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- DESCRIPTION
SEMICONDUCTOR DEVICE

TECHNICAL FIELD
[0001]

The present invention relates to semiconductor devices.

BACKGROUND ART
[0002]

Development of technologies for reducing power consumption of
semiconductor devices such as microcomputers has progressed in recent years.
[0003]

An example of such a semiconductor device is a microcomputer in which
supply of the power supply voltége to a central processing unit (CPU), a memory, and
the like can stop in a period during which supply of power is not necessary (e.g., Patent
Document 1).

[Reference]
[0004]
Patent Document 1: Japanese Published Patent Application No. 2009-116851

DISCLOSURE OF INVENTION
[0005]

However, power consumption of a conventional microcomputer is not
sufficiently reduced. For eiample, in a conventional microcomputer, supply of the
power supply voltage to circuits such as a CPU and a memory is controlled at the same
time, so that the power supply voltage is supplied also to a circuit where supply of
power is esséntially unnecessary; consequently, the microcomputer consumes
unnecessary power.

[0006]
An object of one embodiment of the present invention is to control supply of

the power supply voltage to a plurality of circuits independently.
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10007]

Another object of one embodiment of the present invention is to reduce power
consumption.
[0008]

‘In one embodiment of the present invention, a controller is provided to control
supply of the power supply voltage to a CPU, a memory, and a signal processing circuit
individually, whereby a power supply period optimal for each circuit is set to reduce
wasted power consumption.

[0009]

Specifically, switches that control supply of the power supply voltage (also
referred to as power supply control switches or power gates) are provided for the
respective circuits, and the switches are controlled by the controller. Thus, supply of
the power supply voltage to the circuits can be individually controlled.

{0010]

One embodiment of the present invention is a semiconductor device including
a CPU that performs arithmetic operation in accordance with an input signal, a memory
that reads and writes data used in the arithmetic operation of the CPU, a signal
processing circuit that generates an output signal by converting a data signal generated
by the arithmetic operation of the CPU, a first power supply control switch that controls
supply of a power supply voltage to the CPU, a second power supply control switch that
controls supply of the power supply voltage to the memory, a third power supply control
switch that controls supply of the power supply voltage to the signal processing circuit,
and a controller that controls the first to third power supply control switches
individually in accordance with the input signal, an instruction signal input from the
CPU, and an instruction signal input from the sigﬁal processing circuit.

{oo1t1]

In one embodiment of the present invention, a register in the CPU or the signal
processing circuit may be formed using a memory circuit including a transistor with low
off-state current.

[0012]
In one embodiment of the present invention, the memory may be formed using

a memory device having a memory cell including a transistor with low off-state current.
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[0013]

One embodiment of the present invention is a semiconductor device including
a CPU including a register. The register includes a memory circuit. In the memory
circuit, one of a source and a drain of a first transistor including an oxide semicqnductor
is electrically connected to a gate of a second transistor including silicon.

[0014]

~ In one embodiment of the present invention, the first transistor and the second
transistor are preferably stacked so that an insulating layer is placed therebetween.
[0015]

In one embodiment of the present invention, supply of the power supply
voltage to a CPU, a memory, and a signal processing circuit is individually controlled
by a program using a CPU different from the above CPU, whereby a power supply
period optimal for each circuit is set to reduce wasted power consumption.

{0016]

Specifically, switches that control supply of the power supply voltage (power
supply control switches) are provided for the respective circuits, and the switches are
controlled with a program by using a CPU different from the above CPU. Thus,
supply of the power supply voltage to the circuits can be individually controlled.

[0017]

One embodiment of the present invention is a semiconductor device including
a first CPU that performs arithmetic operation in accordance with an input signal, a
memory that reads and writes data used in the arithmetic operation of the first CPU, a
signal processing circuit that generates an output signal by converting a data signal
generated by the arithmetic operation of the first CPU, a first power supply control
switch that controls supply of a power supply voltage to the first CPU, a second power
supply control switch that controls supply of the power supply voltage to the memory,
and a third power supply control switch that controls supply of the power supply
voltage to the signal processiﬁg circuit. The first to third power supply control
switches are individually controlled by a program using a second CPU different from
the first CPU.

[0018]
The third power supply contro! switch is preferably controlled so that supply of
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the power supply voltage to the signal processing circuit starts after supply of the power
supply voltage to the first CPU starts before data representing a result of the arithmetic
operation of the first CPU is input to the signal processing circuit.

[0019]

The first power supply control switch is preferably controlled so that supply of
the power supply voltage to the first CPU stops after data representing a result of the
arithmetic operation of the first CPU is input to the signal processing circuit before
converted data of the data representing the result of the arithmetic operation is output
from the signal processing circuit as an output signal.

[0020]

The third power supply control switch is preferably controlled so that supply of
the power supply voltage to the signal processing circuit starts after supply of the power
supply voltage to the first CPU starts before data representing a result of the arithmetic
operation of the first CPU is input to the signal processing circuit. In addition, the first
power supply control switch is preferably controlled so that supply of the power supply
voltage to the first CPU stops after the data representing the result of the arithmetic
operation of the first CPU is input to the signal processing circuit before converted data
of the data representing the result of the arithmetic operation is output from the signal
processing circuit as an output signal.

[0021]

One embodiment of the present invention is preferably configured as follows.
A register in the first CPU includes a memory circuit. The memory circuit includes a
first memory circuit that holds data in a period during which the power supply voltage is
supplied to the first CPU, and a second memory circuit that holds data in a period
during which supply of the power supply voltage to the first CPU stops. The second
memory circuit includes a field-effect transistor that controls writing and holding of data.
The off-state current of the field-effect transistor included in the second memory circuit
is 100 zA or less per channel width of 1 pum.

[0022]

One embodiment of the present invention is preferably configured as follows.

In the memory circuit included in the register of the first CPU, the field-effect transistor

in the second memory circuit includes an oxide semiconductor layer in which a channel
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is formed and in which an oxide semiconductor contained therein has a wider bandgap
than silicon. The oxide semiconductor layer includes a phase having atomic
arrangement which is triangular or hexagonal when viewed from a direction
perpendicular to an a-b plane and in which c-axes of crystal portions are aligned in a
direction parallel to a normal vector of a surface where the oxide semiconductor layer is
formed or a normal vector of a surface of the oxide semiconductor layer. In the phase,
metal atoms are arranged in a layered manner or metal atoms and oxygen atoms are
arranged in a layered manner when viewed from a direction perpendicular to a c-axis.
[0023]

One embodiment of the present invention is preferably configured as follows.
The memory includes a memory device. The memory device includes a memory cell.
The memory cell includes a field-effect transistor that controls writing and holding of
data. The off-state current of the field-effect transistor included in the memory cell is
100 zA or less per channel width of 1 um.
[0024]

One embodiment of the present invention is preferably configured as follows.
The field-effect transistor in the memory cell includes an oxide semiconductor layer in
which a channel is formed and in which an oxide semiconductor contained therein has a
wider bandgap than silicon. The oxide semiconductor layer includes a phase having
atomic arrangement which is triangular or hexagonal when viewed from a direction
perpendicular to an a-b plane and in which c-axes of crystal portions are aligned in a
direction parallel to a normal vector of a surface where the oxide semiconductor layer is
formed or a normal vector of a surface of the oxide semiconductor layer. In the phase,
metal atoms are arranged in a layered manner or metal atoms and oxygen atoms are
arranged in a layered manner when viewed from a direction perpendicular to a c-axis.
[0025]

One embodiment of the present invention is preferably configured as follows.
The signal processing circuit includes a register. The register included in the signal
processing circuit includes a memory circuit. The memory circuit includes a first
memory circuit that holds data in a period during which the power supply voltage is -
supplied to the signal processing circuit, and a second memory circuit that holds data in

a period during which supply of the power supply voltage to the signal processing
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circuit stops. The second memory circuit includes a field-effect transistor that is
configured to control writing and holding of data and has an off-state current of 100 zA
or less per channel width of 1 um.
[0026]

One embodiment of the present invention is preferably configured as follows.
In the register included in the signal processing circuit, the field-effect transistor in the
memory circuit includes an oxide semiconductor layer in which a channel is formed and

in which an oxide semiconductor contained therein has a wider bandgap than silicon.

‘The oxide semiconductor layer includes a phase having atomic arrangement which is

triangular or hexagonal when viewed from a direction perpendicular to an a-b plane and
in which c-axes of crystal portions are aligned in a direction parallel to a normal vector
of a surface where the oxide semiconductor layer is formed or a normal vector of a
surface of the oxide semiconductor layer. In the phase, metal atoms are arranged in a
layered manner or metal atoms and oxygen atoms are arranged in a layered manner

when viewed from a direction perpendicular to a c-axis.

- [0027]

The second CPU may be included in the semiconductor device.
[0028]
According to one embodiment of the present invention, a power supply period

can be optimized for each individual circuit, so that power consumption can be reduced.

BRIEF DESCRIPTION OF DRAWINGS
[0029]

In the accompanying drawings:

FIG. 1 illustrates an example of a semiconductor device;

FIG. 2 illustrates an example of a semiconductor device;

FIG. 3 illustrates an example of the configuration of a power supply control
switch;

FIG. 4 illustrates an example of the configuration of a controller;

FIG. 5 illustrates an example of a semiconductor device;

FIG. 6 illustrates an example of a semiconductor device;

FIG. 7 illustrates an example of a semiconductor device;
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FIG. 8 is a timing chart for explaining an example of a method for driving a
semiconductor device;

FIG. 9 illustrates an example of the configuration of a memory device;

FIG. 10 illustrates an example of the configuration of a memory device;

FIGS. 1A and 11B are timing charts for explaining an example of a method
for driving a memory device;

FIGS. 12A and 12B illustrate an example of the configuration of a memory
circuit;

FIG 13 is a timing chart for explaining an example of a method for driving a
memory circuit;

FIGS. 14A and 14B are schematic cross-sectional views each illustrating a
structural example of a semiconductor device;

FIG. 15 is a schematic cross-sectional view illustrating a structural example of
a semiconductor device;

FIGS. 16A to 16F each illustrate an example of an electronic device;

FIG. 17 illustrates an example of a CPU;

FIG. 18 illustrates an example of a register;

FIG. 19 illustrates an example of a semiconductor device;

FIG. 20 illustrates an example of a semiconductor device;

FIG. 21 illustrates an example of a semiconductor device; and

FIGS. 22A and 22B are charts for explaining an example of a semiconductor

device.

BEST MODE FOR CARRYING OUT THE INVENTION
[0030]

Examples of embodiments of the present invention will be described. Note
that it will be readily appreciated by those skilled in the art that details of the
embodiments can be modified in various ways without departing from the spirit and
scope of the present invention. Thus, the present invention should not be limited to the
description of the following embodiments.

{0031}

In this specification, the contents in different embodiments can be combined
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with each other as appropriate. In addition, the contents of the embodiments can be
replaced with each other as appropriate.
[0032].

The ordinal numbers such as "first" and "second" are used to avoid confusion
between components and do not limit the number of the components.
[0033]

(Embodiment 1)

In this embodiment, examples of a semiconductor device in which power
supply can be controlled independently for each circuit will be described.
[0034]

First, an example of the configuration of the semiconductor device will be
described with reference to FIG. 1.

[0035]

A semiconductor device 100 illustrated in FIG. | includes a CPU 111, a
memory 112, a signal processing circuit 113, power supply control switches (indicated
by SW) 121 to 123, and a controller 150. The CPU 111, the memory 112, the signal
processing circuit 113, and the controller 150 can input and output signals to/from each
other via buses. The semiconductor device 100 is supplied with the power supply
voltage through a power supply line from a power source 190. When the power source
190 is a secondary battery, the power source 190 may be provided in the semiconductor
device 100.

[0036]

The CPU 111 has a function of performing arithmetic operation in accordance
with an input signal. Examples of the input signal are a clock signal, a signal for
controlling the operation of the CPU 111, a signal for controlling the operation of the
signal processing circuit 113, and a signal input from an input device. Note that in this
specification, plural kinds of signals are simply referred to as a "signal" in some cases
unless otherwise specified.

[0037]

A register in the CPU 111 is composed of a first memory circuit and a second

memory circuit, for example. In this case, data is stored in the second memory circuit

immediately before power supply to the CPU 111 stops. Then, the data stored in the
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second memory circuit is input to the first memory circuit immediately after power
supply starts again. Thus, the recovery of the CPU 111 at the time when power supply
starts again can be fast. Note that one embodiment is not limited to the above structure,
and the register may be composed of another memory circuit.

[0038]

The second memory circuit is formed using a transistor with low off-state
current, for example. In this case, the transistor with low off-state current has a
function of controlling data writing into the second memory circuit and data retention in
the second memory circuit.

[0039]

In the above case, the off-state current of the transistor with low off-state -
current is 100 zA or less per channel width of 1 um.
[0040]

The transistor with low off-state current can be, for example, a field-effect
transistor including a channel formation region that contains an oxide semiconductor
with a wider bandgap than silicon and is substantially i-type. The field-effect
transistor containing an oxide semiconductor can be fabricated in such a manner, for
example, that impurities such as hydrogen or water are reduced as much as possible and
oxygen vacancies are reduced as much as possible by supply of oxygen.

{0041}

The memory circuit formed using the transistor with low off-state current can
retain data for a long time simply by turning off the transistor. ~As a result, the memory
circuit can be configured using a simple configuration.

[0042]

The memory 112 reads and writes data used in arithmetic operation of the CPU
111.

[0043]

The memory 112 can be, for example, a memory device having a plurality of
memory cells each including the transistor with low off-state current. The transistor
with low off-state current has a function of controlling writing and holding of data in the
memory cell. The memory device can hold data for a long time even when power

supply stops. For this reason, forming the memory 112 by using the memory device
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makes it possible to stop supply of the power supply voltage to the memory 112 in a
period during which data rewriting and reading is unnecessary, thereby reducing power
consumption. Note that one embodiment is not limited to this structure, and the
memory 112 may be composed of another memory device.

[0044]

The signal processing circuit 113 has a function of generating an output signal
by converting a data signal (an operation data signal) that is the arithmetic operation
result of the CPU 111.  For example, the signal processing circuit 113 has a function of
generating a signal for an output device. Examples of the output device are a display, a
speaker, and a printer.  Alternatively, the signal processing circuit 113 may generate a
signal for an input/output device such as a touch panel instead of the output device.
[0045]

The signal processing circuit 113 is formed using a processor and a register, for
example. Further, the signal processing circuit 113 may additionally include a memory
that stores data used for arithmetic operation of the signal processing circuit 113. Note
that one embodiment is not limited to such structures, and the signal processing circuit
113 may be formed using another integrated circuit.

[0046]

The register included in the signal processing circuit 113 is composed of, for
example, the first memory circuit and the second memory circuit, which can be used in
the register of the CPU 111.  This results in the fast recovery of the signal processing
circuit 113 after stop and restart of power supply. Note that one embodiment is not
limited to the above structure, and the register may be composed of another memory
circuit.

[0047]

FIG. 2 illustrates the semiconductor device 100, a CPU 110 that is a first CPU,
and the power source 190. The semiconductor device 100 illustrated in FIG. 2 includes
the CPU 111 that is a second CPU, the memory 112, the signal processing circuit 113,
and the power supply control switches 121 to 123. The CPU 111, the memory 112,
and the signal processing circuit 113 can input and output signals to/from each other via
buses. The semiconductor device 100 is supplied with the power supply voltage

through a power supply line from the power source 190. When the power source 190
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is a secondary battery, the power source 190 may be provided in the semiconductor
device 100,

[0048]

The power supply control switches 121 to 123 are controlled by the CPU 110.
Each of the power supply control switches 121 to 123 is controlled by a program by
using a signal transmitted from the CPU 110 via a wire or wirelessly.

[0049] |

Note that the CPU 110 may be included in the semiconductor device 100. - In.
other words, the CPU 110 may be provided on the same chip as the CPU 111, the
memory 112, and the signal processing circuit 113.

[(0050]

The CPU 110 includes a program memory 1100. The program memory 1100
stores a program for controlling the power supply control switches 121 to 123.

[0051]

However, one embodiment is not limited to this example, and the program
memory 1100 may be separately provided and connected to the CPU 110 instead of
being provided inside the CPU 110. "
{0052]

The program memory 1100 may be a volatile memory or a nonvolatile memory.
In the case where the program memory 1100 is a volatile memory, initialization for
writing a program to the program memory 1100 is needed at the start of operation of the
semiconductor device 100. On the other hand, in the case where the program memory
1100 is a nonvolatile memory, a program can be stored in advance.
[0053]
' Further, the program memory 1100 may be a rewritable memory or a
non-rewritable memory, and is preferably a rewritable memory. This is because the
use of a rewritable memory as the program memory 1100 allows the program for
controlling the power supply control switches 121 to 123 to be changed or updated, for
example.
[0054]

Note that as illustrated in FIG. 2, the CPU 110 and the CPU 111 are preferably

configured to be capable of wired or wireless communication. The CPU 110 and the
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signal processing circuit 113 are also preferably configured to be capable of wired or
wireless communication.
[0055]

The power supply control switch 121 has a function of controlling supply of
the power supply voltage to the CPU 111.

[0056]

The power supply control switch 122 has a function of controlling supply‘of
the power supply voltage to the memory 112.

[0057]

The power supply control switch 123 has a function of controlling supply of
the power supply voltage to the signal processing circuit 113.

[0058]

Each of the power supply control switches 121 to 123 is formed using a
field-effect transistor; the field-effect transistor may be the transistor with low off-state
current. |
[0059]

A configuration example of the power supply control switches 121 to 123 will
be described with reference to FIG. 3.

[0060]

The power supply control switch illustrated in FIG. 3 includes a transistor 21
and a transistor 22.

[0061]

The transistor 21 is provided between the power source 190 and the circuit to
which supply of power is controlled by the power supply control switch 121, 122, or
123 (the CPU 111, the memory 112, or the signal processing circuit 113). In the
configuration illustrated in FIG. 1, a gaté of the transistor 21 is supplied with a control
signal SW_ON from the controller 150 (or the CPU 110 in the configuration in FIG. 2).
The transistor 21 controls whether the power supply voltage is supplied to thé circuit
such as the CPU 111, the memory 112, or the signal processing circuit 113 or not by
being turned on or _off. ‘

[0062]



10

15

20

25

30

WO 2013/111757 PCT/JP2013/051230

13

A gate of the transistor 22 is supplied with a control signal SW_OFF from the
controller 150 (or the CPU 110 in the configuration in FIG. 2). The transistor 22
controls whether a ground potential (GND) is supplied to the circuit such as the CPU
111, the memory 112, or the signal processing circuit 113 or not by being turned on or
off.

[0063]

The power supply control switch in FIG. 3 is on when the transistor 21 is on
and the transistor 22 is off. The power supply control switch in FIG. 3 is off when the
transistor 21 is off and the transistor 22 is on.

[0064]

The above is the description of the configuration example of the power supply
control switch illustrated in FIG. 3.

[0065]

The controller 150 illustrated in FIG. 1 at least has a function of individually
controlling the power supply control switches 121 to 123 in response to the
above-described input signal such as the clock signal, an instruction signal input from
the CPU 111, and an instruction signal input from the signal processing circuit 113.
Moreover, the controller 150 has a function of controlling driving of the CPU 111 and
the signal processing circuit 113.  The controller 150 is supplied with the power supply
voltage.

[0066] .

The CPU 110 illustrated in FIG. 2 controls the power supply control switches
121 to 123 individually by a program. The CPU 110 is supplied with the power supply
voltage from the power source 190. Note that one embodiment is not limited to this
example, and the CPU 110 may be supplied with the power supply voltage through a
power supply line from a power source different from the power source 190.

[0067]

A configuration example of the controller 150 will be described with reference

to FIG. 4.
[0068]
The controller 150 illustréted in FIG. 4 includes an interface unit 151, a clock

generation unit 152, an output signal control unit 153, and a buffer unit 154.
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[0069]

Signals such as the above input signal, an instruction signal input from the
CPU 111, and an instruction signal input from the signal processing circuit 113 are input
to the output signal control unit 153 through the interface unit 151.

[0070]

The clock generationkunit 152 generates a clock signal used in the controller
150 by using an inputted clock signal, and outputs the generated clock signal to the
circuits (the output signal control unit 153 included). Dividing the frequency of the
inputted clock signal to be used in the controller 150 can reduce power consumption of
the controller 150.

[0071]

The output signal control unit 153 includes a counter circuit 155. The output
signal control unit 153 has a function of counting clock signals by the counter circuit
155 and setting the state (high/low) of a plurality of output signals in accordance with a
signal input to the controller 150. Examples of the plurality of output signals are
control signals for individually controlling the power supply control switches 121 to
123 (e.g., control signals SW_ON and control signals SW_OFF), a signal for
controlling the operation of the CPU 111, and a signal for controlling the operation of
the signal processing circuit 113. |
[0072]

The signals generated in the output signal control unit 153 are output to the
circuits through the buffer unit 154. |
[0073]

The above is the description of the configuration example of the controller
illustrated in FIG. 4.

[0074]

In the semiconductor device 100 illustrated in FIG. 1, the power supply control
switches 121 to 123 are provided and individually controlled by the controller 150 in
response to an input signal, an instruction signal input from the CPU 111, and an
instruction signal input from the signal processing circuit 113.

[0075] '

In the semiconductor device 100 illustrated in FIG. 2, the power supply control
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switches 121 to 123 are provided and controlled individually by the CPU 110.
[0076]

The optimal timing of power supply varies between the CPU 11, the memory
112, and the signal processing circuit 113.  For this reason, individual optimization of
timing of power supply to the CPU 111, the memory 112, and the signal processing
circuit 113 can reduce unnecessary power consumption.

[0077]

Next, specific examples of the semiconductor device in this embodiment will
be described with reference to FIGS. 5 to 8. Note that the description of FIG. 1 or FIG.
2 can apply as appropriate to circuits denoted by the same reference numerals as those
in FIG. 1 or FIG. 2.

[0078]

A semiconductor device illustrated in FIG. 5 includes a memory 114 and a
power supply control switch 124 in addition to an image processing circuit 113A, which
is one example of the signal processing circuit 113, and the circuits illustrated in FIG. 1.
The CPU 111, the memory 112, the image processing circuit 113A (the signal
processing circuit 113), the memory 114, the power supply control switches 121 to 124,
and the controller 150 are integrated into one chip serving as a microcomputer 100A.
A touch panel 171 and a touch panel controller 172 may be provided as an input device
101. Note that one embodiment is not limited to such a structure, and for example, a
keyboard 173 and a keyboard controller 174 may be provided as the input device 101 as
illustrated in FIG. 6. In addition, a display 181 and a display controller 182 may be

provided as an output device 102. Examples of the display 181 are a liquid crystal

display and an electroluminescent (EL) display.
[0079]

A semiconductor device illustrated in FIG. 7 includes the memory 114 and the
power supply control switch 124 in addition to the image processing circuit 113A,
which is one example of the signal processing circuit 113, and the circuits illustrated in
FIG. 2. The microcomputer 100A is composed of one chip including the CPU 111, the
memory 112, the image processing circuit 113A (the signal processing circuit 113), the
memory 114, and the péwer supply control switches 121 to 124. The touch panel 171

and the touch panel controller 172 may be provided as the input device 101. Note that
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one embodiment is not limited to such a structure, and for example, the keyboard 173
and the keyboard controller 174 may be provided as the input device 101. In addition,
the display 181 and the display controller 182 may be provided as the output device 102.
Examples of the display 181 are a liquid crystal display and an electroluminescent
display.

[0080] ‘

A register 1110 included in the CPU 111 is composed of a plurality of memory
circuits each including the first memory circuit and the second memory circuit.
[0081] '

As the memory 112, a memory device having memory cells each including the
transistor with low off-state current can be used.
[0082]

The image processing circuit 113A has a function of generating an image signal
output to the output device by converting a data signal generated from arithmetic
operation of the CPU 111.

[0083]

A register 1130 included iﬁ the image processing circuit 113A is formed using a

memory circuit that can be used in the signal processing circuit 113, for example.

[0084]

In the memory 114, reading or writing of data is performed by conversion
processing of the image processing circuit 113A. Data to be a lookup table (LUT) is
stored in the memory 114. The memory 114 is constituted of at least one of ROM and
RAM, for example.

[0085]

The memory 114 is composed of, for example, a memory device having
memory cells each including the transistor with low off-state current.
[0086]

The power supply control switch 124 has a function of controlling supply of
the power supply voltage to the memory 114.

[0087]
The controller 150 controls the power supply control switches 121 to 124

individually in response to an input signal (a signal from the input device 101 included),
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an instruction signal input from the CPU 111, and an instruction signal input from the
signal processing circuit 113.
[0088]

In FIG. 7, the CPU 110 individually controls the power supply control switches
121 to 124 by using a program.

[0089]

The power supply control switch 124 is formed using a field-effect transistor.
For example, the power supply control switch 124 may have the configuration
illustrated in FIG. 3.

[0090] »

In the examples of the semiconductor devices illustrated in FIGS. 5 and 6, the
power supply control switches 121 to 124 are provided and individually controlled by
the controller 150 in response to an input signal from the input device 101, an
instruction signal input from the CPU 111, and an instruction signal input from the
signal processing circuit 113.  Note that it is possible that the CPU 111 is divided into a
plurality of blocks, a power supply control switch different from the power supply
control switch 121 is provided, and the plurality of power supply control switches are
individually controlled by the controller 150. Moreover, it is possible that the image
processing circuit 113A is divided into a plurality of blocks, a power supply control
switch different from the power supply control switch 123 is provided, and the plurality
of power supply control switches are individually controlled by the controller 150.
[0091]

In the example of the semiconductor device illustrated in FIG. 7, the power
supply control switches 121 to 124 are provided, and the CPU 110 controls the power
supply control switches 121 to 124 individually by using a program. Note that it is
possible that the CPU 111 is divided into a plurality of blocks, a power supply control
switch different from the power supply control switch 121 is provided, and the plurality
of power supply control switches are individually controlled using a program by the
CPU 110. Further, it is possible that the image processing circuit 113A is divided into
a plurality of blocks, a power supply control switch different from the power supply
control switch 123 is provided, and the plurality of power supply control switches are

individually controlled using a program by the CPU 110.
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[0092]

That is, a plurality of power supply control switches may be provided for one

circuit to control supply of power thereto.
[0093]

~ Next, as an example of a method for driving the semiconductor device in this
embodiment, an example of a power supply method for the semiconductor devices
illustrated in FIGS. 5 and 7 will be described with reference to a timing chart in FIG. 8.
[0094]

As illustrated in FIG. 8, when the touch panel 171 is operated at time T1, for
example, data (pulses of OUT172) of an output signal (OUT172) of the touch panel
controller 172 is input to the controller 150 (or the CPU 110 in the configuration in FIG.
7).

{0095]

In this case, the controller 150 (or the CPU 110 in the configuration in FIG. 7)
turns on the power supply control switch 121 (ON in the chart represents the on state) at
time T2 so that supply of the power supply voltage to the CPU 111 starts, and turns on
the power supply control switch 122 at time T3 so that supply of the power supply
voltage to the memory 112 starts. For example, the levels of control signals (control
signals SW_ON and control signals SW_OFF) output from the controller 150 are set so
as to turn on the power supply control switches 121 and 122.  Although supply of the
power supply voltage to the CPU 111 and to the memory 112 may start at the same time,
power consumption can be further reduced by controlling the power supply control
switches 121 and 122 individually so that supply of the power supply voltage to the
memory 112 is not started after supply of the power supply voltage to the CPU 111
starts until the memory 112 needs to be accessed.

[0096]

After supply of the power supply voltage to the CPU 111 and the memory 112
starts, a delayed output signal (OUT172) of the touch panel controller 172 is input to the
CPU 111. Note that the output signal (OUT172) can be delayed by a delay circuit.
[0097]

At this time, the CPU 111 performs arithmetic operation based on data in the

memory 112 and data (pulses of IN111) of an input signal (IN111) including the output
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signal (OUT172) of the touch panel controller 172. Then, supply of the power supply
voltage to the image processing circuit 113A is started at time T4 by turning on the
power supply control switch 123, and supply of the power supply voltage to the
memory 114 is started at time TS by turning on the power supply control switch 124.
For example, an instruction signal from the CPU 111 sets the levels of control signals
(control signals SW_ON and control signals SW_OFF) output from the controller 150
so that the power supply control switches 123 and 124 are turned on. Note that one
embodiment is not limited thereto, and the output signal (OUT172) of the touch panel
controller 172 may set the levels of control signals output from the controller 150 so
that the power supply control switches 123 and 124 are turned on.  Although supply of
the power supply voltage to the image processing circuit 113A and to the memory 114
may start at the same time, power consumption can be further reduced by controlling
the power supply control switches 123 and 124 individually so that supply of the power
supply voltage to the memory 114 is not started after supply of the power supply voltage
to the image processing circuit 113 A starts until the memory 114 needs to be accessed.
[0098]

Then, the CPU 111 outputs a data signal (OUT111) including data (pulses of
OUTI11) representing the arithmetic operation result to the image processing circuit
113A. When output of the data signal to the ixﬁage processing circuit 113A finishes,
supply of the power supply voltage to the memory 112 is stopped at time T6 by turning
off the power supply control switch 122 (OFF in the chart represents the off state), and
supply of the power supply voltage to the CPU 111 is stopped at time T7 by turning off
the power supply control switch 121. For example, an instruction signal from the CPU
111 sets the levels of control signals output from the controller 150 so that the power
supply control switches 121 and 122 are turned off. Note that one embodiment is not
limited thereto, and an instruction signal from the image processing circuit 113A may
set the levels of control signals output from the controller 150 so that the power supply
control switches 121 and 122 are turned off. Although supply of the power supply
voltage to the CPU 111 and to the memory 112 may stop at the same time, power
consumption can be further reduced in the following manner: the power supply control
switches 121 and 122 are controlled individually so that, while the power supply

voltage is being supplied to the CPU 111, supply of the power supply voltage to the
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memory 112 stops when access to the memory 112 becomes unnecessary. In addition,
the recovery of the CPU ‘111 after restart of supply of the power supply voltage can be
fast when data is stored in the second memory circuits included in the plurality of
memory circuits in the register 1110 immediately before supply of the power supply
voltage to the CPU 111 stops, and then the data stored in the second memory circuits is

input to the first memory circuits immediately after supply of the power supply voltage

- starts again.

[0099]

The image processing circuit 113A generates a signal output to the display
controller 182 by converting the inputted output signal (OUTI11) of the CPU 111.
After the conversion processing, a signal (OUT113A) including generated data (pulses
of OUTI113A) is output to the display controller 182, supply of the power supply
voltage to the memory 114 is stopped at time T8 by turning off the power supply control
switch 124, and supply of the power supply voltage to the image processing circuit
113A is stopped at time T9 by turning off the power supply control switch 123. For
example, an instruction signal from the image processing circuit 113A sets the levels of
control signals (control signals SW_ON and control signals SW_OFF) output from the
controller 150 so that the power supply control switches 123 and 124 are turned off.
Although supply of the power supply voltage to the image processing circuit 113A and
to the memory 114 may stop at the same time, power consumption can be further
reduced in the following manner: the power supply control switches 123 and 124 are
controlled individually so that, while the power supply voltage is being supplied to the
image processing circuit 113A, supply of the power supply voltage to the memory 114
stops when access to the memory 114 becomes unnecessary. In addition, the recovery
of the image processing circuit 113A after restart of supply of the power supply voltage
can be fast when data is stored in the second memory circuit in the register 1130
immediately before supply of the power supply voltage to the image processing circuit
113A stops, and then the data stored in the second memory circuit is input to the first
memory circuit immediately after supply of the power supply voltage starts again.

[0100] |
The above is the example of a power supply method for the semiconductor

devices illustrated in FIGS. 5 and 7.
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[0101]

As has been described with reference to FIGS. 1 to 8, in the semiconductor
device according to one example of this embodiment, the power supply control switches
(the first to third power supply control switches) are provided for the respective circuits,
and the plurality of power supply control switches are individually controlled by the
controller or the CPU serving as the first CPU in accordance with an input signal, an
instruction signal input from the CPU (the second CPU), and an instruction signal input
from the signal processing circuit.

[0102]

Since the optimal timing of power supply varies between the circuits (the CPU,
the memory, and the signal processing circuit), unnecessary power consumption can be
reduced by individual optimization of timing of power supply to the circuits.

[0103]

For example, power consumption can be reduced by controlling the third
power supply control switch so that supply of the power supply voltage to the signal
processing circuit starts after supply of the power supply voltage to the CPU starts
before data representing the arithmetic operation result of the CPU is input to the signal
processing circuit.

[0104]

Further, power consumption can be reduced by controlling the first power
supply control switch so that supply of the power supply voltage to the CPU stops after
data representing the arithmetic operation result of the CPU is input to the signal
processing circuit before converted data of the data representing the arithmetic
operation result is output from the signal processing circuit as an output signal.

[0105] '
(Embodiment 2)

In this embodiment, examples of a memory device that can be used as the
memory of the semiconductor device in Embodiment 1 will be described.
[0106]

An example of a memory device in this embodiment includes a memory cell
array including a plurality of memory cells arranged in a matrix of i rows (i is a natural

number of 2 or more) and j columns (j is a natural number). The memory cell
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corresponds to the memory circuit in the semiconductor device of Embodiment 1.
[0107] |

An example of the memory cell array in the memory device of this
embodiment will be described with reference to FIG. 9.

[0108]

The memory cell array illustrated in FIG. 9 includes a plurality of memory cells
200 arranged in a matrix of i rows and j columns, first to j-th bit lines BL, first to i-th
word lines WL, first to i-th capacitor lines CL, and a source line SL to which a
predetermined potential is applied.

[0109]

In the memory cell array illustrated in FIG. 9, the memory cell 200 of the M-th
row (M is a natural number of 1 to /) and the N-th column (V is a natural number of 1 to
J), that is, the memory cell 200(M,N) includes a transistor 211(M,N), a transistor.
212(M,N), and a capacitor 213(M,N).

[0110]

One of a source and a drain of the transistor 211(M,N) is electrically connected
to the bit line BL_N. A gate of a source and a drain of the transistor 211(M,N) is
electrically connected to the word line WL_M.

[o111] ‘

The transistor 211(M,N) is an n-channel transistor and controls writing and
holding of data.
[0112]

As the transistor 211(M,N), the transistor with low off-state current described
in Embodiment 1 can be used.
[0113]

The transistor 212(M,N) is a p-channel transistor. One of a source and a drain
of the transistor 212(M,N) is electrically connected to the bit line BL_N. The other of
the source and the drain of the transistor 212(M,N) is electrically connected to the
source line SL. A gate of the transistor 212(M,N) is electrically connected to the other
of the source and the drain of the transistor 211(M,N).

[0114] |



10

15

20

25

30

WO 2013/111757 PCT/JP2013/051230

23

The transistor 212(M,N) functions as an output transistor that sets the potential
of data to be output.
[0115)

One of a pair of electrodes of the capacitor 213(M,N) is electrically connected
to the other of the source and the drain of the transistor 211(M,N), and the other thereof
is electrically connected to the capacitor line CL_M.

[0116]

The capacitor 213(M,N) functions as a storage capacitor that holds data.
[0117]

The above is the description of the configuration example of the memory cell
array iflustrated in FIG. 9.

[0118)

Note that the transistor 212 is not necessarily provided in the memory cell.
For example, the memory cell may have a configuration illustrated in FIG. 10, in which
case the capacitor lines CL can be integrated into one line to serve‘as a substitute for the
source line SL. |
[0119]

Next, an example of a method for driving a memory device including the
memory cell array illustrated in FIG. 9 will be described with reference to FIGS. 11A
and 11B. FIGS. 11A and 11B are timing charts for explaining the example of a
method for driving a memory device. Here, the case where data is sequentially written
into the memory cells 200 of the M-th row and then the written data is read is described
as an example; however, one embodiment is not limited to this case. For example,
write operations may be performed repeatedly without performing a read operation.
[0120] |

First, in order to write data into the memory cells 200 of the M-th row (for
"Writing"), the potential of the M-th word line WL_M is set at VH and the potentials of
the other word lines WL_other are set at VL as illustrated in FIG. 11A.
fo121}

Note that VH is a potential higher than a reference potential (e.g., the ground

potential) and, for example, is a high power supply potential. Moreover, VL is a
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potential lower than or equal to the reference potential and, for example, is a low power
supply potential. '
[0122]

At this time, in each of the memory cells 200 of the AM-th row, the transistor
211 is turned on and the potential of one of the pair of electrodes of the capacitor 213
becomes equal to the potential of the corresponding bit line BL.

[0123]

Then, the transistor 211 is turned off and the gate of the transistor 212 becomes
floating, so that the potential of the gate of the transistor 212 is held.
[0124]

Data can be written into all the memory cells 200 by performing the above
operaﬁon row by row.
[0125]

In order to read data from the memory cells 200 of the M-th row (for
"Reading"), the potentials of all the word lines WL are set at VL, the potential of the
Mcth capacitor line CLL_M is set at VL, and the potentials of the other capacitor lines
CL_other are set at VH as illustrated in FIG. 11B.

[0126] ' »

In each of the memory cells 200 of the M-th row, the resistanc,eg between the
source and the drain of the transistor 212 depends on the gate voltage of the transistor
212. In addition, a potential corresponding to the amount of current flowing between
the source and the drain of the transistor 212 can be read from the memory cell 200 as
data.

[0127]

Data can be read from all the memory cells 200 by repeatedly performing the
above operation row by row. The above is the description of the example of a method
for driving the semiconductor device illustrated in FIG. 9.

[0128]

As has been described with reference to FIG. 9, FIG. 10, and FIGS. 11A and

11B, in the semiconductor device according to one example of this embodiment, the

data retention time can be extended by using a field-effect transistor with low off-state
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current as a transistor that controls writing and holding of data. Consequently, data can
be retained even when supply of the power supply voltage stops.

[0129]

(Embodiment 3)

In this embodiment, an example of a memory circuit included in the register in
the semiconductor device of Embodiment 1 will be described.
[0130]

A configuration example of a memory circuit in this embodiment will be
described with reference to FIGS. 12A and 12B.
[0131] '

As illustrated in FIG. 12A, the memory circuit in this embodiment includes a
flip-flop (indicated by FF) 601, a memory circuit (NVM) 602, and a selector (SEL) 603.
[0132]

The flip-flop 601 is supplied with a reset signal RST, a clock signal CLK, and a
data signal D selected by the selector 603. The reset signal RST and the clock signal
CLK are input from the controller 150 of the semiconductor device shown in
Embodiment 1, for example. The flip-flop 601 has a function of holding data of the
data signal D that is input in response to the clock signal CLK and outputting the data as |
a data signal Q.

[0133]

The memory circuit 602 is supplied with a write control signal WE, a read
control signal RD, and a data signal selected by the selector 603. The write control
signal WE and the read control signal RD are input from the controller 150 of the
semiconductor device shown in Embodiment 1, for example. In the configuration of
FIG. 2, by an instruction from the CPU 110, the write control signal WE and the read
control signal RD are output frorh a signal generator circuit provided in the
semiconductor device.

[0134]

The memory circuit 602 has a function of storing data of an inputted data
signal in accordance with the write control signal WE and outputting the stored data as a
data signal in accordance with the read control signal RD.

[0135]
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The selector 603 is supplied with the read control signal RD through a first
terminal, supplied with the data signal D through a second terminal, and supplied with a
data signal D_NVM output from the memory circuit 602 through a third terminal.
[0136]

The selector 603 has a function of selecting whether to output the data signal D

or the data signal D_NVM through a fourth terminal, in accordance with the read

control signal RD.
[0137]
Next, a configuration example of the memory circuit 602 will be described
with reference to FIG. 12B.
{0138]
As illustrated in FIG. 12B, the memory circuit 602 includes a data retention

unit 621 and a data read unit 622.

[0139]

The data retention unit 621 includes a transistor 631 and a capacitor 632.
[0140]

The transistor 631 is-an n-channel transistor. One of a source and a drain of
the transistor 631 is electrically connected to the output terminal (fourth terminal) of the
selector 603. The transistor 631 has a function of controlling retention of a data signal
input from the selector 603, in accordance with the write control signal WE.

[0141]

As the transistor 631, the transistor with low off-state current described in
Embodiment 1 can be used.

[0142]

One of a pair of electrodes of the capacitor 632 is electrically connected to the
other of the source and the drain of the transistor 631, and the other thereof is supplied
with the ground potential (GND). The capacitor 632 has a function of holding charge
based on data D_HLD of an inputted data signal. Since the off-state current of the
transistor 631 is extremely low, the charge in the capacitor 632 is held and thus the data
D_HLD is held even when supply of the power supply voltage stops.

[0143]

PCT/JP2013/051230
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The data read unit 622 includes a transistor 633, a transistor 634, a transistor
635, and an inverter 636. |
[0144]

The transistor 633 is a p-channel transistor. One of a source and a drain of the
transistor 633 is supplied with a power supply potential (VDD). A gate of the
transistor 633 is supplied with the read control signal RD. The difference between the
power supply potential and the ground potential is a power supply voltage PWR.

[0145] i

The transistor 634 is an n-channel transistor. One of a source and a drain of
the transistor 634 is electrically connected to the other of the source and the drain of the
transistor 633. A gate of the transistor 634 is supplied with the read control signal RD.
[0146]

The transistor 635 is an n-channel transistor. One of a source and a drain of
the transistor 635 is electrically connected to the other of the source and the drain of the
transistor 634, and the other thereof is supplied with the ground potential. The
potential of a gate of the transistor 635 is the data D_HLD.

[0147]

An input terminal of the inverter 636 is electrically connected to the other of
the source and the drain of the transistor 633. An output terminal of the inverter 636 is
electrically connected to the input terminal (third terminal) of the selector 603. An
output signal of the inverter 636 is the data signal D_NVM.

[0148]

Next, an example of a method for driving the memory circuit illustrated in FIG.
12A will be described with reference to a timing chart in FIG. 13.

[0149]

First, in a period T11 which is a normal operation period, the memory circuit is
supplied with the power supply voltage PWR, the reset signal RST, and the clock signal
CLK. At this time, the selector 603 outputs data of the data signal D to the flip-flop
601. The flip-flop 601 holds the data of the data signal D that is input in accordance
with the clock signal CLK.

[0150]
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Then, in a period T12 which is a backup period provided immediately before
supply of the power supply voltage PWR stops, the data of the data signal D is stored in
the memory circuit 602 in accordance with a pulse of the write control signal WE, and
the memory circuit 602 holds the data as the data D_HLD. After that, supply of the
clock signal CLK to the memory circuit stops, and then, supply of the reset signal RST
to the memory circuit stops.

[0151]

Next, in a period T13 which is a power stop period, supply of the power supply
voltage PWR to the memory circuit stops. During this period, the value of the data
D_HLD is held in the memory circuit 602 because the off-state current of the transistor
631 is low.

[0152]

Then, in a period T14 which is a recovery period placed immediately before a
normal operation period, supply of the power supply voltage PWR to the memory
circuit starts again, and then supply of the clock signal CLK starts again, and after that
supply of the reset signal RST starts again. Moreover, the data signal D_NVM having
a value corresponding to the data D_HLD is output to the selector 603 from the data
read unit 622 of the memory circuit 602 in accordance with a pulse of the read control
signal RD. The selector 603 inputs the data signal D_NVM to the flip-flop 601 in
accordance with the pulse of the read control signal RD. Thus, the flip-flop 601 can
return to a state just before the power stop period.

[0153]

Then, in a period T15 which is a normal operation period, normal operation of

the flip-flop 601 is performed again.
[0154]

The above is the example of a method for driving the memory circuit.
[0155]

As has been described with reference to FIGS. 12A and 12B and FIG. 13, the
memory circuit in this embodiment includes the first memory circuit (the flip-flop) and
the second memory circuit including the transistor with low off-state current. Data is

stored in the second memory circuit immediately before power supply stops, and then
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the data is input to the first memory circuit when power supply starts again; thus, the
first memory circuit can return to a state just before stop of power supply. In such a
manner, the recovery of the memory circuit after restart of power supply can be fast.
[0156] |

(Embodiment 4)

In this embodiment, an example of the structure of a semiconductor device
which is one embodiment of the present invention will be described.
[0157]

First, examples of the structure of a transistor that can be used in a
semiconductor device which is one embodiment of the present invention will be
described with reference to schematic cross-sectional views in FIGS. 14A and 14B.
Note that components illustrated in FIGS. 14A and 14B are not to scale in some cases.
[0158]

The transistor illustrated in FIG. 14A includes a semiconductor layer 711, an
insulating layer 714, a conductive layer 715, insulating layers 716a and 716b, an
insulating layer 717, conductive layers 718a and 718b, and an insulating layer 719.
[0159]

The semiconductor layer 711 is provided over an element formation layer 700
with an insulating layer 701 placed therebetween. Note that the semiconductor layer
711 is not necessdrily provided over the insulating layer 701 and may be provided
directly on the element formation layer 700.

[0160]

The semiconductor layer 711 includes separate regions 712a and 712b to which
dopants are added, and a channel formation region 713 between the regions 712a and
712b. |
[0161] _

The‘insulating layer 714 is provided over part of the semiconductor layer 711.
[0162]

The conductive layer 715 is provided to overlap the semiconductor layer 711

with the insulating layer 714 placed therebetween:
[0163]

The insulating layer 716a is provided in contact with one of a pair of side
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surfaces of the conductive layer 715, and the insulating layer 716b is provided in
contact with the other of the pair of side surfaces.
[0164]
The insulating layer 717 is provided over the conductive layer 715.
[0165]

The conductive layer 718a is provided in contact with the region 712a, and the
conductive layer 718b is provided in contact with the region 712b. The conductive
layer 718a is in contact with a side surface of the insulating layer 716a, and the
conductive layer 718b is in contact with a side surface of the insulating layer 716b.
[0166]

The insulating layer 719 is provided over the conductive layers 718a and 718b.
[0167]

The conductive layers 718a and 718b and the insulating layer 719 are formed,
for example, by planarization treatment (e.g., CMP treatment) performed on a stack of a
conductive film and an insulating layer.

[0168]

The transistor illustrated in FIG. 14B includes a conductive layer 751, an
insulating layer 752, an insulating layer 753, a semiconductor layer 754, conductive
layers 755a and 755b, conductive layers 756a and 756b, and an insulating layer 757.
[0169] |

The conductive layer 751 is provided over an element formation layer 750.
[0170]

The insulating layer 752 is provided over the element formation layer 750.
Surfaces of the insulating layer 752 and the conductive layer 751 are preferably flat.
[0171]

The conductive layer 751 and the insulating layer 752 are formed, for example,
by planarization treatment (e.g., CMP treatment) performed on a stack of a conductive
film and an insulating layer.

[0172]

The insulating layer 753 is provided over the conductivé layer 751 and the
insulating layer 752.

[0173]
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The semiconductor layer 754 is provided to overlap the conductive layer 751
with the insulating layer 753 placed therebetween.
[0174] _

The conductive layers 755a and 755b are separated from each other and
provided in contact with the semiconductor layer 754. The distance between the
conductive layers 755a and 755b corresponds to the channel length of the transistor and
is preferably less than 50 nm, for example. The distance between the conductive
layers 755a and 755b can be made less than 50 nm, for example, by etching of part of a
conductive film with a resist mask formed by electron beam exposure. In addition, the
distance between the conductive layers 755a and 755b is preferably smaller than the
distance between the conductive layers 756a and 756b, for example.

[0175])

The conductive layer 756a is provided on and in contact with part of the
conductive layer 755a, and the conductive layer 756b is provided on and in contact with
part of the conductive layer 755b. The electrical resistance of the conductive layers
756a and 756b is preferably lower than that of the conductive layers 755a and 755b.
[0176]

The insulating layer 757 is provided over the semiconductor layer 754 to cover
an upper surface of the semiconductor layer 754.

[0177]

The components will be described further below. Each of the components is
not limited to a single layer and may be a stack of layers.
[0178]

The insulating layer 701 is a base layer. The insulating layer 701 can be, for
example, a layer containing a material such as silicon oxide, silicon nitride, silicon
oxynitride, silicon nitride oxide, aluminum oxide, aluminum nitride, aluminum
oxynitride, aluminum nitride oxide, or hafnium oxide.

[0179]

The insulating layer 752 can be a layer containing a material similar to that of
the insulating layer 701. - T o
[0180]

Each of the semiconductor layers 711 and 754 functions as a layer in which a
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channel of the transistor is formed (also referred to as a channel formation layer). Here,
the semiconductor layer 711 in FIG. 14A and the semiconductor layer 754 in FIG. 14B
will be explained.
[0181]

As the semiconductor layers 711 and 754, an oxide semiconductor layer can be
used, for example.
[0182]

The oxide semiconductor layer is in a single crystal state, a polycrystalline
(also referred to as polycrystal) state, an amorphous state, or the like. Alternatively,
the oxide semiconductor layer may be a stack of an amorphous layer and a layer
including crystals.
[0183]

Examples of an oxide semiconductor are a metal oxide containing zinc and at

' least one of indium and gallium, and the metal oxide in which gallium is partly or

entirely replaced with another metal element.
[0184] _

"As the metal oxide, an In-based metal oxide, a Zn-based metal oxide, an
In-Zn-based metal oxide, or an [n-Ga-Zn-based metal oxide can be used, for example.
Alternatively, a metal oxide including another metal element instead of part or all of Ga
(gallium) in the In-Ga-Zn-based metal oxide may be used.

[0185]

As the aforementioned another metal element, a metal element that is capable
of combining with more oxygen atoms than gallium is can be used, for example, and
specifically one or more elements of titanium, zirconium, hafnium, germanium, and tin
can be used, for instance. Alternatively, as the aforementioned another metal element,
one or more elements of lanthanum, cerium, praseodymium, neodymium, samarium,
europium, gadolinium, terbium, dysprosium, holmium, erbium, thulium, ytterbium, and
lutetium may be used. These metal elements function as a stabilizer. Note that the
amount of such a metal element added is determined so that the metal oxide can
function as a semiconductor. When a metal element that is capable of combining with
more oxygen atoms than gallium is is used and oxygen is supplied to a metal oxide,

oxygen defects in the metal oxide can be reduced.
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[0186]

For example, when tin is used instead of all of Ga (gallium) contained in the
In-Ga-Zn-based metal oxide, an In-Sn-Zn-based metal oxide is obtained. When Ti
(titanium) replaces part of Ga (gallium) contained in the In-Ga-Zn-based metal oxide,
an In-Ti-Ga-Zn-based metal oxide is obtained.

[0187]

The oxide semiconductor layer may be an oxide semiconductor layer
containing a c-axis aligned crystalline oxide semiconductor (CAAC-OS).
[0188]

The CAAC-OS is an oxide semiconductor that is not completely single crystal
nor completely amorphous and has a crystal-amorphous mixed phase structure
including crystal portions in an amorphous phase. In each of the crystal portions
included in the CAAC-OS, the c-axis is aligned in a direction paralle! to a normal vector
of a surface where the CAAC-OS film is formed or a normal vector of a surface of the
CAAC-OS film, triangular or hexagonal atomic arrangement is formed when seen from
the direction perpendicular to the a-b plane, and metal atoms are arranged in a layered
manner or metal atoms and oxygen atoms are arranged in a layered manner when seen
from the direction perpendicular to the c-axis. In this specification, the term
"perpendicular” includes a range from 85° to 95°, and the term "parallel" includes a
range from —5° to 5°.

[0189]

In a field-effect transistor including an oxide semiconductor layer containing
the CAAC-OS as a channel formation layer, variations in electrical characteristics due
to irradiation with visible light and ultraviolet light are small; therefore, the reliability is
high.

[0190]

In the case where an oxide semiconductor layer is used as the semiconductor

layers 711 and 754, the oxide semiconductor layer can be highly purified in the

following manner, for example: dehydration or dehydrogenation is performed so that

_impurities such as hydrogen, water, a hydroxyl group, and a hydride (also referred to as

hydrogen compound) are removed from the oxide semiconductor layer, and oxygen is
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supplied to the oxide semiconductor layer. For example, a layer containing oxygen is
used as the layer in contact with the oxide semiconductor layer, and heat treatmént is
performed; thus, the oxide semiconductor layer can be highly purified.

[0191]

In addition, the oxide semiconductor layer that has just been deposited is
preferably supersaturated with oxygen so that the proportion of oxygen is higher than
that in the stoichiometric composition. For example, in the case of using sputtering,
the oxide semiconductor layer is preferably deposited under the condition where the
proportion of oxygen in a deposition gas is large, and particularly in an oxygen
atmosphere (oxygen gas: 100 %). Further, in order to sufficiently supply oxygen to

supefsaturate the oxide semiconductor layer with oxygen, an insulating layer containing

~excess oxygen (e.g., a SiO; layer where x > 2) may be provided as the insulating layer in

contact with the oxide semiconductor layer (e.g., the insulating layers 701, 714, 753,
and 757).
[0192]

The insulating layer containing excess oxygen is formed to contain much
oxygen by setting the deposition condition for plasma CVD (PCVD) or sputtering as

appropriate. In order to make the insulating layer contain much more excess oxygen,

‘oxygen is added by ion implantation, ion doping, or plasma treatment. Moreover,

oxygen may be added to the oxide semiconductor layer.
[0193]

In a sputtering apparatus, an entrapment vacuum pump is preferably used
because the amount of moisture remaining in a deposition chamber is preferably small.
Further, a cold trap may be used.

[0194]

The oxide semiconductor layer is preferably subjected to heat treatment at a
substrate temperature higher than or equal to 350 °C and less than the strain point of a
substrate, preferably at a substrate temperature ranging from 350 °C to 450 °C. Heat
treatment may be further performed in a later step. There is no particular limitation on
a heat treatment apparatus to'be used here, and an electric furnace or an a 're{p"ic‘i”t-hérmal“

annealing (RTA) apparatus such as a gas rapid thermal annealing (GRTA) apparatus or a
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lamp rapid thermal annealing (LRTA) apparatus may be used. Heat treatment may be
performed more than once.
[0195}

After the heat treatment, a high-purity oxygen gas, a high-purity N,O gas, or
ultra-dry air (having a dew point of —40 °C or lower, preferably —60 °C or lower) is
preferably introduced in the furnace where the heat treatment has been performed while
the heating temperature is being maintained or being decreased. In this case, it is
preferable that the oxygen gas or the N;O gas do not contain water, hydrogen, and the
like. The purity of the oxygen gas or the N,O gas which is introduced into the heat
treatment apparatus is preferably 6N or higher, more preferably 7N or higher. That is,
the impurity concentration of the oxygen gas or the N,O gas is preferably 1 ppm or
lower, more preferably 0.1 ppm or lower. Through this step, oxygen is supplied to the
oxide semiconductor layer, and defects due to oxygen vacancies in the oxide
semiconductor layer can be reduced. Note that the high-purity oxygen gas, high-purity
N,O gas, or ultra-dry air may be introduced at the time of the above heat treatment.
[0196]

The hydrogen concentration of the highly purified oxide semiconductor layer,

measured by SIMS, is 5x10' atoms/cm® or less, preferably 5%10'* atoms/cm® or less,

more preferably 5x10'7 atoms/cm® or less.

[0197]

With the use of the highly purified oxide semiconductor, the carrier density of
the oxide semiconductor layer in a field-effect transistor can be lower than 1x10" /em’,
preferably lower than 1x10"? /cm®, further preferab]y lower than 1x10' /em®. Such a

low carrier density can reduce the off-state current of the field-effect transistor per

micrometer of channel width to 1x107"" A (100 zA) or less, preferably 1x107%2 A (100

yA) or less. It is preferable that the off-state current of the field-effect transistor be as
low as possible; the lower limit of the off-state current of the field-effect transistor is
estimated to be approximately 1x10™° A/um.
[0198] S

As the dopants contained in the »revgiobns‘ 712a and 712b, it is possible to use an

element of Group 13 in the periodic table (e.g., boron), an element of Group 15 in the
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periodic table (e.g., one or more of nitrogen, phosphorus, and arsenic), and/or a rare gas
element (e.g., one or more of helium, argon, and xenon), for example. The dopants are
selected from at least one of these groups.

[0199]

The insulating layers 714 and 753 each function as a gate insulating layer of
the transistor. Each of the insulating layers 714 and 753 can be, for example, a layer
containing a material such as silicon oxide, silicon nitride, silicon oxynitride, silicon
nitride oxide, aluminum oxide, aluminum nitride, aluminum oxynitride, aluminum
nitride oxide, or hafnium oxide.

[0200]

The conductive layers 715 and 751 each function as a gate of the transistor.
Each of the insulating layers 715 and 751 can be, for example, a layer containing a
metal material such as molybdenum, titanium, chromium, tantalum, magnesium, silver,
tungsten, aluminum, copper, neodymium, or scandium.

[0201]

Each of the insulating layers 716a, 716b, and 717 can be, for example, a layer
containing a material such as silicon oxide, silicon nitride, silicon oxynitride, silicon
nitride oxide, aluminum oxide, aluminum nitride, aluminum oxynitride, aluminum
nitride oxide, or hafnium oxide.

[0202]

The conductive layers 718a and 718b, the conductive layers 755a and 755b,
and the conductive layers 756a and 756b each function as a source or a drain of the
transistor. Each of the conductive layers 718a and 718b, the conductive layers 755a
and 755b, and the conductive layers 756a and 756b can be, for example, a layer
containing a metal material such as molybdenum, titanium, chromium, tantalum,
magnesium, silver, tungsten, aluminum, copper, neodymium, scandium, or ruthenium.
[0203]

The insulating layers 719 and 757 each function as a protective layer. Each of
the insulating layers 719 and 757 can be, for example, a layer containing a material such
as silicon oxide, silicon nitride, silicon oxynitride, silicon nitride oxide, aluminum oxide,
aluminum nitride, aluminum oxynitride, aluminum nitride oxide, or hafnium oxide.

[0204]
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The above is .the description of the structural examples of the transistors
illustrated in FIGS. 14A and 14B.
[0205]

Next, an example of the structure of a semiconductor device including the
transistor illustrated in FIG. 14A will be described with reference to FIG. 15.  FIG. 15 is
a schematic cross-sectional view illustrating an example of the structure of a
semiconductor device in this embodiment. Note that one embodiment is not limited to
this structure, and the transistor illustrated in FIG. 14B may alternatively be used.

[0206]

The semiconductor device illustrated in FIG. 15 includes a transistor 801
including a single crystal silicon layer 813 that is a channel formation layer, and a
transistor 802 that is stacked over the transistor 801 with insulating layers 815 to 817
placed therebetween and has the structure illustrated in FIG. 14A. Note that the
description of the transistor illustrated in FIG. 14A can apply to the transistor 802 as
appropriate.

[0207]

The single crystal silicon layer 813 is provided over a substrate 810 with an
insulating layer (also referred to as BOX layer) 811 placed therebetween. Note that the
transistor 801 may be configured using a semiconductor region surrounded by a buried
insulating region in a single crystal semiconductor substrate, instead of using the
substrate 810, the insulating layer 811, and the single crystal silicon layer 813.

[0208]

The insulating layer 815 functions as a protective layer. The insulating layer
816 functions both as a protective layer and as a planarization layer. The insulating
layer 817 is a base layer. Each of the insulating layers 815 to 817 can be a layer
containing a material similar to that of the insulating layer 701.

[0209]

A conductive layer 818 functioning as a source or a drain of the transistor 802
is connected to a conductive layer 814 functioning as a gate of the transistor 801. Note
‘that the conductive layer. 818 and the conductive layer 814 may bé Connected to each
other through a plurality of conductive layers.
[0210]
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The use of the transistor with low off-state current as the transistor 802 can
increase the data retention time of a memory cell.
[0211)

A logic circuit (including a memory circuit) in a CPU, a signal processing
circuit, or the like can be configured using the transistor 801, whereby the operation
speed can be increased.

[0212]

The above is the description of the structural example of the semiconductor

device illustrated in FIG. 15.

[0213]
As has been described with reference to FIGS. 14A and 14B and FIG. 153, in the

semiconductor device of this embodiment, a transistor that controls writing and holding
of data in a register or another memory device includes an oxide semiconductor layer,
and a transistor of a logic circuit used in a CPU, a signal processing circuit, or the like
includes a single crystal silicon layer. Thus, the data retention time of the register or
another memory device can be increased while the operation speed of the
semiconductor device is increased.

{0214]

(Embodiment 5)

In this embodiment, examples of electronic devices including a semiconductor

device which is one embodiment of the present' invention will be described with

reference to FIGS. 16A to 16F.
[0215]

The electronic device illustrated in FIG. 16A is an example of a portable
information terminal.
[0216]

The electronic device illustrated in FIG. 16A includes a housing 1011, a panel
1012 incorporated in the housing 1011, a button 1013, and a speaker 1014. -
[0217]

The housing 1011 may be provided with a connection terminal for connecting
the electronic device to an external device and a button for operating the electronic

device.
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[0218]

The panel 1012 is a display panel (display) and preferably has a function of a
touch panel.
[0219]

The button 1013 is provided on the housing 1011. When the button 1013 is a
power button, pressing the button 1013 can turn on or off the electronic device.
[0220]

The speaker 1014 is provided on the housing 1011. The speaker 1014 outputs
sound.
[0221]

The housing 1011 may be provided with a microphone, in which case the
electronic device in FIG. 16A can function as a telephone, for example.
[0222]

In the electronic device in FIG. 16A, the CPU (the CPU 111), the memory, the
image processing circuit, the controller, and the like that are described in Embodiment 1
are provided in the housing 1011. Note that the CPU serving as the first CPU may be
provided instead of the controller.

[0223]

The electronic device in FIG. 16A functions as at least one of a telephone, an
e-book reader, a personal computer, and a game machine, for example.
[0224]

The electronic device illustrated in FIG. 16B is an example of a foldable
information terminal.
[0225]

The electronic device illustrated in FIG. 16B includes a housing 1021a, a
housing 1021b, a panel 1022a incorporated in the housing 1021a, a panel 1022b
incorporated in the housing 1021b, a hinge 1023, a button 1024, a connection terminal
1025, a storage medium insertion portion 1026, and a speaker 1027.

[0226]

The housing 1021a and the housing 1021b are connected with the hinge 1023.
[0227]

Each of the panels 1022a and 1022b is a display panel (display) and preferably
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has a function of a touch panel.
[0228]

Since the electronic device in FIG. 16B includes the hinge 1023, it can be
folded so that the panels 1022a and 1022b face each other.
[0229]

The button 1024 is provided on the housing 1021b. Note that the button 1024
may be provided on the housing 1021a. For example, when the button 1024 having a
function of a power button is provided, whether to supply power to a circuit in the
electronic device can be controlled by pressing the button 1024.

[0230]

The connection terminal 1025 is provided on the housing 1021a. Note that
the connection terminal 1025 may be provided on the housing 1021b. Alternatively, a
plurality of connection terminals 1025 may be provided on one or both of the housings
1021a and 1021b. The connection terminal 1025 is a terminal for connecting the
electronic device in FIG. 16B to another device.

[0231]

The storage medium insertion portion 1026 is provided on the housing 1021a.
The storage medium insertion portion 1026 may be provided on the housing 1021b.
Alternatively, a plurality of storage medium insertion portions 1026 may be provided on
one or both of the housings 1021a and 1021b. For example, when a card storage
medium is inserted into the storage medium insertion portion 1026, data can be read
from the card storage medium and sent to the electronic device, or data stored in the
electronic device can be written into the card storage medium.

[0232]

The speaker 1027 is provided on the housing 1021b. The speaker 1027
outputs sound. The speaker 1027 may be provided on the housing 1021a.
[0233]

The housing 1021a or the housing 1021b may be provided with a microphone,
in which case the electronic device in FIG. 16B can function as a telephone, for
example.

[0234]
In the electronic device in FIG. 16B, the CPU (the CPU 111), the memory, the
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image processing circuit, the controller, and the like that are described in Embodiment 1
are provided in the housing 1021a or the housing 1021b. Note that the CPU serving as
the first CPU may be provided instead of the controller.

[0235]

The electronic device in FIG. 16B functions as any of a telephone, an e-book
reader, a personal computer, and a game machine, for example.
[0236]

The electronic device illustrated in FIG. 16C is an example of a stationary
information terminal. The stationary information terminal illustrated in FIG. 16C
includes a housing 1031,-a panel 1032 incorporated in the housing 1031, a button 1033,
and a speaker 1034, v '

[0237]

The panel 1032 is a display panel (display) and preferably has a function of a
touch panel.
[0238]

Note that a panel similar to the panel 1032 may be provided on a top board
1035 of the housing 1031, in which case the panel preferably has a function of a touch
panel.

[0239]

Further, the housing 1031 may be provided with a ticket slot for issuing a ticket
or the like, a coin slot, a bill slot, and/or the like.
[0240}

The button 1033 is provided on the housing 1031. For example, when the
button 1033 is a power button, whether to supply power to a circuit in the electronic
device can be controlled by pressing the button 1033.

[0241}

The speaker 1034 is provided on the housing 1031. The speaker 1034 outputs
sound.
[0242]

In the electronic device in FIG. 16C, the CPU (the CPU 111), the memory, the
image processing circuit, the controller, and the like that are described in Embodiment 1

are provided in the housing 1031. Note that the CPU serving as the first CPU may be
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provided instead of the controller.
[0243]

The electronic device in FIG. 16C serves as an automated teller machine, an
information communication terminal (also referred to as multimedia station) for
ordering a ticket or the like, or a game machine, for example.

[0244]

FIG. 16D illustrates an example of a stationary information terminal. The
electronic device in FIG. 16D includes a housing 1041, a panel 1042 incorporated in the
housing 1041, a support 1043 for supporting the housing 1041, a button 1044, a
connection terminal 1045, and a speaker 1046.

[0245]

Note that the housing 1041 may be provided with a connection terminal for
connecting the electronic device in FIG. 16D to an external device and/or a button for
operating the electronic device in FIG. 16D.

[0246]

The panel 1042 functions as a display panel (display).
[0247]

The button 1044 is provided on the housing 1041. For example, when the
button 1044 is a power button, whether to supply power to a circuit in the electronic
device can be controlled by pressing the button 1044.

[0248]

The connection terminal 1045 is provided on the housing 1041. The
connection terminal 1045 is a terminal for connecting the electronic device in FIG. 16D
to another device. For example, when the electronic device in FIG. 16D and a personal
computer are connected with the connection terminal 1045, the panel 1042 can display
an image corresponding to a data signal input from the personal computer. For
example, when the panel 1042 of the electronic device in FIG. 16D is larger than a panel
of another electronic device connected thereto, a displayed image of the other electronic
device can be enlarged, so that a plurality of viewers can easily see the image at the
same time.

[0249]
The speaker 1046 is provided on the housing 1041. The speaker 1046 outputs
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sound.
[0250]

In the electronic device in FIG. 16D, the CPU (the CPU 111), the memory, the
image processing circuit, the controller, and the liké that are described in Embodiment 1
are provided in the housing 1041. Note that the CPU serving as the first CPU may be
provided instead of the controller.

[0251] ‘

The electronic device in FIG. 16D functions as an output monitor, a personal
computer, or a television set, for example.
[0252]

FIG. 16E illustrates an example of an electric refrigerator-freezer. An
electronic device 1050 illustrated in FIG. 16E includes a housing 1051, a refrigerator
door 1052, and a freezer door 1053.

[0253]

In the electronic device in FIG. 16E, the CPU (the CPU 111), the memory, the -
image processing circuit, the controller, and the like that are described in Embodiment 1
are provided in the housing 1051. Note that the CPU serving as the first CPU may be
provided instead of the controller. With this structure, power supply to the CPU, the
memory, and the image processing circuit in the housing 1051 can be controlled in
response to opening and closing of the refrigerator door 1052 and the freezer door 1053,
for example.

[0254]

FIG. 16F illustrates an example of an air conditioner. The electronic device
illustrated in FIG. 16F includes an indoor unit 1060 and an outdoor unit 1064.

[0255]

The indoor unit 1060 includes a housing 1061 and a ventilation duct 1062.
[0256]

~ In the electronic device in FIG. 16F, the CPU (the CPU 111), the memory, the
image processing circuit, the controller, and the like that are described in Embodiment 1
are provided in the housing 1061. Note that the CPU serving as the first CPU may be
provided instead of the controller. With this structure, power supply to the CPU, the

memory, and the image processing circuit in the housing 1061 can be controlled in
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response to a signal from a remote controller, for example.
[0257]

Note that the split-type air conditioner including the indoor unit and the
outdoor unit is illustrated in FIG. 16F as an example; alternatively, an air conditioner
may be such that the functions of an indoor unit and an outdoor unit are integrated in
one housing.

[0258)

Examples of the electronic devices are not limited to the above, and the
semiconductor device in any of Embodiments 1 to 4 can also be applied to a
high-frequency heating apparatus such as a microwave oven, an electric rice cooker, and
the like. |
[0259]

The above is the description of the electronic devices illustrated in FIGS. 16A
to 16F.

10260]

As has been described with reference to FIGS. 16A to 16F, the electronic
device in this embodiment consumes less power by using the semiconductor device in
any of Embodiments 1 to 4.

[0261]
(Embodimen't 6)

A specific embodiment of the CPU described in Embodiment 1 will be
described. FIG. 17 is an example of a block diagram of the CPU.
[0262]

A CPU 300 includes a circuit 301 having functions of a data latch and a
selector, a circuit 302 having functions of an internal clock generator and a reset
controller, a circuit 303 having functions of an instruction register and a decode unit, a
CPU control unit 304, a register set 305, a caléulation unit 306, and an address buffer
307.

[0263]

The CPU control unit 304 includes a state generation unit 308. The register

set 305 includes a plurality of registers 309. The calculation unit 306 includes an

arithmetic logic unit (ALU) 310.
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[0264]

The write control signal WE and the read control signal RD are input to the
CPU 300. Moreover, 8-bit data is input to the CPU 300 through a data bus. A CPU
control signal is also input to the CPU 300.
[0265] '

A 16-bit address and a bus control signal are output from the CPU 300.
[0266]

The write control signal WE and the read control signal RD are input to the
circuit 303, the CPU control unit 304, the register set 305, and the address buffer 307.
The 8-bit data is input to the circuit 303, the register set 305, and the calculation unit
306 through the data bus. The CPU control signal is input to the circuit 302 and the
CPU control unit 304.
[0267]

The 16-bit address is output from the address buffer 307. The bus control
signal is output from the CPU control unit 304.
[0268]

The circuit 303 having functions of an instruction register and a decode unit

_includes 8-bit registers.

[0269]

The CPU control unit 304 includes 3-bit registers.
[0270]

The address buffer 307 includes 16-bit registers.
[0271]

The state generation unit 308 includes 24-bit registers.
[0272] |

The register set 305 includes 204-bit registers as the plurality of registers 309.
The register 309 functions as a program counter, a general register, or an arithmetic
register. In FIG 17,A,F, A, F,B,C,B,C,D,E,D’,E’, H,L,H’, L, I, R, IX, IY,
SP, and PC shown in the registers 309 represent registers.
[0273]

The CPU 300 described as one example of this embodiment includes a total of

255 registers.
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[0274]

Each of the circuits in the CPU 300 can input and output data, an address, and a
CPU control signal through an address bus and a control bus in addition to the data bus.
[0275]

Note that in the CPU 300 illustrated in FIG. 17, a register using an oxide
semiconductor can be used as the total of 255 registers included in the circuit 303
having functions of an instruction register and a decode unit, the CPU control unit 304,
the state generation unit 308, and the register set 305.

[0276]

FIG. 18 iilustrates an example of the configuration of the» register that can hold
1-bit data. The configuration illustrated in FIG. 18 is a configuration in which circuits
are added to the memory circuit in FIG. 12B of Embodiment 3. Accordingly,
overlapping components will be described only briefly, and the description of
Embodiment 3 will apply to such components.

[0277]

| The register illustrated in FIG. 18 includes the flip-flop 601, the memory circuit
602, and the selector 603.
[0278]

The flip-flop 601 is supplied with the reset signal RST, the clock signal CLK,
and the data signal D. The flip-flop 601 has a function of holding data of the data
signal D that is input in response to the clock signal CLK and outputting the data as a
data signal Q.

[0279]

The memory circuit 602 is supplied with the write control signal WE, the read
control signal RD, and a data signal.
[0280]

The memory circuit 602 has a function of storing data of an inputted data
signal in accordance with-the write control signal WE and outputting the stored data as a
data signal in accordance with the read control signal RD.

[0281]
The selector 603 selects the data signal D or a data signal output from the

memory circuit 602 and inputs the selected signal to the flip-flop 601 in accordance
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with the read control signal RD.
[0282]

As illustrated in FIG. 18, the memory circuit 602 includes the transistor 631
and the capacitor 632.

[0283]

The transistor 631 is an n-channel transistor. One of the source and the drain
of the transistor 631 is electrically connected to an output terminal of the flip-flop 601.
The transistor 631 has a function of controlling retention of a data signal output from
the flip-flop 601, in accordance with the write control signal WE.

[0284]

The transistor 631 can be the transistor described in Embodiment 1, which
includes an oxide semiconductor and thus has low off-state current.
[0285]

One of the pair of electrodes of the capacitor 632 is electrically connected to
the other of the source and the drain of the transistor 631, and the other thereof is
supplied with the ground potential (GND). The capacitor 632 has a function of
holding charge based on data of an inputted data signal. Since the off-state current of
the transistor 631 is extremely low, the charge in the capacitor 632 is held and thus the
data is held even when supply of the power supply voltage stops.

[0286]

The transistor 633 is a p-channel transistor. One of the source and the drain of
the transistor 633 is supplied with the power supply potential (VDD). The gate of the
transistor 633 is supplied with the read control signal RD. The difference between the
power supply potential and the ground potential is the power supply voltage PWR.
[0287]

The transistor 634 is an n-channel transistor. One of the source and the drain
of the transistor 634 is electrically connected to the other of the source and the drain of
the transistor 633. The gate of the transistor 634 is supplied with the read control
signal RD.

[0288]
The transistor 635 is an n-channel transistor. One of the source and the drain

of the transistor 635 is electrically connected to the other of the source and the drain of
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the transistor 634, and the other thereof is supplied with the ground potential.
[0289] |

The input terminal bf the inverter 636 is electrically connected to the other of
the source and the drain of the transistor 633. The output terminal of the inverter 636
is electrically connected to the input terminal of the selector 603.
[0290]

One of a pair of electrodes of a capacitor 637 is electrically connected to the
input terminal of the inverter 636, and the other thereof is supplied with the ground
potential. The capacitor 637 has a function of holding charge based on data of a data

signal input to the inverter 636.

[0291]

FIG. 19 schematically illustrates an example of the flow of signals between the
CPU 111, the power supply control switch 121, and the controller 150.

[0292]

In addition to the CPU 111, the controller 150, and the power supply control
switch 121, FIG. 19 also shows a leve! shifter 501 provided between the CPU 111 and
the power supply control switch 121, a level shiftef 502 provided between the controller
150 and the CPU 111, and a buffer (BUF) 500 through which various kinds of data in
the CPU 111 are transferred.

[0293]

The controller 150 has a function of transmitting a signal for controlling
switching between a normally off state and a normal state to the CPU 111 in accordance
with a control signal for the CPU 111 and a VCE signal including an instruction of
switching between a normally off state and a normal state. The voltage level of the
VCE signal is adjusted by the level shifter 502, and the resuiting VCE signal is input to
the CPU 111. Note that a "normally off" state refers to a state in which the CPU 111
stops working by stopping supply of the power supply voltage and the control signal
from the controller 150. By being supplied with the power supply voltage and the
control signal from the controller 150, the CPU 111 can be brought into an operating
state, that is, a normal state.

[0294]
Specifically, when switching of the state of the CPU 111 to a normally off state
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is instructed by the VCE signal, data is stored in the NVM of the register in the CPU
111.  Further, the controller 150 has a function of generating the control signal
SW_ON for turning on the power supply control switch 121 and the control signal
SW_OFF for turning off the power supply control switch 121. The control signal
SW_ON is input to the CPU 111 after its voltage level is adjusted by the level shifter
501. The power supply voltage PWR is supplied to the CPU 111 through the power
supply control switch 121 while the power supply control switch 121 is on, whereas the
power supply voltage PWR is not 'suppliedvto the CPU 111 while the power supply
control switch 121 is off.

[0295]

The controller 150 also has a function of generating a clock signal C-CLK used
in the CPU 111 from the clock signal CLK and a reset signal RESETB that are input to
the semiconductor device 100.

[0296]

This embodiment can be implemented in combination with any of the other
embodiments as appropriate.
[0297]

(Embodiment 7)

FIG. 20 illustrates an example -of part of a cross-sectional structure of a
semiconductor device according to one embodiment of the present invention. FIG. 20
shows the transistor 631, the capacitor 632, and the transistor 635 as an example.

[0298]

This embodiment shows the case where the transistor 635 is formed over a
single crystal silicon substrate, and the transistor 631 including an active layer
containing an oxide semiconductor and the capacitor 632 are formed over the transistor
635. In the transistor 635, an active layer may be a semiconductor thin film of silicon,
germanium, or the like in an amorphous, microcrystalline, polycrystalline, or signal
crystal state.  Alternatively, the active layer in the transistor 635 may be formed using
an oxide semiconductor. In the case where an oxide semiconductor is used for active
layers of all the transistors, the transistor 631 is not necessarily stacked over the

transistor 635, and the transistors 631 and 635 may be formed in the same layer.
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[0299]

In the case where the transistor 635 is formed using a silicon thin film, any of
the‘following can be used, for example: amorphous silicon formed by sputtering or
vapor phase growth such as plasma CVD, polycrystalline silicon obtained by
crystallization of amorphous silicon by laser annealing or the like, and single crystal
silicon obtained in such a manner that a surface portion of a single crystal silicon wafer
is separated after implantation of hydrogen ions or the like into the silicon wafer.

[0300]

In the case where, among transistors included in the register which is the
memory cbircuit described in Embodiment 6, the transistor 631 is formed using an oxide
semiconductor and the other transistors including the transistor 635 are formed using
silicon, the number of transistors using an oxide semiconductor is smaller than that of
transistors using silicon. Thus, stacking the transistor 631 over the transistor using
silicon allows the design rule of the transistor 631 to be relaxed.

[0301]

The chip area of the CPU can be reduced with the use of such a register in
which a transistor using silicon and a transistor using an oxide semiconductor are
stacked. Since the number of transistors using silicon is larger than that of transistors
using an oxide semiconductor in one circuit block, the actual chip area of the CPU
depends on the number of transistors using silicon. In the register having the
configuration shown in Embodiment 6, the ratio of the number of transistors using
silicon to the number of transistors using an oxide semiconductor is 20:1 to 40:1.

[0302] »

In FIG. 20, the n-channel transistor 635 is formed over a semiconductor
substrate 400.

[0303]

Examples of the semiconductor substrate 400 are an n-type or p-type silicon
substrate, germanium substrate, silicon germanium substrate, and compound
semiconductor substrate (e.g., GaAs substrate, InP substrate, GaN substrate, SiC
substrate, GaP substrate, GalnAsP substrate, and ZnSe substrate). As an example, FIG.
20 illustrates the case where an n-type single crystal silicon substrate is used.

[0304]
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The transistor 635 is electrically isolated from other transistors by an element
isolation insulating film 401. The element isolation insulating film 401 can be formed
by a local oxidation of silicon (LOCOS) method, a trench isolation method, or the like.
[0305]

Specifically, the transistor 635 includes impurity regions 402 and 403 that are
formed in the semiconductor substrate 400 and function as a source region and a drain
region, a gate electrode 404, and a gate insulating film 405 provided between the
semiconductor substrate 400 and the gate electrode 404. The gate electrode 404
overlaps a channel formation region formed between the impurity regions 402 and 403,
with the gate insulating film 405 placed between the gate electrode 404 and the channel
formation region. V
[0306]

An insulating film 409 is provided over the transistor 635. Openings are
formed in the insulating film 409; A wiring 410 in contact with the impurity region
402, a wiring 411 in contact with the impurity region 403, and a wiring 412 in contact
with the gate electrode 404 are formed in the openings.

[0307]

The wiring 410 is connected to a wiring 415 formed over the insulating film
409. The wiring 411 is connected to a wiring 416 formed over the insulating film 409.
The wiring 412 is connected to a wiring 417 formed over the insulating film 409.

[0308]

An insulating film 420 is formed over the wirings 415 to 417. An opening is
formed in the insulating film 420. A wiring 421 connected to the wiring 417 is formed
in the opening.

[0309]

In FIG. 20, the transistor 631 and the capacitor 632 are formed over the
insulating film 420.

[0310]

The transistor 631 includes, over the insulating film 420, a semiconductor film
430 containing an oxide semiconductor, conductive films 432 and 433 that are
positioned over the semiconductor film 430 and function as a source electrode and a

drain electrode, a gate insulating film 431 over the semiconductor film 430 and the
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conductive films 432 and 433, and a gate electrode 434 that is positioned over the gate
insulating film 431 and overlaps the semiconductor film 430 between the conductive
films 432 and 433. Note that the conductive film 433 is connected to the wiring 421.
[0311]

A conductive film 435 is provided over the gate insulating film 431 to overlap
the conductive film 433. A portion where the conductive film 435 overlaps the
conductive film 433 with the gate insulating film 431 placed therebetween functions as
the capacitor 632.

[0312]

Note that the case where the capacitor 632, together with the transistor 631, is
provided over the insulating film 420 is illustrated in FIG. 20 as an example;
alternatively, the capacitor 632 may be provided below the insulating film 420 along
with the transistor 635.

{0313]

An insulating film 441 is provided over the transistor 631 and the capacitor 632.
An opening is formed in the insulating film 441. A conductive film 443 that is in
contact with the gate electrode 434 in the opening is provided over the insulating film
441.

[0314]

In FIG 20, the transistor 631 includes the gate electrode 434 on at least one
side of the semiconductor film 430. Alternatively, the transistor 631 may include a
pair of gate electrodes with the semiconductor film 430 placed therebetween.

[0315]

In the case where the transistor 631 has a pair of gate electrodes with the
semiconductor film 430 therebetween, one of the gate electrodes is supplied with a
signal for turning on or off the trénsistor 631, and the other of the gate electrodes may
be in a floating state (i.e., electrically insulated) or supplied with a potential. In the
latter case, potentials with the same level may be supplied to the pair of electrodes, or a
fixed potential such as the ground potential may be supplied only to the other of the gate
electrodes. By controlling the level of a potential supplied to the other of the gate
electrodes, the threshold voltage of the transistor 631 can be controlled.

[0316]
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This embodiment can be implemented in combination with any of the other
embodiments as appropriate.
[0317]

(Embodiment 8)

This embodiment will describe an architecture in which a power gate that
allows supply of the power supply voltage to be controlled independently for each
circuit is controllable by a program.

[0318]

FIG. 21 and FIGS. 22A and 22B are diagrams for explaining an example of the
architecture in which a power gate is controllable by a program. FIG. 21 illustrates the
case where supply of the power supply voltage to the CPU 111, the memory 112, and
the signal processing circuit 113, which are described with reference to FIG. 1, is
controlled by the power supply control switches 121, 122, and 123 that are power gates.
In this embodiment, the power supply control switch 121, through which the power
supply voltage is supplied to th.e CPU 111, is described as an example.

[0319]

The program is stored in a program memory 551 that is added to the controller
150 described in Embodiment 1. In this embodiment, the controller 150 includes a
counter 552 for turning off the power gate and a counter 553 for turning on the power
gate in addition to the program memory 551.

[0320]

The counter 552 for turning off the power gate is supplied with the clock signal
CLK and a preprocessing end signal 1. The counter 553 for turning on the power gate
is supplied with the clock signal CLK and a preprocessing end signal 2.

[0321]

The program memory 551 may be a volatile memory to which a program is
externally input, or may be a nonvolatile memory.
[0322]

By the program stored in the program memory 551, the order of and
preparation time for rising and falling of the power supply control switches 121 to 123
and the circuits connected thereto, such as the CPU 111, the memory 112, and the signal

processing circuit 113, can be set, for example. The order and preparation time can be
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changed by rewriting of the program, so that the flexibility of the settings can be
ensured without changing the internal circuit.

[0323]

_ The architecture and flowcharts for the case where the preparation time is
changed by a program will be described below.

[0324]

First, the architecture in this case is such that the controller 150 includes the
program memory 551, the counter 552 for turning off the power gate, and the counter
553 for turning on the power gate as illustrated in FIG. 21.

[0325]

Next, a flowchart for explaining the case of turning off the power gate is shown
in FIG. 22A. Data on the preparation time is read from the program memory 551
(A01: READ TIME DATA FROM PROGRAM MEMORY). Then, the data is input to
the counter 552 for turning off the power gate and the counter 553 for turning on the
power gate (A02: INPUT DATA TO COUNTER FOR TURNING OFF POWER GATE).
Next, when the preprocessing end signal 1 is input (A03: INPUT PREPROCESSING
END SIGNAL 1), the counter 552 for turning off the power gate starts counting (A04:
START COUNTING). When the counting reaches a count number input from the
program memory 551, the counter 552 for turning off the power gate stops counting
(A05: END COUNTING) and outputs a signal to turn off the power supply control
switch 121 (A06: TURN OFF POWER SUPPLY CONTROL SWITCH 121). The
preparation time can be changed as appropriate by changing the contents of the program
memory 551.

[0326]

A flowchart for explaining the case of turning on the power supply control
switch 121 is shown in FIG. 22B. Data on the preparation time is read from the
program memory 551 (BOl: READ TIME DATA FROM PROGRAM MEMORY).
Then, the data is input to the counter 552 for turning off the power gate and the counter
553 for turning on the power gate (B02: INPUT DATA TO COUNTER FOR TURNING
ON POWER GATE). Next, when the preprocessing end signal 2 is input (B03:
INPUT PREPROCESSING END SIGNAL 2), the counter 553 for turning on the power
gate starts counting (B04: START COUNTING). When the counting reaches a count
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number input from the program memory 551, the counter 553 for turning on the power
gate stops counting (B05: END COUNTING) and outputs a signal to turn on the power
supply control switch 121 (B06: TURN ON POWER SUPPLY CONTROL SWITCH
121). The preparation time can be changed as appropriate by changing the contents of
the program memory 551.
[0327]

According to the flowcharts, the settings can be changed as appropriate only by

changing the program.

EXPLANATION OF REFERENCE

[0328]

21: transistor, 22: transistor, 100: semiconductor device, 100A: microcomputer, 101:
input device, 102: output device, 110: CPU, 11{: CPU, 112: memory, 113: signal
processing circuit, 113A: image processing circuit, 114: memory, 121: power supply
control switch, 122: power supply control switch, 123: power supply control switch,
124: power supply control switch, 150: controller, 151: interface unit, 152: clock
generation unit, 153: output signal control unit, 154: buffer unit, 155: counter circuit,
171: touch panel, 172: touch panel controller, 173: keyboard, 174: keyboard controller,
181: display, 182: display controller, 190: power source, 200: memory cell, 211:
transistor, 212: transistor, 213: capacitor, 300: CPU, 301: circuit, 302: circuit, 303:
circuit, 304: CPU control unit, 305: register set, 306: calculation unit, 307: address
buffer, 308: state generation unit, 309: register, 310: ALU, 400: semiconductor substrate,
401: element isolation insulating film, 402: impurity region, 403: impurity region, 404:
gate electrode, 405: gate insulating film, 409: insulating film, 410: wiring, 411: wiring,
412: wiring, 415: wiring, 416: wiring, 417: wiring, 420: insulating film, 421: wiring,
430: semiconductor film, 431: gate insulating film, 432: conductive film, 433:
conductive film, 434: gate electrode, 435: conductive film, 441: insulating film, 443:
conductive film, 500: buffer, 501: level shifter, 502: level shifter, 551: program memory,
552: counter for turning off power gate, 553: counter for turning on power gate, 601:
flip-flop , 602: memory circuit, 603: selector, 621: data retention unibt, 622: data read
unit, 631: transistor, 632: capacitor, 633: transistor, 634: transistor, 635: transistor, 636:

inverter, 637: capacitor, 700: element formation layer, 701: insulating layer, 711:
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semiconductor layer, 712a: region, 712b: region, 713: channel formation region, 714:
insulating layer, 715: conductive layer, 716a: insulating layer, 716b: insulating layer,
717: insulating layer, 718a: conductive layer, 718b: conductive layer, 719: insulating
layer, 750: element formation layer, 751: conductive layer, 752: insulating layer, 753:

insulating layer, 754: semiconductor layer, 755a: conductive layer, 755b: conductive

. layer, 756a: conductive layer, 756b: conductive layer, 757: insulating layer, 801:

transistor, 802: transistor, 810: substrate, 811: insulating layer, 813: single crystal silicon
layer, 814: conductive layer, 815: insulating layer, 816: insulating layer, 817: insulating
layer, 818: conductive layer, 1011: housing, 1012: panel, 1013: button, 1014: speaker,
1021a: housing, 1021b: housing, 1022a: panel, 1022b: panel, 1023: hinge, 1024: button,
1025: connection terminal, 1026: storage medium insertion portion, 1027: speaker,
1031: housing, 1032: panel, 1033: button, 1034: speaker, 1035: top board, 1041:
housing, 1042: panel, 1043: support, 1044: button, 1045: connection terminal, 1046:
speaker, 1050: electronic device, 1051: housing, 1052: refrigerator door, 1053: freezer

door, 1060: indoor unit, 1061: housing, 1062: ventilation duct, 1064: outdoor unit, 1100:

- program memory, 1110: register, 1130: register

This application is based on Japanese Patent Applications serial No.
2012-011120, No. 2012-011124, and No. 2012-105538 filed with Japan Patent Office on
January 23, 2012, January 23, 2012, and May 3, 2012, respectively, the entire contents

of which are hereby incorporated by reference.
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CLAIMS

1. A semiconductor device comprising:

a CPU electrically connected to a first switch;

a memory electrically éonnected to a second switch;

a signal processing circuit electrically connected to a third switch; and

a controller.

wherein the signal processing circuit is configured to convert an operation data

signal of the CPU,

wherein each of the first switch, the second switch, and the third switch is

electrically connected to a power supply line, and

wherein the controller is configured to control the first switch, the second

switch, and the third switch.

2. The semiconductor device according to claim 1,
wherein the CPU is configured to output a first signal which is input to the

controller, and

wherein the controller controls the first switch in accordance with the first

signal.

3. The semiconductor device according to claim 1,
wherein the signal processing circuit is configured to output a second signal

which is input to the controller, and

wherein the controller controls the third switch in accordance with the second

signal.

4. The semiconductor device according to claim 1,
wherein the memory includes a field-effect transistor, and

wherein an off-state current of the field-effect transistor is 100 zA or less per

channel width of 1 pm.

5. The semiconductor device according to claim 4,
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wherein the field-effect transistor comprises an oxide semiconductor layer
including crystal portions, and
wherein c-axes of the crystal portions are aligned in a direction parallel to a

normal vector of a surface where the oxide semiconductor layer is formed.

6. The semiconductor device according to claim 4,

wherein the field-effect transistor comprises an oxide semiconductor layer
including crystal portions, and

wherein c-axes of the crystal portions are aligned in a direction parallel to a

normal vector of a surface of the oxide semiconductor layer.

7. The semiconductor device according to claim 1,
wherein the CPU includes:
a first memory circuit configured to hold data in a period during which
a power supply voltage is applied to the CPU; and
a second memory circuit configured to hold data in a period during
which the power supply voltage is not applied to the CPU,
wherein the second memory circuit includes a field-effect transistor, and

wherein an off-state current of the field-effect transistor is 100 zA or less per

channel width of 1 pm.

8. The semiconductor device according to claim 7,

wherein the field-effect transistor comprises an oxide semiconductor layer
including crystal portions, and

wherein c-axes of the crystal portions are aligned in a direction parallel to a

normal vector of a surface where the oxide semiconductor layer is formed.

9. The semiconductor device according to claim 7,

wherein the field-effect transistor comprises an oxide semiconductor layer
including crystal portions, and

wherein c-axes of the crystal portions are aligned in a direction parallel to a

normal vector of a surface of the oxide semiconductor layer.
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10. The semiconductor device according to claim 1,
wherein the signal processing circuit includes:
a first memory circuit configured to hold data in a period during which
a power supply voltage is applied to the signal processing circuit; and
a second memory circuit configured to hold data in a period during
which the power supply voltage is not applied to the signal processing circuit,
wherein the second memory circuit includes a field-effect transistor, and

wherein an off-state current of the field-effect transistor is 100 zA or less per

channel width of 1 pm.

I1. The semiconductor device according to claim 10,

wherein the field-effect transistor comprises an oxide semiconductor layer

| including crystal portions, and

wherein c-axes of the crystal portions are aligned in a direction parallel to a

normal vector of a surface where the oxide semiconductor layer is formed.

12. The semiconductor device according to claim 10,

wherein the field-effect transistor comprises an oxide semiconductor layer
including crystal portions, and

wherein c-axes of the crystal portions are aligned in a direction parallel to a

normal vector of a surface of the oxide semiconductor layer.

13. A semiconductor device comprising:

a first CPU electrically connected to a first switch;

a memory electrically connected to a second switch;

a signal processing circuit electrically connected to a third switch; and

a second CPU,

wherein the signal processing circuit is configured to convert an operation data
signal of the first CPU,

wherein each of the first switch, the second switch, and the third switch is

electrically connected to a power supply line,
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wherein the second CPU is configured to control the first switch, the second

switch, and the third switch.

14. The semiconductor device according to claim 13, wherein the second CPU
controls the third switch so that a power supply voltage starts to be applied to the signal

processing circuit after the power supply voltage starts to be applied to the first CPU.

15. The semiconductor device according to claim 13, wherein the second CPU
controls the first switch so that a power supply voltage stops being applied to the first

CPU after the first CPU outputs the operation data signal.

16. The semiconductor device according to claim 13, wherein each of the first

switch, the second switch and the third switch is controlled by a program used by the

_ second CPU.

17. The semiconductor device according to claim 13,
wherein the memory comprises a field-effect transistor, and

wherein an off-state current of the field-effect transistor is 100 zA or less per

channel width of 1 pm.

18. The semiconductor device according to claim 17,

wherein the field-effect transistor comprises an oxide semiconductor layer
including crystal portions, and

wherein c-axes of the crystal portions are aligned in a direction parallel to a

normal vector of a surface where the oxide semiconductor layer is formed.

19. The semiconductor device according to claim 17,

wherein the field-effect transistor comprises an oxide semiconductor layer
including crystal portions, and

wherein c-axes of the crystal portions are aligned in a direction parallel to a

normal vector of a surface of the oxide semiconductor layer.
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20. The semiconductor device according to claim 13,
wherein the first CPU includes:
a first memory circuit configured to hold data in a period during which
‘a power supply voltage is applied to the first CPU; and
a second memory circuit configured to hold data in a period during
which the power supply voltage is not applied to the first CPU,
wherein the second memory circuit includes a field-effect transistor, and

wherein an off-state current of the field-effect transistor is 100 zA or less per

channel width of 1 pm.

21. The semiconductor device according to claim 20,

wherein the field-effect transistor comprises an oxide semiconductor layer
including crystal portions, and

whérein c-axes of the crystal portions are aligned in a direction parallel to a

normal vector of a surface where the oxide semiconductor layer is formed.

22. The semiconductor device according to claim 20,

wherein the field-effect transistor comprises an oxide semiconductor layer
including crystal portions, and

wherein c-axes of the crystal portions are aligned in a direction parallel to a

normal vector of a surface of the oxide semiconductor layer.

23. The semiconductor device according to claim 13,
wherein the signal processing circuit includes:
a first memory circuit configured to hold data in a period during which
a power supply voltage is applied to the signal processing circuit; and
a second memory circuit configured to hold data in a period during
which the power supply voltage is not applied to the signal processing circuit,
wherein the second memory circuit includes a field-effect transistor, and

wherein an off-state current of the field-effect transistor is 100 zA or less per

channel width of 1 um.
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24. The semiconductor device according to claim 23,
wherein the field-effect transistor comprises an oxide semiconductor layer
including crystal portions, and
5 wherein c-axes of the crystal portions are aligned in a direction parallel to a

normal vector of a surface where the oxide semiconductor layer is formed.

25. Thé semiconductor device according to claim 23,

wherein the field-effect transistor comprises an oxide semiconductor layer
10 including crystal portions, and

wherein c-axes of the cfystal portions are aligned in a direction parallel to a

normal vector of a surface of the oxide semiconductor layer.



