductor include hydrogen, nitrogen,
carbon, silicon, alkali metal, and alkaline earth metal.

[0156]

This embodiment can be combined with any of the other embodiments as appropriate.
[0157]

(Embodiment 3)

Next, the configuration of a current-voltage converter circuit 18 that has a function of
converting analog current flowing through the wiring BL into analog voltage will be described.
[0158]

FIG. 7 illustrates a configuration example of the current-voltage converter circuit 18.
The current-voltage converter circuit 18 includes a switch SWout, an amplifier 19, and a resistor
20, for the wiring BL.

[0159]

Specifically, in FIG. 7, the wiring BL][/] is electrically connected to an inverting input
terminal (—) of an amplifier 19[;] through a switch SWout[j]. A non-inverting input terminal (+)
of the amplifier 19[;] is electrically connected to a wiring supplied with a predetermined
potential. One terminal of a resistor 20[j] is electrically connected to the inverting input
terminal (—) of the amplifier 19[;], and the other terminal of the resistor 20[;] is electrically
connected to an output terminal OUT][/] of the amplifier 19[j]. Analog voltage corresponding to
the analog current Iout[;] is output from the output terminal OUT][;] of the amplifier 19[;].

[0160]

A connection relationship between the wiring BL[j+1], a switch SWout[j+1], an
amplifier 19[j+1], and a resistor 20[j+1] is similar to that between the wiring BL[;], the switch
SWout[/], the amplifier 19[;], and the resistor 20[/].

[0161]
(Embodiment 4)

Next, a configuration example of a driver circuit having a function of supplying the first
analog potential to the wiring WD or supplying the second analog potential to the wiring RW
will be described.

[0162]
A driver circuit 21 (DR) illustrated in FIG. 8 includes a decoder 22 (DEC), a sampling
circuit 23 (SAM), and an analog buffer 24 (BUF).
[0163]
The decoder 22 has a function of selecting the wiring WD or the wiring RW in
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accordance with address data of the memory cell MC.
[0164]

The sampling circuit 23 has a function of sampling analog data of the selected memory
cell MC. Specifically, in the case where the driver circuit 21 (DR) has a function of supplying
the first analog potential to the wiring WD, the sampling circuit 23 has a function of obtaining
and holding the first analog potential for the selected memory cell MC. In the case where the
driver circuit 21 (DR) has a function of supplying the second analog potential to the wiring RW,
the sampling circuit 23 has a function of obtaining and holding the second analog potential for
the selected memory cell MC. The sampled analog data is input to the corresponding wiring
WD or wiring RW through the analog buffer.

[0165]

FIG. 9 illustrates a configuration example of the semiconductor device 10 of one
embodiment of the present invention. In FIG. 9, a driver circuit having a function of supplying
the first analog potential to the wiring WD is illustrated as a driver circuit 21W (DR), and a
driver circuit having a function of supplying the second analog potential to the wiring RW is
illustrated as a driver circuit 21R (DR).

[0166]

The semiconductor device 10 illustrated in FIG. 9 further includes the memory circuit
11 (MEM), the reference memory circuit 12 (RMEM), the current supply circuit 15 (CREF), an
offset circuit 25 (OFC), a selection circuit 26 (SEL), and a selection circuit 27 (SEL). The
offset circuit 25 includes the circuit 13 and the circuit 14.

[0167]

The selection circuit 26 (SEL) has a function of controlling potentials supplied to the
wiring OSM, the wiring ORM, the wiring ORP, and the wiring OSP (see FIG. 4 or FIG. 6) which
are electrically connected to the offset circuit 25. The selection circuit 27 (SEL) has a function
of controlling potentials supplied to the wirings WW electrically connected to the memory
circuit 11 (MEM) and the reference memory circuit 12 (RMEM).

[0168]

This embodiment can be combined with any of the other embodiments as appropriate.
[0169]

(Embodiment 5)

Next, a structure example of a transistor with an oxide semiconductor will be described.
[0170]

FIG. 10A is a top view illustrating a structure example of a transistor. FIG. 10B is a

cross-sectional view taken along a line X1-X2 in FIG. 10A, and FIG. 10C is a cross-sectional
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view taken along a line Y1-Y2 in FIG. 10A. Here, the direction of the line X1-X2 may be

referred to as a channel length direction, and the direction of the line Y1-Y2 may be referred to
as a channel width direction. FIG. 10B illustrates a cross-sectional structure of the transistor in
the channel length direction, and FIG. 10C illustrates a cross-sectional structure of the transistor
in the channel width direction. Note that to clarify the device structure, FIG. 10A does not
illustrate some components.

[0171]

The semiconductor device of one embodiment of the present invention includes
insulating layers 512 to 520, metal oxide films 521 to 524, and conductive layers 550 to 553. A
transistor 501 is formed over an insulating surface. FIGS. 10A to 10C illustrates a case where
the transistor 501 is formed over the insulating layer 511. The transistor 501 is covered by the
insulating layers 518 and 519.

[0172]

Note that the insulating layers, the metal oxide films, the conductive layers or the like
that constitute the transistor 501 may each be a single film, or a stack including a plurality of
films. These films and layers can be formed by any of a variety of deposition methods such as
sputtering, molecular beam epitaxy (MBE), pulsed laser ablation (PLA), chemical vapor
deposition (CVD), and atomic layer deposition (ALD). Examples of CVD include plasma
CVD, thermal CVD, and metal organic CVD.

[0173]

The conductive layer 550 includes a region that functions as a gate electrode of the
transistor 501. The conductive layers 551 and 552 include regions that function as a source
electrode and a drain electrode. The conductive layer 553 includes a region that functions as a
back gate electrode. The insulating layer 517 includes a region that functions as a gate
insulating layer on the gate electrode (front gate electrode) side, and an insulating layer that is
composed of the insulating layers 514 to 516 includes a region that functions as a gate insulating
layer on the back gate electrode side. The insulating layer 518 can serve as an interlayer
insulating layer. The insulating layer 519 can serve as a barrier layer.

[0174]

The metal oxide films 521 to 524 will be collectively designated as an oxide layer 530.
As illustrated in FIGS. 10B and 10C, the oxide layer 530 includes a region where the metal oxide
film 521, the metal oxide film 522, and the metal oxide film 524 are stacked in that order. In
addition, a pair of the metal oxide films 523 is positioned over the conductive layer 551 and the
conductive layer 552. When the transistor 501 is on, a channel formation region is mainly

formed in the metal oxide film 522 of the oxide layer 530.
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[0175]

The metal oxide film 524 covers the metal oxide films 521 to 523, the conductive layer
551, and the conductive layer 552. The insulating layer 517 is positioned between the metal
oxide film 523 and the conductive layer 550. The conductive layers 551 and 552 each include a
region that overlaps with the conductive layer 550 with the metal oxide film 523, the metal oxide
film 524, and the insulating layer 517 positioned therebetween.

[0176]

The conductive layers 551 and 552 are fabricated from a hard mask that is used in the
formation of the metal oxide films 521 and 522. Thus, the conductive layers 551 and 552 do
not include a region that is in contact with the side surfaces of the metal oxide films 521 and 522.
For example, the metal oxide films 521 and 522 and the conductive layers 551 and 552 can be
formed through the following steps. First, a conductive film is formed over a two-layered metal
oxide films. The conductive film is processed (etched) into a desired shape, forming a hard
mask. The hard mask is used to process the shape of the two-layered metal oxide film, forming
the metal oxide films 521 and 522 that are stacked. Next, the hard mask is processed into a
desired shape, forming the conductive layers 551 and 552.

[0177]

Examples of insulating materials used for the insulating layers 511 to 518 include
aluminum nitride, aluminum oxide, aluminum nitride oxide, aluminum oxynitride, magnesium
oxide, silicon nitride, silicon oxide, silicon nitride oxide, silicon oxynitride, gallium oxide,
germanium oxide, yttrium oxide, zirconium oxide, lanthanum oxide, neodymium oxide, hafnium
oxide, tantalum oxide, and aluminum silicate. The insulating layers 511 to 518 are formed
using a single-layer structure or a stacked-layer structure containing any of these insulating
materials. The layers used for the insulating layers 511 to 518 may include a plurality of
insulating materials.

[0178]

Note that in this specification and the like, an oxynitride refers to a substance that
contains more oxygen than nitrogen, and a nitride oxide refers to a substance that contains more
nitrogen than oxygen.

[0179]

In order to inhibit the increase in oxygen vacancies in the oxide layer 530, the insulating
layers 516 to 518 preferably include oxygen. Further preferably, at least one of the insulating
layers 516 to 518 is formed using an insulating film from which oxygen is released by heating
(hereinafter such an insulating film is referred to as an insulating film containing excess oxygen).

When oxygen is supplied from the insulating film containing excess oxygen to the oxide layer
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530, the oxygen vacancies in the oxide layer 530 can be compensated. Thus, reliability and
electrical characteristics of the transistor 501 can be improved.
[0180]

The insulating film containing excess oxygen is a film from which oxygen molecules at
more than or equal to 1.0 x 10'® molecules/cm’ are released in thermal desorption spectroscopy
(TDS) at a surface temperature of the film of higher than or equal to 100 °C and lower than or
equal to 700 °C, or higher than or equal to 100 °C and lower than or equal to 500 °C. The
amount of released oxygen molecules is preferably more than or equal to 3.0 x 10** atoms/cm”.
[0181]

The insulating film containing excess oxygen can be formed by performing treatment
for adding oxygen to an insulating film. The treatment for adding oxygen can be performed by
heat treatment under an oxygen atmosphere, an ion implantation method, an ion doping method,
a plasma immersion ion implantation method, plasma treatment, or the like. As a gas for
adding oxygen, an oxygen gas of '°0,, '*0,, or the like, a nitrous oxide gas, an ozone gas, or the
like can be used.

[0182]

The hydrogen concentration in the insulating layers 512 to 519 is preferably low in
order to prevent an increase in the hydrogen concentration in the oxide layer 530. In particular,
the concentration of hydrogen in the insulating layers 513 to 518 is preferably low. Specifically,
the concentration of hydrogen is lower than or equal to 2 x 10*° atoms/cm’, preferably lower
than or equal to 5 x 10" atoms/cm’, further preferably lower than or equal to 1 x 10" atoms/cm’,
and still further preferably lower than or equal to 5 x 10'® atoms/cm’.

[0183]

The nitrogen concentration in the insulating layers 513 to 518 is preferably low in order
to prevent an increase in the nitrogen concentration in the oxide layer 530. Specifically, the
concentration of nitrogen is lower than 5 x 10'” atoms/cm’, preferably lower than or equal to 5 x
10" atoms/cm’, further preferably lower than or equal to 1 x 10'® atoms/cm’, and still further
preferably lower than or equal to 5 x 10" atoms/cm’.

[0184]

The hydrogen concentration and the nitrogen concentration described above are

measured by secondary ion mass spectrometry (SIMS).
[0185]
In the transistor 501, the oxide layer 530 is preferably surrounded by an insulating layer

with oxygen and hydrogen barrier properties (hereinafter such an insulating layer is referred to as
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a barrier layer). A use of such a structure prevents release of oxygen from the oxide layer 530,
and intrusion of hydrogen into the oxide layer 530. Thus, reliability and electrical
characteristics of the transistor 501 can be improved.

[0186]

For example, the insulating layer 519 functions as a barrier layer and at least one of the
insulating layers 511, 512, and 514 functions as a barrier layer. The barrier layer can be formed
using a material such as aluminum oxide, aluminum oxynitride, gallium oxide, gallium
oxynitride, yttrium oxide, yttrium oxynitride, hatnium oxide, hafnium oxynitride, or silicon
nitride.

[0187]

Structure example of the insulating layers 511 to 518 is described. In this example,
each of the insulating layers 511, 512, 515, and 519 function as a barrier layer. The insulating
layers 516 to 518 are oxide layers containing excess oxygen. The insulating layer 511 is
formed using silicon nitride. The insulating layer 512 is formed using aluminum oxide. The
insulating layer 513 is formed using silicon oxynitride. The insulating layers 514 to 516 that
serve as the gate insulating layers in the back gate side are formed using a stack including silicon
oxide, aluminum oxide, and silicon oxide. The insulating layer 517 that serves as the gate
insulating layer in the front gate side is formed using silicon oxynitride. The insulating layer
518 that serves as the interlayer insulating layer is formed using silicon oxide. The insulating
layer 519 is formed using aluminum oxide.

[0188]

Examples of a conductive material used for the conductive layers 550 to 553 include a
metal such as molybdenum, titanium, tantalum, tungsten, aluminum, copper, chromium,
neodymium, or scandium; and a metal nitride containing any of the above metals as its
component (tantalum nitride, titanium nitride, molybdenum nitride, or tungsten nitride).
Alternatively, materials such as indium tin oxide, indium oxide containing tungsten oxide,
indium zinc oxide containing tungsten oxide, indium oxide containing titanium oxide, indium tin
oxide containing titanium oxide, indium zinc oxide, or indium tin oxide containing silicon oxide
can be used for the conductive layers 550 to 553.

[0189]

Structure example of the conductive layers 550 to 553 is described. The conductive
layer 550 is a single layer of tantalum nitride or tungsten. ~Alternatively, the conductive layer
550 is a stack including tantalum nitride and tantalum or tantalum nitride. The conductive layer
551 is formed with a single layer of tantalum nitride, or a stack including tantalum nitride and

tungsten. The structure of the conductive layer 552 is the same as that of the conductive layer
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551. The conductive layer 553 is formed with a single layer of tantalum nitride, or a stack
including tantalum nitride and tungsten.
[0190]

In order to reduce the off-state current of the transistor 501, for example, the energy gap
of the metal oxide film 522 is preferably large. The energy gap of the metal oxide film 522 is
greater than or equal to 2.5 eV and less than or equal to 4.2 eV, preferably greater than or equal
to 2.8 eV and less than or equal to 3.8 eV, and further preferably greater than or equal to 3 eV
and less than or equal to 3.5 eV.

[0191]

The oxide layer 530 preferably exhibits crystallinity. At least the metal oxide film 522
preferably exhibits crystallinity. With the structure described above, the transistor 501 can have
high reliability and favorable electrical characteristics.

[0192]

As the oxide of the metal oxide film 522, typically, an In-Ga oxide, an In-Zn oxide, or
an In-M-Zn oxide (M is Al, Ga, Y, or Sn) can be used. The metal oxide film 522 is not limited
to the oxide layer containing indium. The metal oxide film 522 can be formed using a Zn-Sn
oxide, a Ga-Sn oxide, or a Zn-Mg oxide, for example. The metal oxide films 521, 523 and 524
can be formed using an oxide that is similar to the oxide of the metal oxide film 522. In
particular, each of the metal oxide films 521, 523 and 524 can be formed with Ga oxide.

[0193]

When an interface level is formed at the interface between the metal oxide film 522 and
the metal oxide film 521, a channel region is formed also in the vicinity of the interface, which
causes a change in the threshold voltage of the transistor 501. It is preferable that the metal
oxide film 521 contains at least one of the metal elements contained in the metal oxide film 522.
Accordingly, an interface level is unlikely to be formed at the interface between the metal oxide
film 522 and the metal oxide film 521, and variations in the electrical characteristics of the
transistor 501, such as the threshold voltage can be reduced.

[0194]

It is preferable that the metal oxide film 524 contains at least one of the metal elements
contained in the metal oxide film 522 as its component because interface scattering is unlikely to
occur at the interface between the metal oxide film 522 and the metal oxide film 524, and carrier
transfer is not inhibited. Thus, the field-effect mobility of the transistor 501 can be increased.
[0195]

It is preferable that the metal oxide film 522 have the highest carrier mobility among the

metal oxide films 521 to 524. Accordingly, a channel can be formed in the metal oxide film
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522 that is apart from the insulating layers 516 and 517.

[0196]

For example, in a metal oxide containing indium such as an In-M-Zn oxide, carrier
mobility can be increased by an increase in the indium content. In the In-AM-Zn oxide, the s
orbital of heavy metal mainly contributes to carrier transfer, and when the indium content in the
oxide semiconductor is increased, overlaps of the s orbitals of indium atoms are increased,;
therefore, an oxide having a high content of indium has higher mobility than an oxide having a
low content of indium. Therefore, an oxide having a high content of indium is used as the
metal oxide film, so that carrier mobility can be increased.

[0197]

Thus, for example, the metal oxide film 522 is formed using an In-Ga-Zn oxide, and the
metal oxide films 521 and 523 are formed using a Ga oxide. For example, when the metal
oxide films 521 to 523 are formed using an In-M-Zn oxide, the indium content of the metal oxide
film 522 is made higher than the indium content of the metal oxide films 521 and 523. When
the In-M-Zn oxide is formed by sputtering, the indium content can be changed by a change in the
atomic ratio of metal elements of a target.

[0198]

For example, it is preferable that the atomic ratio of metal elements of a target used for
depositing the metal oxide film 522 be In:M:Zn = 1:1:1, 3:1:2, or 4:2:4.1. For example, it is
preferable that the atomic ratio of metal elements of a target used for depositing the metal oxide
films 521 and 523 be IniAM:Zn = 1:3:2, or 1:3:4. The atomic ratio of an In-M-Zn oxide
deposited using a target of In:A:Zn = 4:2:4.1 is approximately In:A/:Zn = 4:2:3.

[0199]

For the transistor 501 to have stable electrical characteristics, it is preferable to reduce
the concentration of impurities in the oxide layer 530. In the metal oxide, hydrogen, nitrogen,
carbon, silicon, and a metal element other than a main component are impurities. For example,
hydrogen and nitrogen form donor levels to increase the carrier density, and silicon and carbon
form impurity levels in the metal oxide. The impurity levels serve as traps and might cause
deterioration of electrical characteristics of the transistor.

[0200]

For example, the oxide layer 530 includes a region where the concentration of silicon is
lower than or equal to 2 x 10" atoms/cm’, or preferably lower than or equal to 2 x 10"
atoms/cm’. The same applies to the concentration of carbon in the oxide layer 530.

[0201]
The oxide layer 530 includes a region where the concentration of alkali metal is lower
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than or equal to 1 x 10'® atoms/cm’, or preferably lower than or equal to 2 x 10'® atoms/cm’.
The same applies to the concentration of alkaline earth metal in the oxide layer 530.
[0202]

The oxide layer 530 includes a region where the concentration of nitrogen is lower than
5 x 10" atoms/ecm’, preferably lower than or equal to 5 x 10" atoms/cm’, further preferably
lower than or equal to 1 x 10'® atoms/cm’, still further preferably lower than or equal to 5 x 10"
atoms/cm’.

[0203]

The oxide layer 530 includes a region where the concentration of hydrogen is lower
than 1 x 10°° atoms/cm’, preferably lower than 1 x 10" atoms/cm’, further preferably lower than
5 x 10" atoms/cm’, still further preferably lower than 1 x 10'® atoms/cm’.

[0204]

The above concentrations of the impurities in the oxide layer 530 are measured by
SIMS.

[0205]

In the case where the metal oxide film 522 contains oxygen vacancies, donor levels are
formed by entry of hydrogen into sites of oxygen vacancies in some cases, to cause reduction in
the on-state current of the transistor 501. Note that sites of oxygen vacancies become more
stable by entry of oxygen than by entry of hydrogen. Thus, by reducing oxygen vacancies in
the metal oxide film 522, the on-state current of the transistor 501 can be increased in some cases.
Consequently, preventing entry of hydrogen into sites of oxygen vacancies by a reduction in
hydrogen in the metal oxide film 522 is effective in improving on-state current characteristics.
[0206]

Hydrogen contained in a metal oxide reacts with oxygen bonded to a metal atom to be
water, and thus causes an oxygen vacancy, in some cases. An electron serving as a carrier is
generated due to entry of hydrogen into the oxygen vacancy, in some cases. Furthermore, in
some cases, bonding of part of hydrogen to oxygen bonded to a metal atom causes generation of
an electron serving as a carrier. Thus, the transistor 501 is likely to be normally-on when the
metal oxide film 522 contains hydrogen because the metal oxide film 522 includes a channel
formation region. Accordingly, it is preferable that hydrogen in the metal oxide film 522 be
reduced as much as possible.

[0207]

FIGS. 10A to 10C illustrate an example in which the oxide layer 530 has a four-layer

structure; however, one embodiment of the present invention is not limited thereto. For

example, the oxide layer 530 can have a three-layer structure without the metal oxide film 521 or
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without the metal oxide film 523. Alternatively, the oxide layer 530 may include one or more
metal oxide layers that are similar to the metal oxide films 521 to 524 at two or more of the
following positions: between given layers in the oxide layer 530, over the oxide layer 530, and
below the oxide layer 530.

[0208]

Effects of the stack including the metal oxide films 521, 522, and 524 are described with
reference to FIG. 11. FIG. 11 is a schematic diagram showing the energy band structure of a
channel formation region of the transistor 501.

[0209]

In FIG. 11, Ec516e, Ec521e, Ec522e, Ec524e, and Ec517e indicate the energy of the
bottom of the conduction band of the insulating layer 516, the metal oxide film 521, the metal
oxide film 522, the metal oxide film 524, and the insulating layer 517, respectively.

[0210]

Here, a difference in energy between the vacuum level and the bottom of the conduction
band (the difference is also referred to as electron affinity) corresponds to a value obtained by
subtracting an energy gap from a difference in energy between the vacuum level and the top of
the valence band (the difference is also referred to as an ionization potential). The energy gap
can be measured using a spectroscopic ellipsometer (UT-300 manufactured by HORIBA JOBIN
YVON S.AS)). The energy difference between the vacuum level and the top of the valence
band can be measured using an ultraviolet photoelectron spectroscopy (UPS) device (VersaProbe
manufactured by ULVAC-PHI, Inc.).

[0211]

Since the insulating layers 516 and 517 are insulators, Ec516e and Ec517e are closer to
the vacuum level than Ec521e, Ec522e, and Ec524e (i.e., the insulating layers 516 and 517 have
a lower electron affinity than the metal oxide films 521, 522, and 524).

[0212]

The metal oxide film 522 has a higher electron affinity than the metal oxide films 521
and 524. For example, the difference in electron affinity between the metal oxide films 521 and
522 and the difference in electron affinity between the metal oxide films 522 and 524 are each
greater than or equal to 0.07 eV and less than or equal to 1.3 eV, preferably greater than or equal
to 0.1 eV and less than or equal to 0.7 eV, further preferably greater than or equal to 0.15 eV and
less than or equal to 0.4 eV. Note that the electron affinity is a difference in energy between the
vacuum level and the bottom of the conduction band.

[0213]
When voltage is applied to the gate electrode (the conductive layer 550) of the transistor
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501, a channel is mainly formed in the metal oxide film 522 having the highest electron affinity
among the metal oxide films 521, 522, and 524.
[0214]

An indium gallium oxide has low electron affinity and a high oxygen-blocking property.
Therefore, the metal oxide film 524 preferably includes an indium gallium oxide. The gallium
atomic ratio [Ga/(In + Ga)] is, for example, higher than or equal to 70 %, preferably higher than
or equal to 80 %, further preferably higher than or equal to 90 %.

[0215]

In some cases, there is a mixed region of the metal oxide films 521 and 522 between the
metal oxide films 521 and 522. Furthermore, in some cases, there is a mixed region of the
metal oxide films 522 and 524 between the metal oxide films 522 and 524. Because the mixed
region has low interface state density, a region with a stack formed with the metal oxide films
521, 522, and 524 has a band structure where energy at each interface and in the vicinity of the
interface is changed continuously (continuous junction).

[0216]

Electrons transfer mainly through the metal oxide film 522 in the oxide layer 530
having such an energy band structure. Therefore, even when an interface state exists at an
interface between the metal oxide film 521 and the insulating layer 516 or an interface between
the metal oxide film 524 and the insulating layer 517, electron movement in the oxide layer 530
is less likely to be inhibited and the on-state current of the transistor 501 can be increased.

[0217]

Although trap states Et526e and Et527e due to impurities or defects might be formed in
the vicinity of the interface between the metal oxide film 521 and the insulating layer 516 and
the vicinity of the interface between the metal oxide film 524 and the insulating layer 517 as
illustrated in FIG. 11, the metal oxide film 522 can be separated from the trap states Et526e and
Et527e owing to the existence of the metal oxide films 521 and 524.

[0218]

Note that when the difference between Ec521e and Ec522e is small, an electron in the
metal oxide film 522 might reach the trap state Et526e by passing over the difference in energy.
Since the electron is trapped at the trap state Et526e, negative fixed charge is generated at the
interface with the insulating film, causing the threshold voltage of the transistor to be shifted in a
positive direction. The same applies to the case where a difference in energy between Ec522e
and Ec524e is small.

[0219]
Each of the difference in energy between Ec521e and Ec522e and the difference in
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energy between Ec522e and Ec524e is preferably greater than or equal to 0.1 eV, further

preferably greater than or equal to 0.15 eV so that a change in the threshold voltage of the
transistor 501 can be reduced and the transistor 501 can have favorable electrical characteristics.
[0220]

The transistor 501 does not necessarily include a back gate electrode.
[0221]

FIG. 12 illustrates an example of a stacked-layer structure of the transistor Trl, the
transistor Tr2, and the capacitor C1 included in the memory cell MC illustrated in FIG. 3.

[0222]

The semiconductor device 10 includes a stack including a CMOS tier 561, wiring tiers
Wi to Ws, a transistor tier 562, and wiring tiers W and W-.

[0223]

A transistor including silicon in a channel formation region is provided in the CMOS
tier 561. An active layer of the transistor Tr1 is formed in a single crystalline silicon wafer 560.
A gate of the transistor Trl is electrically connected to the other of a source and a drain of the
transistor Tr2 and a second electrode 565 of the capacitor C1 through the wiring tiers W, to Ws.
[0224]

The transistor Tr2 is provided in the transistor tier 562. The transistor Tr2 in FIG. 12
has a structure similar to that of the transistor 501 (FIGS. 10A to 10C). Note that in this
embodiment, the transistor Tr2 includes its back gate electrode in the wiring tier Ws. The
capacitor C1 is provided in the wiring tier W,

[0225]

This embodiment can be combined with any of the other embodiments as appropriate.
[0226]

(Embodiment 6)

In this embodiment, an oxide semiconductor is described. An oxide semiconductor is
classified into a single crystal oxide semiconductor and a non-single-crystal oxide semiconductor.
Examples of a non-single-crystal oxide semiconductor include a c-axis-aligned crystalline oxide
semiconductor (CAAC-0S), a polycrystalline oxide semiconductor, a nanocrystalline oxide
semiconductor (nc-OS), an amorphous-like oxide semiconductor (a-like OS), and an amorphous
oxide semiconductor.

[0227]

From another perspective, an oxide semiconductor is classified into an amorphous oxide

semiconductor and a crystalline oxide semiconductor. Examples of a crystalline oxide

semiconductor include a single crystal oxide semiconductor, a CAAC-OS, a polycrystalline
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oxide semiconductor, and an nc-OS.
[0228]

An amorphous structure is generally thought to be isotropic and have no non-uniform
structure, to be metastable and not to have fixed positions of atoms, to have a flexible bond angle,
and to have a short-range order but have no long-range order, for example.

[0229]

This means that a stable oxide semiconductor cannot be regarded as a completely
amorphous oxide semiconductor. Moreover, an oxide semiconductor that is not isotropic (e.g.,
an oxide semiconductor that has a periodic structure in a microscopic region) cannot be regarded
as a completely amorphous oxide semiconductor. In contrast, an a-like OS, which is not
isotropic, has an unstable structure that contains a void. Because of its instability, an a-like OS
is close to an amorphous oxide semiconductor in terms of physical properties.

[0230]

A CAAC-OS is one of oxide semiconductors having a plurality of c-axis aligned crystal
parts (also referred to as pellets).
[0231]

As described above, the CAAC-OS has c-axis alignment, includes crystal parts
(nanocrystals) connected in the a-b plane direction, and has a crystal structure with distortion.
The size of the crystal part is greater than or equal to 1 nm, or greater than or equal to 3 nm.
For this reason, the crystal part of the CAAC-OS can be referred to as a nanocrystal, and the
CAAC-OS can also be referred to as an oxide semiconductor including a c-axis-aligned
a-b-plane-anchored (CAA) crystal.

[0232]

The CAAC-OS is an oxide semiconductor with high crystallinity. Entry of impurities,
formation of defects, or the like might decrease the crystallinity of an oxide semiconductor.
This means that the CAAC-OS has reduced impurities and defects (e.g., oxygen vacancy).

[0233]

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

semiconductor and decreases crystallinity.
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[0234]

The characteristics of an oxide semiconductor having impurities or defects might be
changed by light, heat, or the like. Impurities contained in the oxide semiconductor might serve
as carrier traps or carrier generation sources. For example, oxygen vacancy in the oxide
semiconductor might serve as a carrier trap or serve as a carrier generation source when
hydrogen is captured therein.

[0235]

The CAAC-OS having small amounts of impurities and oxygen vacancy is an oxide
semiconductor with a low carrier density. Specifically, an oxide semiconductor with a carrier
density of lower than 8 x 10" ¢m™, preferably lower than 1 x 10" ¢cm™, further preferably lower
than 1 x 10" cm™, and higher than or equal to 1 x 10~ ¢m™ can be used. Such an oxide
semiconductor is referred to as a highly purified intrinsic or substantially highly purified intrinsic
oxide semiconductor. A CAAC-OS has a low impurity concentration and a low density of
defect states. Thus, the CAAC-OS can be referred to as an oxide semiconductor having stable
characteristics.

[0236]

In the nc-OS, a microscopic region (for example, a region with a size greater than or
equal to 1 nm and less than or equal to 10 nm, in particular, a region with a size greater than or
equal to 1 nm and less than or equal to 3 nm) has a periodic atomic arrangement. Note that
there is no regularity of crystal orientation between different crystal parts in the nc-OS. Thus,
the orientation of the whole film is not observed. Since there is no regularity of crystal
orientation between the crystal parts (nanocrystals), the nc-OS can also be referred to as an oxide
semiconductor including randomly aligned nanocrystals (RANC) or an oxide semiconductor
including non-aligned nanocrystals (NANC).

[0237]

Since the crystal of the nc-OS does not have alignment, the nc-OS cannot be
distinguished from an a-like OS or an amorphous oxide semiconductor in some cases depending
on an analysis method.

[0238]

The a-like OS has lower density than the nc-OS and the CAAC-OS. Specifically, the
density of the a-like OS is higher than or equal to 78.6 % and lower than 92.3 % of the density of
the single crystal oxide semiconductor having the same composition. The density of each of
the nc-OS and the CAAC-OS is higher than or equal to 92.3 % and lower than 100 % of the
density of the single crystal oxide semiconductor having the same composition. Note that it is

difficult to deposit an oxide semiconductor having a density of lower than 78 % of the density of
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the single crystal oxide semiconductor.
[0239]

For example, in the case of an oxide semiconductor having an atomic ratio of In:Ga:Zn
= 1:1:1, the density of single crystal InGaZnO4 with a rhombohedral crystal structure is 6.357
g/em’.  Accordingly, in the case of the oxide semiconductor having an atomic ratio of In:Ga:Zn
= 1:1:1, the density of the a-like OS is higher than or equal to 5.0 g/cm’ and lower than 5.9 g/em’.
For example, in the case of the oxide semiconductor having an atomic ratio of In:Ga:Zn = 1:1:1,
the density of each of the nc-OS and the CAAC-OS is higher than or equal to 5.9 g/cm’ and
lower than 6.3 g/cm’.

[0240]

Note that in the case where an oxide semiconductor having a certain composition does
not exist in a single crystal structure, single crystal oxide semiconductors with different
compositions are combined at an adequate ratio, which makes it possible to estimate density
equivalent to that of a single crystal oxide semiconductor with the desired composition. The
density of a single crystal oxide semiconductor having the desired composition can be estimated
using a weighted average according to the combination ratio of the single crystal oxide
semiconductors with different compositions. Note that it is preferable to use as few kinds of
single crystal oxide semiconductors as possible to estimate the density.

[0241]

As described above, oxide semiconductors have various structures and various
properties. Note that an oxide semiconductor may be a stacked layer including two or more
films of an amorphous oxide semiconductor, an a-like OS, an nc-OS, and a CAAC-OS, for
example. The structure of the oxide semiconductor can be identified by X-ray diffraction
(XRD), nanobeam electron diffraction, observation with a transmission electron microscope
(TEM), or the like.

[0242]

The carrier density of an oxide semiconductor will be described below.
[0243]

Examples of a factor affecting the carrier density of an oxide semiconductor include
oxygen vacancy (Vo) and impurities in the oxide semiconductor.
[0244]

As the amount of oxygen vacancy in the oxide semiconductor increases, the density of
defect states increases when hydrogen is bonded to the oxygen vacancy (this state is also referred
to as VoH). The density of defect states also increases with an increase in the amount of
impurity in the oxide semiconductor. Hence, the carrier density of an oxide semiconductor can

47



10

15

20

25

30

35

WO 2017/153864 PCT/IB2017/051116

be controlled by controlling the density of defect states in the oxide semiconductor.
[0245]

A transistor using the oxide semiconductor in a channel region will be described below.
[0246]

The carrier density of the oxide semiconductor is preferably reduced in order to inhibit
the negative shift of the threshold voltage of the transistor or reduce the off-state current of the
transistor. In order to reduce the carrier density of the oxide semiconductor, the impurity
concentration in the oxide semiconductor is reduced so that the density of defect states can be
reduced. In this specification and the like, a state with a low impurity concentration and a low
density of defect states is referred to as a highly purified intrinsic or substantially highly purified
intrinsic state. The carrier density of a highly purified intrinsic oxide semiconductor is lower
than 8 x 10" cm™, preferably lower than 1 x 10" c¢m™, and further preferably lower than 1 x
10" cm™ and is higher than or equal to 1 x 10~ ¢m™.

[0247]

In contrast, the carrier density of the oxide semiconductor is preferably increased in
order to improve the on-state current of the transistor or improve the field-effect mobility of the
transistor. In order to increase the carrier density of the oxide semiconductor, the impurity
concentration or the density of defect states in the oxide semiconductor is slightly increased.
Alternatively, the bandgap of the oxide semiconductor is preferably narrowed. For example, an
oxide semiconductor that has a slightly high impurity concentration or a slightly high density of
defect states in the range where a favorable on/off ratio is obtained in the /4—}'; characteristics of
the transistor can be regarded as substantially intrinsic. Furthermore, an oxide semiconductor
that has a high electron affinity and thus has a narrow bandgap so as to increase the density of
thermally excited electrons (carriers) can be regarded as substantially intrinsic. Note that a
transistor using an oxide semiconductor with higher electron affinity has lower threshold voltage.
[0248]

The aforementioned oxide semiconductor with an increased carrier density has a slightly
n-type conductivity; thus, it can be referred to as a “slightly-n” oxide semiconductor.

[0249]

The carrier density of a substantially intrinsic oxide semiconductor is preferably higher
than or equal to 1 x 10° cm™ and lower than 1 x 10" c¢m™, further preferably higher than or
equal to 1 x 10" cm™ and lower than or equal to 1 x 10" ¢cm™, still further preferably higher than
or equal to 1 x 10” cm™ and lower than or equal to 5 x 10'® em™, yet further preferably higher
than or equal to 1 x 10" cm™ and lower than or equal to 1 x 10'® em™, and yet still preferably

higher than or equal to 1 x 10"' cm™ and lower than or equal to 1 x 10" cm™.
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[0250]

This embodiment can be combined with any of the other embodiments as appropriate.
[0251]

(Embodiment 7)

FIG. 13A is a perspective view illustrating a cross-sectional structure of a package using
a lead frame interposer.

[0252]

In the package in FIG. 13A, a chip 351 corresponding to the semiconductor device of
one embodiment of the present invention is connected to terminals 352 over an interposer 350 by
wire bonding. The terminals 352 are placed on a surface of the interposer 350 on which the
chip 351 is mounted. The chip 351 can be sealed by a mold resin 353 in which case the chip
351 1s sealed so that part of each of the terminals 352 is exposed.

[0253]

FIG. 13B illustrates the structure of a module of an electronic device in which the
package is mounted on a circuit board.
[0254]

In the module of a cellular phone in FIG. 13B, a package 802 and a battery 804 are
mounted on a printed wiring board 801. In addition, the printed wiring board 801 is mounted
on a panel 800 including display elements by an FPC 803.

[0255]

FIG. 14 illustrates a configuration example of a programmable logic device (PLD)
including the semiconductor device 10, which is the semiconductor device of one embodiment of
the present invention. A PLD 80 illustrated in FIG. 14 includes an I/O 70, a phase lock loop
(PLL) 71, a RAM 72, and the semiconductor device 10. The I/O 70 functions as an interface
that controls input and output of signals from and to an external circuit of the PLD 80. The
PLL 71 has a function of generating a signal CLK. The RAM 72 has a function of storing data
used for logic operation. The semiconductor device 10 functions as a product-sum operation
circuit.

[0256]

This embodiment can be combined with any of the other embodiments as appropriate.
[0257]

(Embodiment 8)

A storage device in one embodiment of the present invention can be used for display
devices, personal computers, or image reproducing devices provided with recording media

(typically, devices that reproduce the content of recording media such as digital versatile discs
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(DVDs) and have displays for displaying the reproduced images). Other than the above, as an

electronic device which can be provided with the memory device according to one embodiment
of the present invention, mobile phones, game machines (including portable game machines),
portable information terminals, e-book readers, video cameras, cameras (e.g., digital still
cameras), goggle-type displays (head mounted displays), navigation systems, audio reproducing
devices (e.g., car audio units and digital audio players), copiers, facsimiles, printers,
multifunction printers, automated teller machines (ATM), vending machines, medical equipment
and the like can be given. FIGS. 15A to 15F illustrate specific examples of these electronic
devices.

[0258]

FIG. 15A illustrates a portable game machine, which includes a housing 5001, a housing
5002, a display portion 5003, a display portion 5004, a microphone 5005, speakers 5006, an
operation key 5007, a stylus 5008, and the like. The memory device of one embodiment of the
present invention can be used for a variety of integrated circuits included in portable game
machines. Note that although the portable game console illustrated in FIG. 15A has the two
display portions 5003 and 5004, the number of display portions included in the portable game
console is not limited to two.

[0259]

FIG. 15B illustrates a notebook personal computer, which includes a housing 5401, a
display portion 5402, a keyboard 5403, a pointing device 5404, and the like. The
semiconductor device of one embodiment of the present invention can be used for a variety of
integrated circuits included in notebook personal computers.

[0260]

FIG. 15C illustrates a display device including a housing 5301, a display portion 5302, a
supporting base 5303, and the like. The semiconductor device according to one embodiment of
the present invention can be used for the display portion 5302. Note that the display device
includes all display devices for displaying information, such as display devices for personal
computers, display devices for receiving TV broadcasts, and display devices for displaying
advertisements.

[0261]

FIG. 15D illustrates a video camera including a first housing 5801, a second housing
5802, a display portion 5803, operation keys 5804, a lens 5805, a joint 5806, and the like. The
semiconductor device of one embodiment of the present invention can be used for a variety of
integrated circuits included in video cameras. The operation keys 5804 and the lens 5805 are

provided in the first housing 5801, and the display portion 5803 is provided in the second
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housing 5802. The first housing 5801 and the second housing 5802 are connected to each other

with the joint 5806, and the angle between the first housing 5801 and the second housing 5802
can be changed with the joint 5806. Images displayed on the display portion 5803 may be
switched in accordance with the angle at the joint 5806 between the first housing 5801 and the
second housing 5802.

[0262]

FIG. 15E illustrates a display device, which includes a housing 5701 having a curved
surface, a display portion 5702, and the like. When a flexible substrate is used for the
semiconductor device according to one embodiment of the present invention, it is possible to use
the semiconductor device as the display portion 5702 supported by the housing 5701 having a
curved surface. It is thus possible to provide a user-friendly display device that is flexible and
lightweight.

[0263]

FIG. 15F illustrates a mobile phone, which includes a display portion 5902, a
microphone 5907, a speaker 5904, a camera 5903, an external connection port 5906, and an
operation button 5905 in a housing 5901 with a curved surface. The memory device of one
embodiment of the present invention can be used for a variety of integrated circuits for
controlling operation of the display device used as the display portion 5902.

[0264]

This embodiment can be combined with any of the other embodiments as appropriate.

EXPLANATION OF REFERENCE

[0265]

10: semiconductor device, 11: memory circuit, 12: reference memory circuit, 13: circuit, 14:
circuit, 15: current supply circuit, 18: current-voltage converter circuit, 19: amplifier, 20: resistor,
21: driver circuit, 21R: driver circuit, 22: decoder, 23: sampling circuit, 24: analog buffer, 25:
offset circuit, 26: selection circuit, 27: selection circuit, 71: PLL, 72: RAM, 80: PLD, 350:
interposer, 351: chip, 352: terminal, 353: mold resin, 501: transistor, 511: insulating layer, 512:
insulating layer, 513: insulating layer, 514: insulating layer, 515: insulating layer, 516e: Ec, 516:
insulating layer, 517e: Ec, 517: insulating layer, 518: insulating layer, 519: insulating layer, 520:
insulating layer, 521: metal oxide film, 521e: Ec, 522: metal oxide film, 522e: Ec, 523: metal
oxide film, 524: metal oxide film, 524e: Ec, 527e: Et, 530: oxide layer, 550: conductive layer,
551: conductive layer, 552: conductive layer, 553: conductive layer, 560: single crystalline
silicon wafer, 561: CMOS tier, 562: transistor tier, 565: electrode, 800: panel, 801: printed wiring
board, 802: package, 803: FPC, 804: battery, 5001: housing, 5002: housing, 5003: display
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portion, 5004: display portion, 5005: microphone, 5006: speaker, 5007: operation key, 5008:

stylus, 5301: housing, 5302: display portion, 5303: supporting base, 5401: housing, 5402:
display portion, 5403: keyboard, 5404: pointing device, 5701: housing, 5702: display portion,
5801: housing, 5802: housing, 5803: display portion, 5804: operation key, 5805: lens, 5806: joint,
5901: housing, 5902: display portion, 5903: camera, 5904: speaker, 5905: button, 5906: external

connection port, and 5907: microphone.
This application is based on Japanese Patent Application serial no. 2016-046853 filed

with Japan Patent Office on March 10, 2016, the entire contents of which are hereby

incorporated by reference.
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CLAIMS

1. A semiconductor device comprising:

a memory cell, a reference memory cell, a first circuit, and a second circuit,

wherein the memory cell is configured to generate a first current corresponding to first
analog data and to generate a second current corresponding to the first analog data and second
analog data,

wherein the reference memory cell is configured to generate a reference current
corresponding to reference data,

wherein the first circuit is configured to generate and hold a third current corresponding
to a difference between the first current and the reference current when the first current is lower
than the reference current,

wherein the second circuit is configured to generate and hold a fourth current
corresponding to a difference between the first current and the reference current when the first
current is higher than the reference current, and

wherein one of the first circuit and the second circuit is configured to generate a fifth
current corresponding to third analog data from the second current and one of the third current

and the fourth current.

2. The semiconductor device according to claim 1, further comprising:
a first wiring electrically connected to the first circuit, the second circuit, and the
memory cell; and

a second wiring electrically connected to the reference memory cell.

3. The semiconductor device according to claim 1, further comprising:

a current source circuit;

a first wiring electrically connected to the current source circuit, the first circuit, the
second circuit, and the memory cell; and

a second wiring electrically connected to the current source circuit and the reference

memory cell.

4. The semiconductor device according to claim 1,
wherein each of the memory cell and the reference memory cell comprises a transistor,
and

wherein the semiconductor device further comprises:
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a current source circuit;

a first wiring electrically connected to the current source circuit, the first circuit,
the second circuit, and one of a source and a drain of the transistor of the memory cell; and

a second wiring electrically connected to the current source circuit and one of a

source and a drain of the transistor of the reference memory cell.

5. The semiconductor device according to claim 1,
wherein each of the memory cell and the reference memory cell comprises a first
transistor, a second transistor, and a capacitor,
wherein the semiconductor device further comprises:
a current source circuit;
a first wiring electrically connected to the current source circuit, the first circuit,
the second circuit, and one of a source and a drain of the first transistor of the memory cell; and
a second wiring electrically connected to the current source circuit and one of a
source and a drain of the first transistor of the reference memory cell, and
wherein in each of the memory cell and the reference memory cell, a gate of the first
transistor is electrically connected to one of a source and a drain of the second transistor and an

electrode of the capacitor.

6. The semiconductor device according to claim 1, further comprising a switch between

the first circuit and the second circuit.

7. The semiconductor device according to claim 1, wherein the semiconductor device is

configured to perform a product-sum operation.

8. A semiconductor device comprising:

a first memory cell, a second memory cell, a first reference memory cell, a second
reference memory cell, a first circuit, and a second circuit,

wherein the first memory cell is configured to generate a first current corresponding to a
first analog potential and to generate a second current corresponding to the first analog potential
and a second analog potential,

wherein the second memory cell is configured to generate a third current corresponding
to a third analog potential and to generate a fourth current corresponding to the third analog
potential and a fourth analog potential,

wherein the first reference memory cell is configured to generate a first reference
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current corresponding to a reference potential,

wherein the second reference memory cell is configured to generate a second reference
current corresponding to the reference potential,

wherein the first circuit is configured to generate and hold a fifth current corresponding
to a difference between a sum of the first current and the third current and a sum of the first
reference current and the second reference current when the sum of the first current and the third
current is smaller than the sum of the first reference current and the second reference current,

wherein the second circuit is configured to generate and hold a sixth current
corresponding to a difference between the sum of the first current and the third current and the
sum of the first reference current and the second reference current when the sum of the first
current and the third current is larger than the sum of the first reference current and the second
reference current, and

wherein one of the first circuit and the second circuit is configured to generate a seventh
current corresponding to a fifth analog potential from a sum of the second current and the fourth

current and one of the fifth current and the sixth current.

9. The semiconductor device according to claim 8, further comprising:

a first wiring electrically connected to the first circuit, the second circuit, the first
memory cell, and the second memory cell; and

a second wiring electrically connected to the first reference memory cell and the second

reference memory cell.

10. The semiconductor device according to claim 8, further comprising:

a current source circuit;

a first wiring electrically connected to the current source circuit, the first circuit, the
second circuit, the first memory cell, and the second memory cell; and

a second wiring electrically connected to the current source circuit, the first reference

memory cell, and the second reference memory cell.

11. The semiconductor device according to claim 8,
wherein each of the first memory cell, the second memory cell, the first reference
memory cell, and the second reference memory cell comprises a transistor, and
wherein the semiconductor device further comprises:
a current source circuit;

a first wiring electrically connected to the current source circuit, the first circuit,
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the second circuit, and one of a source and a drain of the transistor of each of the first memory
cell and the second memory cell; and

a second wiring electrically connected to the current source circuit and one of a
source and a drain of the transistor of each of the first reference memory cell and the second

reference memory cell.

12. The semiconductor device according to claim 8,

wherein each of the first memory cell, the second memory cell, the first reference
memory cell, and the second reference memory cell comprises a first transistor, a second
transistor, and a capacitor,

wherein the semiconductor device further comprises:

a current source circuit;

a first wiring electrically connected to the current source circuit, the first circuit,
the second circuit, and one of a source and a drain of the first transistor of each of the first
memory cell and the second memory cell; and

a second wiring electrically connected to the current source circuit and one of a
source and a drain of the first transistor of each of the first reference memory cell and the second
reference memory cell, and

wherein in each of the first memory cell, the second memory cell, the first reference
memory cell, and the second reference memory cell, a gate of the first transistor is electrically
connected to one of a source and a drain of the second transistor and an electrode of the

capacitor.

13. The semiconductor device according to claim 8, further comprising a switch

between the first circuit and the second circuit.

14. The semiconductor device according to claim 8, wherein the semiconductor device

is configured to perform a product-sum operation.
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