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(57) Abstract: The storage circuit includes first and second logic circuits, first and second transistors whose channel formation re-
gions include an oxide semiconductor, and a capacitor. The first and second transistors are connected to each other in series, and the
capacitor is connected to a connection node of the first and second transistors. The first transistor functions as a switch that controls
connection between an output terminal of the first logic circuit and the capacitor. The second transistor functions as a switch that
controls connection between the capacitor and an input terminal of the second logic circuit. Clock signals whose phases are inverted
from each other are input to gates of the first and second transistors. Since the storage circuit has a small number of transistors and a
small number of transistors controlled by the clock signals, the storage circuit is a low-power circuit.
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DESCRIPTION
STORAGE CIRCUIT AND SEMICONDUCTOR DEVICE

TECHNICAL FIELD
[0001]

The present invention relates to an object, a method, or a manufacturing
method.  In addition, the present invention relates to a process, a machine, manufacture,
or a composition of matter. In particular, one embodiment of the present invention
relates to a semiconductor device, a method for driving the semiconductor device, and a
method for manufacturing the semiconductor device. Specifically, one embodiment of
the present invention relates to a flip-flop circuit and a semiconductor device including
the flip-flop circuit.

[0002]

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

semiconductor device in some cases.

BACKGROUND ART
[0003]

A flip-flop (hereinafter abbreviated as FF) is a kind of sequential logic circuit,
which is a storage circuit that stores 1-bit data as “0” or “1.” A master-slave FF is
known as an FF in which two latch circuits each including an inverter loop are -
connected to each other in series.

[0004]
FIG. 11A illustrates a conventional master-slave FF. FIG. 11B is an

equivalent circuit diagram of FIG. 11A. As illustrated in FIGS. 11A and 11B, a
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flip-flop circuit (FF) 1 includes two latch circuits (LAT-1 and LAT-2) connected to each
other in series. LAT-1 includes an inverter (INV) 2 and clocked inverters (CINV) 3
and 4. LAT-2 includes INV 5, CINV 6, and CINV 7. The phases of clock signals
CLK and CLKB are inverted  from each other. VDD is high power supply voltage, and
VSS is low power supply voltage.

[0005]

In FF 1, when the clock signal CLK is high (H), input data D is retrieved from
an input terminal and LAT-1 outputs the data to LAT-2.  When the clock signal CLK is
low (L), LAT-1 separates the input terminal from an internal circuit and retains the
retrieved data. LAT-2 retrieves the data retained in LAT-1 and outputs the data as data
Q from an output terminal.

[0006] ‘

A transistor whose channel formation region includes an oxide semiconductor
(OS) such as an In-Ga-Zn oxide (In-Ga-Zn-0O) (hereinafter such a transistor is referred
to as an OS transistor) is known. It is known that an OS transistor has extremely low
off-state. current because an oxide semiconductor has a wider bandgap than silicon.
For example, Patent Document 1 discloses a flip-flop circuit in which an OS transistor
is used as a switch.

[Reference]
{0007}
Patent Document: Japanese Published Patent Application No. 2013-141212

DISCLOSURE OF INVENTION
[0008]

The power consumption of a semiconductor device such as a processor needs
to be reduced. Owing to scaling and improved integration technology, a large
integrated circuit or a microprocessor includes hundreds of millions of transistors. The
power consumption of such a semiconductor device is increased because many
transistors operate and leakage current (speciﬁcally, gate leakage current) of the
transistors is increased due to scaling. Consequently, a chip generates heat, which
inhibits an increase in operating frequency.

[0009]
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To solve such a problem, for example, power supply voltage is lowered.
When the power supply voltage is lowered, the threshold voltages of transistors need to
be lowered. When the threshold voltage is lowered, off-state leakage current of the
transistors is increased, so that static power consumption is increased. Thus, the power
supply voltage cannot be lowered unlimitedly.
[0010]

In addition, to reduce the power consumption of a semiconductor device,
circuits that do not need to operate are stopped by power gating, clock gating, or the like.

When FF 1 in FIG. 11A is simply powered off, stored data is lost. Thus, when power

~supply is restarted to operate the FF, output data of the FF is undefined. This might

cause malfunction of a combinational circuit connected to an output of the FF.
[0011]
The FF is one of storage circuits .included in a semiconductor device. . An

object of one embodiment of the present invention is to provide a low-power storage

circuit.  An object of one embodiment of the present invention is to provide a novel

storage circuit. An object of one embodiment of the present invention is to provide a
novel storage circuit including an OS transistor. An object of one embodiment of the
present invention is to provide a storage circuit that can retain data even in a standby
state or a power-off state. An object of one embodiment of the present invention is to
provide a storage circuit whose data retention characteristics in a standby state or a
power-off state are improved.

[0012]

An object of one embodiment of the present invention is to provide a
low-power semiconductor device. An object of one embodiment of the present
invention is to provide a novel semiconductor device. An object of one embodiment
of the present invention is to provide a novel semiconductor device including an OS
transistor.

[0013]

Note that the description of the plurality of objects does not disturb the
existence of another object or another purpose. One embodiment of the present
invention does not necessarily achieve all the objects. Other objects will be apparent

from and can be derived from the description of the specification, the drawings, the
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claims, and the like.
[0014]:

One embodiment of the present invention is a storage circuit that includes first

and second logic circuits, first and second transistors, a first capacitor, and first and

second nodes. The first capacitor is connected to the first node. An input terminal of
the second logic circuit is connected to the second node. The first transistor functions
as a switch that controls connection between an output terminal of the first logic circuit
and the first node. A first clock signal is input to a gate of the first transistor. The
second transistor functions as a switch that controls connection between the first and
second nodes. A second clock signal is input to a gate of the second transistor. The
phases of the first clock signal and the second clock signal are inverted from each other.
A channel formation region of each of the first and second transistors includes an oxide

semiconductor.

- [0015]
15 -

One embodiment of the present invention is a storage circuit that includes first

- and second logic circuits, first and second inverters, first and second transistors, a first

- capacitor, and first to third nodes. The first capacitor is connected to the first node.

Third and fourth transistors are connected to each other in series between the second

“and third nodes. An input terminal of the second logic circuit is connected to the third

node. The first transistor functions as a switch that controls connection between an
output terminal of the first logic circuit and the first node. A first clock signal is input
to a gate of the first transistor. The second transistor functions as a switch that controls
connection between the first and second nodes. A second clock signal is input to a
gate of the second transistor. The phases of the first clock signal and the second clock
signal are inverted from each other. A channel formation region of each of the first
and second transistors includes an oxide semiconductor.  Alternatively, one
embodiment of the present invention is a storage circuit that includes first and second
logic circuits, first ahd second transistors, a first capacitor, and first and second nodes.
The first capacitor is connected to the first node. An input terminal of the second logic
circuit is connected to the second node. The first transistor functions as a switch that
controls connection between an output terminal of the first logic circuit and the first

node. A first clock signal is input to a gate of the first transistor. The second
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transistor functions as a switch that controls connection between the first and second
nodes. A second clock signal is input to a gate of the second transistor. The phases
of the first clock signal and the second clock signal are inverted from each other. A
channel formation region of each of the first and second transistors includes an oxide
semiconductor. |
[0016]

One embodiment of the present invention is a semiconductor device. including
the storage circuit according to any of the above embodiment of the present invention.
[0017]

According to one embodiment of the present invention, it is possible to provide
a low-power storage circuit. According to one embodiment of the present invention, it
is possible to provide a storage circuit that can retain data even in a standby state or a
power-off state. According to one embodiment of the present invention, it is possible
to provide a low-power semiconductor device.

[0018]

Note that one embodiment of the present invention is not limited to these
effects. For example, depending on circumstances or conditions, one embodiment of
the present invention might produce another effect. Furthermore, depending on
circumstances or conditions, one embodiment of the present invention might not

produce any of the above effects.

BRIEF DESCRIPTION OF DRAWINGS
[0019]

In the accompanying drawings:

FIGS. 1A to 1C are block diagrams each illustrating a structure example of a
flip-flop circuit (FF);

FIG. 2A is a circuit diagram illustrating a structure example of an FF, FIG. 2B
is an equivalent circuit diagram of FIG. 2A, and FIG. 2C is a timing chart illustrating an
operation example of the FF;

FIG. 3A is a circuit diagram illustrating a structure example of an FF, and FIG.
3B is an equivalent circuit diagram of FIG. 3A;

FIG. 4A is a circuit diagram illustrating a structure example of an FF, FIG. 4B
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is an equivalent circuit diagram of FIG. 4A, and FIG. 4C is a block diagram illustrating
* a structure example of a semiconductor device including the FF;-

FIG. 5A is a circuit diagram illustrating a structure example of an FF, and FIG.
SB is an equivalent circuit diagram of FIG. 5A;

FIG. 6 is a circuit diagram illustrating a structure example of an FF;

FIG. 7 is a circuit diagram illustrating a structure example of an FF;

FIGS. 8A to 8C are circuit diagrams each illustrating a structure example of an
FF; .

FIG. 9A is a cross-sectional view illustrating a structure example of a
semiconductor device (die) including an FF, and FIG. 9B is a cross-sectional view
illustrating a structure example of an OS transistor;

FIGS. 10A to 10F each illustrate an electronic device; and

FIG. 11A is a circuit diagram illustrating a structure example of a conventional

flip-flop circuit, and FIG. 11B is an equivalent circuit diagram of FIG. 11A.

BEST MODE FOR CARRYING OUT THE INVENTION
[0020]

Embodiments of the present invention will be déscribed in detail below with
reference to the drawings. Note that the present invention is not limited to the
following description. It will be readily appreciated by those skilled in the art that
modes and details of the present invention can be modified in various ways without
departing from the spirit and scope of the present invention. The present invention
therefore should not be construed as being limited to the following description of the

embodiments.
[0021]

In the drawings used for the description of embodiments of the present
.invention, the same portions or portions having similar functions are denoted by the
same reference numerals, and description thereof is not repeated in some cases.

[0022]
(Embodiment 1)
In this embodiment, flip-flop circuits (FF) are described as examples of a

storage circuit that stores 1-bit data.
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[0023]

FIG. TA is a block diagram illustrating structure example of the FF. FF 21
includes a logic circuit 110, a logic circuit 111, a switch SW 1, a switch SW 2, and a
capacitor CAP |.

[0024]

In the following description, the switch SW | might be abbreviated to SW 1.
The same applies to signals, voltages, circuits, elements, and wirings.

[0025]

The capacitor CAP 1 is connected to a connection node (node CP) of SW 1 and
SW 2 and functions as a storage capacitor for retaining output data of the logic circuit
110.

[0026]

An output terminal (node DA) of the logic circuit 110 is connected to an input
terminal (node DB) of the logic circuit 111 by SW 1 and SW 2 connected to each other
in series. The on and off states of SW | and SW 2 are controlled by the clock signals
CLKB and CLK, respectively. The phases of CLKB and CLK are inverted from each
other. While FF 21 performs normal operation, SW 1 and SW 2 are alternately turned

on or off.

{0027}

In FF 21, the voltage of the node CP is rewritten in response to the clock
signals CLK and CLKB in accordance with the voltage of an input data signal D. This
means that the internal state of FF 21 is updated. In addition, the data signal D input
from an input terminal iz is sequentially transferred to the nodes DA, CP, and DB and is
output from an output terminal outf as a data signal Q
[0028]

In addition, in FF 21, a capacitor may be intentionally connected to the node
DB. FIG. 1B illustrates a structure example of such an FF. When SW 2 is off,
electric charge of the node DB leaks. Thus, as in FF 22, a capacitor CAP 11 may be
intentionally connected to the node DB to hold the voltage of the node DB in CAP 11
when SW 2 is off. Consequently, variations in the voltage of the node DB can be
reduced when SW 2 is off. The capacitance of CAP 11 is preferably lower than or

equal to one-tenth of the capacitance of CAP 1.
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[0029]

There is no particular limitation on the device structure of a capacitor

~ intentionally provided as an element in the FF in this embodiment. For example, as

illustrated in FIGS. 1A and 1B, a metal-insulator-metal (MIM) capacitor can be used.
Alternatively, a metal-oxide-semiconductor (MOS) capacitor can be used. FIG. (C
illustrates a structure example of FF 21 including a MOS capacitor (CAP 1). In the
case where a plurality of capacitors are intentionally provided in the FF in this

embodiment, the device structures of the plurality of capacitors may be the same or

" different.

[0030] ,
Here, VSS and VDD represent low power supply voltage and high power
supply voltage, respectively. For example, VSS may be fixed voltage such as a ground

potential GND. In addition, voltage supplied to the capacitor may be not fixed voltage

.such as VDD or VSS but voltage that varies depending on FF operation.
[0031]

Note that in the case where a MOS capacitor is used, high voltage is preferably
supplied to a gate of a transistor used as a capacitor when the transistor is an n-channel
transistor, and low voltage is preferably supplied to the gate of the transistor when the

transistor is a p-channel transistor. Thus, in FIG. 1C, VDD is supplied to the gate.

" Alternatively, the position of the transistor may be changed so that the gate is connected

to the node CP. In that case, VSS or the like is preferably supplied to a source or a

‘drain.

[0032]

In the case where a MOS capacitor is used, a semiconductor layer used for SW
1 or SW 2 may be used as a semiconductor layer. In other words, the semiconductor
layer used for SW 1, the semiconductor layer used for SW 2, and the semiconductor
layer used for the MOS capacitor may be deposited, etched, and patterned at the same
time. In addition, the semiconductor layer used for SW 1, the semiconductor layer
used for SW 2, and the semiconductor layer used for the MOS capacitor may be formed
as one island-shaped semiconductor region. The semiconductor layer used for the
MOS capacitor may have n-type conductivity so that the transistor operates as the

capacitor easily.
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[0033]

SW 1 and SW 2 are each formed using a transistor whose off-state leakage
current (off-state current) is extremely low, so that FF 21 and FF 22 can function as
storage circuits. Some specific structure examples of the FF are described below with
reference to drawings. It is needless to say that a plurality of structure examples in this
embodiment can be combined as appropriate.

[0034]
<Structure example 1>

FIG. 2A is a circuit diagram illustrating a structure example of an FF, and FIG.
2B is an equivalent circuit diagram of FIG. 2A. FIG. 2C is a timing chart illustrating
an operation example of the FF.

[0035]
FF 101 includes inverters INV 10 and INV 11, transistors Mos 1 and Mos 2,

and a capacitor CAP 1. FF 101 corresponds to a storage circuit in which the two logic

circuits 110 and 111 in FF 21 are formed using inverters.
[0036]

In the following description, the inverter INV 10 might be abbreviated to INV
10. The same applies to signals, voltages, circuits, elements, and wirings.

[0037]

Note that a transistor is an element having three terminals: a gate, a source, and
adrain. Depending on the channel type of the transistor or levels of voltages applied
to the terminals, one of two terminals (the source and the drain) functions as a source
and the other of the two terminals functions as a drain. In general, in an n-channel
transistor, a terminal to which low voltage is applied is called a source, and a terminal to
which high voltage is applied is called a drain. In contfast, in a p-channel transistor, a
terminal to which low voltage is applied is called a drain, and a terminal to which high
voltage is applied is called a source. In the following description, to clarify circuit
structure and circuit operation, one of two terminals of a transistor is fixed as a source
and the other of the two terminals is fixed as a drain in some cases. It is needless to
say that, depending on a driving method, the magnitude relationship between voltages
applied to the terminals of the transistor might be changed, and the source and the drain

might be interchanged.
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[0038]

INV 10, the transistor Mos 1, the transistor Mos 2, and INV 11 are connected to
each other in series between an input terminal and an output terminal of FF 101. In .
FIG. 2A, the transistors Mos | and Mos 2 are n-channel transistors. INV 10 and INV
11 can be, for example, CMOS inverters (FIG. 2B). One terminal of the capacitor
CAP 1 is connected to the node CP, and the other terminal of the capacitor CAP 1 is
connected to a wiring to which VSS is supplied. _ Note that the other terminal may be
connected to a wiring to which VDD is supplied.

[0039]

The node CP is a connection node of Mos | and Mos 2.  Mos 1 functions as a
switch that connects an output terminal (node DA) of INV 10 to the node CP, and the
clock signal CLKB is input to a gate of Mos 1. Mos 2 functions as a switch that
connects the node CP to an input terminal (node DB) of INV 11, and the clock signal
CLK is input to a gate of Mos 2. The clock signal CLKB is an inverted clock signal
obtained by phase inversion of the clock signal CLK.

[0040]

As illustrated in FIG. 2C, the internal state of FF 101 is updated when CLKB is
raised. The data signal D input from the input terminal in is sequentially transferred to
the nodes CP and DB in response to CLK and CLKB and is output from the output
terminal out as the data signal Q.

[0041] |

At this time, the potentials of CLK and CLKB at a high level (H) are preferably
higher than VDD. Thus, Mos 1 and Mos 2 can be turned on reliably. In other words, .
the potential level of the data signal Q is hardly affected by the threshold voltages of
Mos 1 and Mos 2. Consequently, for example, when a high level (H) is input to the
node CP through Mos 1, the potential of the node CP can be sufficiently increased. It
is needless to say that one embodiment of the present invention is not limited thereto.
[0042] _

The gate capacitance of a transistor in INV 11 is preferably much lower than
the capacitance of CAP 1. For example, the gate capacitance of the transistor in INV
11 is preferably much lower than the capacitance of CAP 1. The gate capacitance of

the transistor in INV 11 is more preferably lower than half of the capacitance of CAP 1.
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It is needless to say that one embodiment of the present invention is not limited thereto.
[0043)]
Note that in FIG. 2A, one inverter is provided in each of a data path between

the input terminal in and the node CP and a data path between the node CP and the

output. terminal out; however, a plurality of inverters connected to each other in series

can be provided in each data path. In addition, as in FF 22, the capacitor CAP 11 may
be connected to the node DB in FF 101.

[0044]

(Transistor application)

The node CP functions as a data storage portion of FF 101. CAP 1 functions
as a storage capacitor for holding the voltage of the node CP.
[0045]

Thus, as a method for reducing output errors of FF 101, variations in the
voltage of the node CP are reduced as much as possible. The transistors Mos 1 and
Mos 2 function as switches that are alternately turned on or off while FF 101 performs
normal operation. Accordingly, to reduce variations in the voltage of the node CP, the
transistors Mos 1 and Mos 2 preferably have extremely low off-state current.
Extremely low off-state current means that off-state current per micrometer of channel .
width is lower than or equal to 100.zA. Since the off-state current is prefe‘rabl_y as low
as possible, normalized off-state current is preferably lower than or equal to 10 zA/um
or lower than or equal to 1 zA/pum, more preferably lower than or equal to 10 yA/um.
[0046]

An example of such a transistor having extremely low off-state current is an
OS transistor. An oxide semiconductor used for a channel has a wider bandgap (3.0
eV or higher) than a Group 14 semiconductor such as Si or Ge; thus, an OS transistor
has low leakage current due to thermal excitation and extremely low off-state current.
[0047]

By reducing impurities serving as electron donors (donors), such as moisture or
hydrogen, and reducing oxygen vacancies, an i-type (intrinsic) or substantially intrinsic
oxide semiconductor can be obtained. Here, such an oxide semiconductor is referred

to as a highly purified oxide semiconductor. By forming the channel using a highly
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purified oxide semicolnductor, the off-state current of the OS transistor that is
normalized by channel width can be as low as several yoctoamperes per micrometer to
several zeptoamperes per micrometer.

[0048] .

The oxide semiconductor of the OS transistor preferably contains at least
indium (In) or zinc (Zn). - The oxide semiconductor preferably contains an éle’ment that
functions as a stabilizer for reducing variations in electrical characteristics. Examples
of such an element include Ga, Sn, Hf, Al, and Zr. Typical examples of the oxide
semiconductor of the OS transistor include an In-Ga-Zn-based oxide and an
In-Sn-Zn-based oxidé. Note that the OS transistor is described in detail in
Embodiment 2.

[0049]

Thus, in FF 101, the transistors Mos 1 and Mos 2 may be OS transistors.
There is no particular limitation on the transistors included in INV 10 and INV 11, and
transistors included in the semiconductor device including FF 101 can be used as the
transistors included in INV 10 and INV 11. For example, INV 10 and INV 11 can each
include a transistor whose channel is formed using a semiconductor made of a Group 14
element, such as Si, SiC, or Ge (e.g., a Si transistor), or an OS transistor. The Si
transistor has higher off-state current than the OS transistor but has higher response
speed than the OS transistor, which is advantageous; thus, INV 10 and INV 11
preferably each include a Si transistor.

[0050]

As is clear from the circuit diagrams in FIG. 2B and FIG. 11B, the number of
transistors in FF 101 is smaller than that in the conventional FF 1. Thus, the circuit
size of FF 101 can be decreased. In addition, since the number of transistors in FF 101
is small, dynamic power consumption is reduced. In particular, since the number of
transistors controlled by a clock signal is reduced to two, dynamic power consumption
can be reduced effectively. Furthermore, the number of Si transistors whose leakage
current is higher than that of an OS transistor can be reduced; thus, static power
consumption can also be reduced.

[0051]

A semiconductor device includes a large number of FFs; however, by using FF
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101 as each FF, the dynamic and static power consumption of the semiconductor device
can be reduced. In addition, a rise in temperature can be inhibited while the
semiconductor device operates; thus, the operating frequency of the semiconductor
device can be increased.

[0052]

(Driving method)

FIG. 2C shows waveforms of the input signals (CLK, CLKB, and data signal
D) and the output signal (data signal Q), and changes in voltages of the nodes CP and
DB. |
[0053]

In FF 101, the data signal D input from the input terminal in is sequentially
transferred to the nodes CP and DB in response to CLK and CLKB and is output from
the output terminal out as the data signal Q. Mos 1 is turned on and Mos 2 is turned
off when CLK is “L,” and the output voltage of INV 10 is supplied to CAP 1. Data is
retained in CAP 1 as voltage. Then, Mos 1 is turned off and Mos 2 is turned on when
CLK is set at “H”; thus, the logic value of the data retained in CAP 1 is inverted in INV
11 and the data is output from the output terminal out as the data signal Q.

[0054]

When Mos 1 and Mos 2 are each formed using an OS transistor whose off-state
current is extremely low, the voltage of the node CP can be held for a certain period
even after supply of the clock signals CLK and CLKB is stopped. Thus, clock gating
can be performed on FF 101. By stopping the supply of the clock signals CLK and
CLKB and turning off one of Mos 1 and Mos 2, the internal state of the flip-flop 101
can be held. Stopping the supply of clock signals means stopping oscillation of CLK
and CLKB and fixing the potential level of CLK at “L” or “H.” In FF 101, by
stopping the supply of the clock signals, CLK may be‘ fixed at “L” (CLKB may be fixed
at “H”) or “H” (CLKB may be fixed at “L”). When the supply of the clock signals is
stopped, CLK is preferably fixed at “H” and the node DB is preferably connected to the
node CP. Thus, the voltage of the node DB in this period can be held in CAP 1, so that
variations in the voltage can be further reduced. '
[0055]

Alternatively, by stopping the supply of the clock signals, CLK and CLKB may
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be fixed at “L.” In that case, the node CP can be electrically floating; thus, variations
in the voltage of the node CP can be reduced while the supply of the clock signals is
stopped.

[0056]

Clock gating can reduce the dynamic power consumption of FF 101. In
addition, after the supply of the clock signals is stopped, supply of VDD to INV 10 and
INV 11 can be stopped, so that power consumption can be further reduced.

[0057]
<Structure example 2>

In FF 101, the capacitance of CAP 1 needs to be high enough to accumulate
electric charge with which INV 11 can be driven while Mos 1 is on. When the
capacitance of CAP 1 is high, FF 101 operates slowly, which causes data delay. In
addition, even when the number of transistors is decreased, the area of FF 101 is not
reduced sufficiently in some cases. Here, structure examples for decreasing the
capacitance of CAP | are described with reference to FIGS. 3A and 3B. FIG. 3A is a
circuit diagram illustrating a structure example of an FF, and FIG. 3B is an equivalent
circuit diagram of FIG. 3A. |
[0058]

FF 102 is obtained by addition of two inverters INV 12 and INV 13 to FF 101.
FF 102 is also obtained by forming the logic circuit 110 of FF 21 by one inverter INV
10 and forming the logic circuit 111 of FF 21 by three inverters INV 11 to INV 13.
[0059]

INV 12 and INV 13 are connected to each other in series between the node DB
and an input terminal (node DC) of INV 11. 'INV 12 and INV 13 can be CMOS
inverters as in INV 11 (FIG. 3A), and may be formed using Si transistors, for example.
FF 102 can be driven as in FF 101 (see FIG. 2C).

[0060]

To decrease the capacitance of CAP 1, the size of the transistor included in INV
12 that is connected to the node DB is made smaller than that of INV 11. Thus, the
gate capacitance of the transistor in INV 12 is decreased, that is, the capacitance of the
node DB is decreased, so that the capacitance of CAP 1 can be reduced by the decrease

in the capacitance. The transistor size may be adjusted by changing either one or both
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channel width W and channel length L.
[0061]

In addition, as in FF 22, the capacitor CAP 11 may be connected to the node
DB in FF 102. Since the gate capacitance of the transistor in INV 12 is low, the
capacitance of CAP 11 as well as the capacitance of CAP 1 can be decreased.

[0062]

The drive capability of INV 12 is decreased because the transistor size is
decreased; thus, INV 13 compensates the decrease in drive capability and has a function
of amplifying an output of INV 12, To improve the drive capability of the inverter, the
closer the inverter is to the output terminal our of FF 102, the larger the transistor in the
inverter is. For example, in INV 11 to INV 13, the channel lengths L of n-channel
transistors and p-channel transistors are the same, but the channel widths W of the
n-channel transistors and the p-channel transistors are different. The channel widths W
of the n-channel transistors and the p-channel transistors in INV 11 to INV 13 satisfy
the following relationship: INV 12 <INV 13 <INV 11. For examiple, if W of INV 12
is 1, Wof INV 13 is k (k> 1, for example, k = 3) and W of INV 11 is &°.

[0063] '

The number of transistors in FF 102 is larger than that in FF 101 but is smaller
than that in the conventional FF | (see FIG. 11B). In addition, the number of
transistors controlled by a clock signal is two as in FF 101. This means that as in FF
101, dynamic and static power consumption can be reduced in FF 102.

[0064] '
<Structure example 3>

In FF 102 (FIGS. 3A and 3B), the transistors in INV 12 are scaled; thus, the
gate leakage current of these transistors might be increased. For example, in a sleep
state (clock-signal stop state) or in the case of a long-cycle clock signal, electric charge
held in CAP 1 might leak from a gate of the transistor in INV 12. Here, structure
examples for improving data retention characteristics ih a sleep state are described with
reference to FIGS. 4A and 4B. FIG. 4A is a circuit diagram illustrating a structure
example of an FF, and FIG. 4B is an equivalent circuit 'diagram of F1G. 4A.

[0065]
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To retain data input to INV 12 in a sleep state, INV 12 and INV 13 form a loop
circuit. Therefore, a switéh that connects an output terminal (node DC) of INV 13 to
an input terminal (node DB) of INV 12 is provided. FF 103 includes a transfer gate
circuit TG 1 as the switch.

[0066]

In addition,.-as in FF 22, the capacitor CAP 11 may be connected to the node
DB in FF 103.

[0067]

Although FF 103 is obtained by addition of two transistors to FF 102, the
number of transistors in FF 103 is smaller than that in the conventional FF 1 (FIGS. 11A
and 11B). Furthermore, the number of transistors controlled by a clock signal is
smaller than that in the conventional FF 1. Thus, as in FF 102, dynamic and static
power consumption can be reduced in FF 103.

[0068]

A transfer gate circuit is a circuit in which an n-channel transistor and a
p-channel transistor are connected to each other in parallel and is referred to as an
analog switch circuit, a transmission gate circuit, or the like. In TG 1, a signal ¢1 is
input to a gate of a p-channel transistor, and a signal ¢2 is input to a gate of an
n-channel transistor (FIG. 4B). The phases of the signal $1 and the signal ¢2 are
inverted from each other. When ¢1 is “L” (2 is “H”), the nodé DC is connected to the
node DB.

[0069]

For example, in normal operation, ¢1 is always “H” to keep TG 1 off. In the

sleep state, ¢1 is set at “L” to turn on TG 1. In the loop circuit (latch circuit)

constituted by INV 12 and INV 13, data input to the node DB is retained; thus, even in

~ the sleep state, FF 103 can prevent data loss more reliably. Thus, INV 12 and INV 13

are scaled easily.
[0070]
Note that even in the normal operation, while Mos 2 is off, TG 1 is turned on so

that the loop circuit constituted by INV 12 and INV 13 can retain data. In that case,

CLK and CLKB are input as ¢ 1 and ¢2, respectively, in the normal operation, and §1 is
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keptat “L” and ¢2 is kept at “H” in the sleep state.
[0071)

Since the loop circuit (INV 12 and INV 13) retains data in the sleep state,
supply of power to INV 10 in FF 103 can be stopped. FIG. 4C illustrates a structure
example of a semiconductor device that can perform such power gating.

[0072]

A semiconductor device 120 includes a power supply circuit 121, a power
management unit (PMU) 122, a power gating unit (PGU) 123, and combinational
circuits (CMBC) 131 and 132. Note that the power supply circuit 121 is not
necessarily brovided in the semiconductor device 120, and power may be supplied from
an external power supply circuit to the semiconductor device 120.

[0073]
CMBC 131 is connected to the input terminal in of FF 103, and CMBC 132 is ‘

- .connected to the output terminal out of FF 103.

[0074] :

PGU 123 includes a switch circuit group that connects circuits (FF 103, CMBC
131, and CMBC 132) to the power supply circuit 121. 'PMU 122 has a function of
controlling whether to supply or stop power to tHe circuits in the semiconductor device
120. PMU 122 generates and outputs a control signal for controtling PGU 123.  This
control signal controls the on and off states of the switch circuits included in PGU 123
to supply and stop power. Blocks 31 and 32 each represent a circuit group in which
power supply is controlled by the same control sequence.

[0075]

CMBC 131 and CMBC 132 perform power gating independently. In FIG. 4C,
this feature enables fine-grained pdwer gating by independently performing power
gating on INV 10 on the input terminal i/n side of FF 103 and INV 11 to INV 13 on the
output terminal out side of FF 103. INV 10 is included in the same block 31 as CMBC
131, and INV 11 to INV 13 are included in the same block 32 as CMBC 132.

[0076] .

PMU 122 stops supply of power to the block 31 while CMBC 131 does not
need to operate. Before the supply of power to the block 31 is stopped, TG 1 is turned
on, supply of clock signals is stopped, and FF 103 is set in a sleep state. Thus, in FF
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103, supply of power to INV 10 that is not required for data retention is stopped in the
sleep state, so that dynamic power consumption is reduced.

[0077]

<Structure example 4>

In the structure example 3, the transfer gate circuit TG | is used as the switch
that connects the node DC to the node DB; however, the switch is not limited thereto.
For example, an OS transistor can be used. FIG. 5A illustrates a structure example of
such an FF. FIG. 5B is an equivalent circuit diagram of FI1G. 5A.

[0078]

As illustrated in FIG. SA, FF 104 is obtained by replacing TG 1 in FF 103 with
a transistor Mos 3. FF 104 can also perform power gating as illustrated in FIG. 4C.
In addition, as in FF 22, the capacitor CAP 11 may be conﬁected to the node DB in FF
104. |
[0079]

The transistor Mos 3 is an OS transistor. A signal ¢3 is input to a gate of the
transistor Mos 3. In normal operation, ¢3 is set at “L” to turn off Mos 3. In a sleep
state, $3 is set at “H” to turn on Mos 3.

[0080] '
<Structure example 5>

A structure example of an FF in which supply of power to all the inverters
included in the FF is stopped is described. Here, a structure example of an FF in
which data can be retained even when a power-supply stop state continues for a long
time is described. FIG. 6 illustrates a structure example of an FF.

[0081]

FF 105 is obtained by addition of a circuit 50 to FF 103. The circuit 50 is a
memory circuit for data backup when power supply is stopped. The circuit 50 does
not operate while FF_105 performs normal operation; thus, the circuit 50 can also be
referred to as a shadow memory. |
[0082]

The circuit 50 includes a transistor Mos 4, a transistor Mos S, and a capacitor

CAP 2. Mos 4 and Mos 5 are connected to each other in series between the node DC
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and the node CP. A signal BU that is a trigger for data backup operation is input to a
gate of Mos 4. A signal RC that is a trigger for data recovery operation is input to a
gate of Mos 5. CAP 2 is connected to a connection portion (node FN) of Mos 4 and
Mos 5. Mos 4 functions as a switch that connects the node DC to the node FN.  Mos
5 functions as a switch that connects the node DB to the node FN.

[0083]

The circuit 50 has a function of retaining the voltage of the node DC as backup
data and a function of reading retained data to the node CP. o
[0084]

In normal operation of FF 105 or in a sleep period, the node FN is not
connected to FF 105. Thus, the signals BU and RC are set at “L.” to turn off Mos 4 and
Mos 5. The operation of FF 105 in this period is similar to that of FF 103.

{0085]

In the case where FF 105 is powered off, after data is backed up to the circuit
50, supply of power and clock signals is stopped. In data backup, the signal BU is set
at “H” to turn on Mos 4, and the node DC is connected to the node FN. Thus, electric
charge based on the voltage of the node DC is accumulated in CAP 2. In the case
where a data value is “0,” the node FN is set at a high level. In the case where the data
value is “1,” the node FN is set at a low level. Then, the signal BU is set at “L” again,
so that the supply of power and clock signals is stopped.

[0086]
In this state, the node FN is electrically ﬂoafing and the circuit 50 retains data.

In the case where the node FN is at a high level, electric charge leaks from CAP 2 and

- the voltage of CAP 2 gradually decreases. However, Mos 4 and Mos 5 are OS

transistors having extremely low off-state current; thus, the circuit 50 can retain data on
a daily, weekly, or yearly basis. Consequently, even in a power-off period due to
power gating, FF 105 does not lose data.
[0087)

In the case where the supply of power to FF 105 is restarted, for example, after
data is recovered, the supply of power and clock signals is restarted. In data recovery,
the signal RC is set at “H” to turn on Mos 5.  As a result, the node CP is connected to

the node FN, so that CAP 1 is charged by electric charge accumulated in CAP 2, and the
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data is recovered to FF-105.  Then, the signal RC is set at “L” and the supply of power
and clock signals is restarted, so that FF 105 performs normal operation.
[0088]

As in FF 22, the capacitor CAP 11 may be connected to the node DB in FF 105.
FIG. 6 illustrates an example in which the circuit 50 is provided in FF 103; however, the
circuit 50 can be similarly provided in another FF (101, 102, or 104). In the case
where the circuit 50 is provided in FF 101, Mos 4 is provided as a switch that connects
the node DB to the node FN.

[0089]
<Structure exampie 6>

In the structure example 5, data backed up in the circuit 50 is recovered to the
node CP; however, the data can be recovered to the node DB. FIG. 7 illustrates an
example of such a structure.

{0090]

In FF 106, the transistor Mos 5 in the circuit 50 is provided as a switch that
connects the node FN to the node DB.
[0091]

In FF 106, in the case where power supply is restarted, for example, after
power supply is restarted to operate INV 10 to INV 13, data of the circuit 50 is
recovered to the node DB. Then, supply of clock signals is restarted. To recover the
data of the circuit 50, the signal RC is set at “H” to turn on Mos 5, and data retained in
the node FN is written to the node DB. Since INV 11 to INV 13 operate, the data
signal Q based on the voltage level of the node DB is output from FF 106. Then, after
the signal RC is set at “L,” the supply of clock signals is restarted, so that FF 106

performs normal operation.

[0092]

As in FF 22, the capacitor CAP 11 may be connected to the node DB in FF 106.
FIG. 7 illustrates an example in which the circuit 50 is provided in FF 103; however, the
circuit 50 can be similarly provided in another FF (102 or 104).
[0093]
<Structure example 7>

In the structure examples 1 to 6, the FF includes inverters as the logic circuits
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110 and 111 (FIGS. 1A to IC). However, the logic circuits 110 and 111 are not limited -
to inverters. Any circuit can be used as the logic circuit 110 as long as it can transmit
the input data signal D of the flip-flop circuit to the node CP. In addition, any circuit
can be used as the logic circuit 111 as long as it can transmit data retained in the node
CP to the output terminal out.

[0094]

For example, as each of the logic circuits 110 and 111, a NAND circuit, a NOR
circuit, a buffer circuit, a multiplexer (selector circuit), or the like can be used instead of
an inverter. Alternatively, a combinational logic circuit in which these logic circuits,
transistors, and the like are combined can be used.

[0095]

FIG. 8A illustrates a structure example of an FF including a NAND circuit.
FE 171 in FIG. 8A is obtained by replacing INV 10 in FF 102 (FIG. 3A) with a NAND -
circuit 71.  FF 171 is also obtained by replacing the logic circuit 110 in FF 21 (FIG.
1A) with the NAND circuit 71 and replacing the logic circuit 111 with INV 11 to INV
13.

[0096]

The data signal D is input to one input terminal of the NAND circuit 71, and a
signal RST is input to the other input terminal of the NAND circuit 71. The signal
RST is a reset signal. In normal operation, RST is a high-level signal. In the case
where FF 171 is reset, a low-level signal is input as RST. Thus, an output signal of the
NAND circuit 71 is “H” regardless of the data value of the data signal D.
Consequently, by setting the signal RST at a low level, FF 171 can be reset regardless of
the data value of the data signal D while retaining data “0.” The signal RST can be a
data signal. |
[0097]

FIG. 8B illustrates a structure example of an FF including a NOR circuit. FF
172 is obtained by replacing INV 11 in FF 102 with a NOR circuit 72. FF 172 is also
obtained by replacing the logic circuit 110 in FF 21 with INV 10 and replacing the logic
circuit 111 with INV 12, INV 13, and the NOR circuit 72.

[0098]
One input terminal of the NOR circuit 72 is connected to the node DC, and the
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signal RST is input to the other input terminal of the NOR circuit 72. In normal
operation, “L” is input to the NOR circuit 72 as the signal RST. In the case where FF
172 is reset, “H” is input to the NOR circuit 72 as the signal RST. Thus, FF 172 can
output a low-level signal as the data signal Q. The signal RST can be a data signal.
[0099]

FIG. 8C illustrates a structure example of an FF including a multiplexer. FF

173 has a circuit structure in which INV 11 in FF 102 is replaced with a multiplexer

(MUX) 73. In addition, FF 173 is obtained by replacing the logic circuit 110 in FF 21
with INV 10 and replacing the logic circuit 111 with INV 12 and MUX 73.
[0100]

One input terminal (A) of MUX 73 is connected to the node DC, and the other
input terminal (B) of MUX 73 is connected to a wiring for supplying VSS. MUX 73

outputs one of signals input from the two input terminals A and B in response to the

. signal RST.  For example, MUX 73 outputs the signal input from the input terminal A

when the signal RST is “L,” and outputs the signal input from the input terminal B
when the signal RST is “H.” In that case, in normal operation, RST is set at “L..” In
the case where FF 173 is reset, RST is set at “H.” Thus, FF 173 can output a low-level
signal as the data signal Q.

[0101]

As in FF 22, the capacitor CAP 11 may be connected to the node DB in FF 171
to FF 173.

[0102]
<Structure example 8>

The OS transistors Mos 1 to Mos 5 used in the FF in this embodiment may
each include a back gate. By applying positive bias voltage or reverse biased voltage
to the back gate, the threshold voltage of the OS transistor can be controlled.

[0103]

For example, voltage that is lower than VSS is applied to the back gate. In
that case, the threshold voltage of the OS transistor can be shifted in a negative voltage
direction. Consequently, while supply of a control signal to the gate is stopped, the OS
transistor can be turned off reliably, so that the off-state leakage current of the OS

transistor in this period can be further reduced.
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[0104]

As described above, the dynamic and static power consumption of the FF in
this embodiment can be reduced. Thus, the power consumption of a semiconductor
device including the FF in this embodiment can be reduced. In addition, a rise in
temperature can be inhibited while the semiconductor device operates; thus, the
operating frequency of the semiconductor device can be increased.

[0105]

This embodiment can be combined with any of the other embodiments as
appropriate.
[0106]
(Embodiment 2)

In this embodiment, a specific device structure of a semiconductor device
including a flip-flop circuit is described.
[0107]
<Device structure>

FIG. 9A is a cross-sectional view illustrating a device structure example of a
semiconductor device including an FF. A die 600 in FIG. 9A corresponds to a die
included in the semiconductor device. FIG. 9A is not a cross-sectional view of the die
600 taken along a specific section line but a drawing for illustrating a layered structure
of the die 600. FIG. 9A typically illustrates a cross-sectional structure of the FF 101
(FIGS. 2A and 2B).

[0108] 4

The die 600 is formed using a semiconductor substrate; A bulk single-crystal
silicon wafer 601 is used as the semiconductor substrate. Note that a substrate for
forming a backplane of the die 600 is not limited to the bulk single-crystal silicon wafer
but can be any of a variety of semiconductor substrates. For example, an SOI
semiconductor substrate including a single-crystal silicon layer may be used.

[0109]

Transistors Mp 10 and Mn 10 are Si transistors included in INV 10, and
transistors Mp 11 and Mn 11 are Si transistors included in INV 11. Mp 10 and Mp 11
are p-channel transistors, and Mn 10 and Mn 11 are n-channel transistors. The

transistors Mos 1 and Mos 2 and the capacitor CAP 1 are stacked over INV 10 and INV
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1.
[0110]

The transistors Mp 10, Mn 10, Mp 11, and Mn 11 can be formed using the
single-crystal silicon wafer 601 by a known CMOS process. An insulating layer 610
electrically isolates these transistors from each other. An insulating layer 611 is
formed to cover the transistors Mp 10, Mn 10, Mp 11, and Mn 11. Conductors 631 to
636 are formed over the insulating layer 611. Conductors 621 to 628 are formed in
openings formed in the insulating layer 611. As illustrated in FIG. 9A, the conductors
621 to 628 and 631 to 636 connect Mp 10 and Mp 11 to Mn 10 and Mn 11, respectively.
forit]

One wiring layer or two or more wiring layers are formed over the transistors
Mp 10, Mn 10, Mp 11, and Mn 11 by a wiring process (BEOL: back end of the line).
Here, three wiring layers are formed using insulating layers 612 to 614 and conductors
641 to 646, 651 t0 656, and 661 to 665.

[0112]

An insulating layer 711 is formed to cover the wiring layers. The transistors
Mos 1 and Mos 2 and the capacitor CAP 1 are stacked over the insulating layer 711.
[0113]

The transistor Mos 1 includes an oxide semiconductor (OS) layer 701 and
conductors' 721, 722, and 731. A channel formation region is formed in the OS layer
701. The conductor 731 constitutes a gate electrode. The conductors 721 and 722
constitute a source electrode and a drain electrode, respectively. The conductor 721 is
connected to INV 10 by the conductors 641 to 646.

[0114]

The transistor Mos 2 includes an oxide semiconductor (OS) layer 702 and
conductors 722, 723, and 733. A channel formation region is formed in the OS layer
702. The conductor 733 constitutes a gate electrode. The conductors 722 and 723
constitute a source electrode and a drain electrode, respectively. The conductor 723 is
connected to INV 11 by the conductors 651 to 656.

[0115]
The capacitor CAP 1 is an MIM capacitor. The capacitor CAP 1 inciudes the

conductor 722 and a conductor 732 as electrodes and includes an insulating layer 712 as
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a dielectric substance (insulating film). The insulating layer 712 also serves as an
insulator that constitutes gate insulating layers of Mos 1 and Mos 2.
[0116]

" An insulating layer 713 is formed to cover Mos 1, Mos 2, and CAP 1.
Conductors 741 to 743 are formed over the insulating layer 713. The conductors 741
to 743 are connected to Mos 1, Mos 2, and CAP 1, respectively, and are provided as
electrodes (wirings) for connecting these elements to wirings in the wiring layers. For
example, as illustrated in FIG. 9A, the conductor 743 is connected to the conductor 661
by the conductors 662 to 665 and a conductor 724. The conductors 741 and 742 are
connected to the wirings in the wiring layers as in the conductor 743.

[0117]

Each of the insulating layers of the die 600 can be formed using one insulating
film or two or more insulating films. Examples of such an insulating film include an
aluminum oxide film, a magnesium oxide film, a silicon oxide film, a silicon oxynitride
film, a silicon nitride oxide film, a silicon nitride film, a gallium oxide film, a
germanium oxide film, an yttrium oxide film, a zirconium oxide film, a lanthanum
oxide film, a neodymium oxide film, a hafnium oxide film, and a tantalum oxide film.
These insulating films can be formed by sputtering, CVD, MBE, ALD, or PLD.

[0118]

In this specification, an oxynitride refers to a substance that includes more
oxygen than nitrogen, and a nitride oxide refers to a substance that includes more -
nitrogen than oxygen.

[0119]

Each of the conductors of the die 600 can be formed using one conductive film
or two or more conductive films. Such a conductive film can be a metal film
containing aluminum, chromium, copper, silver, gold, platinum, tantalum, nickel,
titanium, molybdenum, tungsten, hafnium, vanadium, niobium, manganese, magnesium,
zirconium, beryllium, or the like. Such a conductive film can be an alloy film
containing any of these metals as a component, a compound film containing any of
these metals as a component, or a polycrystalline silicon film containing an impurity
element such as phosphorus, or the like.

[0120]
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The tnsulating layers, conductors, semiconductors, and oxide semiconductors
included in the die 600 are preferably formed by sputtering; chemical vapor deposition
(CVD) such as metal organic chemical vapor deposition (MOCVD), atomic layer
deposition (ALD), or plasma-enhanced CVD (PECVD); vacuum vapor deposition; or
pulse léser deposition (PLD). To reduce damage by plasma, MOCVD or ALD is
preferably used.

[0121]

The structures of the Si transistor and the OS transistor included in the die 600
are not limited to those in FIG. 9A. For example, the OS transistor may include a back
gate. In that case, an insulating layer and a conductor that constitutes a back gate over
the insulating layer may be formed between the conductors 646, 656, and 665 and the
conductors 721 to 724. Alternatively, the OS transistor can have a structure as _
illustrated in FIG. 9B. In FIG. 9B, the transistor Mos | further includes an OS layer
703. Also in Mos | in FIG. 9B, a channel formation region is formed in the OS layer
701.

[0122]

To form Mos 1 in FIG. 9B, after the conductors 721 and 722 are formed, one
oxide semiconductor film or two or more oxide semiconductor films used for the OS
layer 703, an insulating film used for the insulating layer 712, and a conductive film
used for the conductor 731 are stacked. Then, by etching this stacked film with the use
of a resist mask for etching the conductive film, the OS layer 703 and the conductor 731
are formed. The transistor Mos 2 is formed similarly. In CAP 1, the insulating layer
712 in a region that is not covered with the conductor 743 is removed.

[0123]
<Oxide semiconductor>

Next, an oxide semiconductor used for an OS transistor is described.
[0124]

A channel formation region of an OS transistor is preferably formed using a
highly purified oxide semiconductor (purified OS). A purified OS refers to an oxide
semiconductor obtained by reduction of impurities such as moisture or hydrogen that
serve as electron donors (donors) and reduction of oxygen vacancies. By highly

purifying an oxide semiconductor in this manner, the conductivity type of the oxide
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semiconductor can be intrinsic or substantially intrinsic. The term “substantially
intrinsic” means that the carrier density of an oxide semiconductor is lower than 1 x
10'"/cm®. The carrier density is preferably lower than | x 10'*/cm®, more preferably
lower than 1 x 10" /cm’.

[0125]

By forming the channel formation region using a purified OS, the off-state
current of the OS transistor that is normalized by channel width can be as low as several
yoctoamperes per micrometer to several zeptoamperes per micrometer at room
temperature.

[0126]

In the oxide semiconductor, hydrogen, nitrogen, carbon, silicon, and metal
elements that are not main components are impurities. For example, hydrogen and
nitrogen form donor levels to increase the carrier density. Silicon forms impurity
levels in the oxide semiconductor. The impurity level becomes a trap, which might
degrade the electrical characteristics of the OS transistor. 1t is preferable to reduce the
concentration of the impurities in the oxide semiconductor and at an interface with
another layer. |
[0127]

To make the oxide semiconductor intrinsic or substantially intrinsic, the oxide
semiconductor is preferably highly purified to approximately any of the following
impurity concentration levels. The following impurity concentrations are obtained by
secondary ion mass spectrometry (SIMS) analysis at a certain depth of an oxide
semiconductor layer or in a certain region of the oxide semiconductor layer. The
purified OS has any of the following impurity concentration levels.

[0128]
For example, in the case where the impurity includes silicon, the concentration

of silicon is lower than 1 x 10'° atoms/cm’, preferably lower than 5 x 10'® atoms/cm’,

more preferably lower than 1 x 10'® atoms/cm’.

[0129]

For example, in the case where the impurity includes hydrogen, the

concentration of hydrogen is lower than or equal to 2 x 10% atoms/cm®, preferably
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lower than or equal to 5 x 10'° atoms/cm®, more preferably lower than or equal to 1 x
10" atoms/cm?, still more preferably lower than or equal to 5 x 10'® atoms/cm’.
[0130]

For example, in the case where the impurity includes nitrogen, the
concentration of nitrogen is lower than 5 x 10" atoms/cm’, preferably lower than or
equal to 5 x 10'® atoms/cm’, more preferably lower than or equal to 1 x 10'® atoms/em’,
still more preferably lower than or equal to 5 x 10" atoms/cm’,

[0131]

In the case where the oxide semiconductor including crystals contains silicon
or carbon at high concentration, the crystallinity of the oxide semiconductor might be
lowered. In order not to lower the crystallinity of the oxide semiconductor, for
example, the concentration of silicon is set lower than 1 x 10" atoms/cm’, preferably
lower than 5 x 10'® atoms/cm®, more preferably lower than 1 x 10'® atoms/cm®.  For
example, the concentration of carbon is set lower than | x 10'° atoms/cm’, preferably
lower than 5 x 10'® atoms/cm’ , more preferably lower than 1 x 10'% atoms/cm’.

[0132]

As the oxide semiconductor used for the OS transistor, any of the following can
be used: indium oxide, tin oxide, zinc oxide, an In-Zn-based oxide, a Sn-Zn-based oxide,
an Al-Zn-based oxide, a Zn-Mg-based oxide, a Sn-Mg-based oxide, an In-Mg-based
oxide, an In-Ga-based oxide, an In-Ga-Zn-based oxide (also referred to as IGZO), an
In-Al-Zn-based oxide, an In-Sn-Zn-based oxide, a Sn-Ga-Zn-based oxide, an
Al-Ga-Zn-based oxide, a Sn-Al-Zn-based oxide, an In-Hf-Zn-based oxide, an
In-La-Zn-based oxide, an In-Ce-Zn-based oxide, an In-Pr-Zn-based oxide, an
In-Nd-Zn-based oxide, an In-Sm-Zn-based oxide, an In-Eu-Zn-based oxide, an
In-Gd-Zn-based oxide, an In-Tb-Zn-based oxide, an In-Dy—Zn-baséd oxide, an
In-Ho-Zn-based oxide, an In-Er-Zn-based oxide, an In-Tm-Zn-based oxide, an
In-Yb-Zn-based oxide, an In-Lu-Zn-based oxide, an In-Sn-Ga—Zn-based oxide, an
In-Hf-Ga-Zn-based oxide, an In-Al-Ga-Zn-based oxide, an In-Sn-Al-Zn-based oxide, an
In-Sn-Hf-Zn-based oxide, and an In-Hf-Al-Zn-based oxide.

[0133]

For example, an In-Ga-Zn-based oxide means an oxide containing In, Ga, and
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Zn, and there is no limitation on the ratio of In, Ga, and Zn. The In-Ga-Zn-based
oxide may contain a metal element other than In, Ga, and Zn. An oxide semiconductor
having an appropriate composition may be formed in accordance with needed electrical -
characteristics (e.g., mobility and threshold voltage).

[0134]

For example, an In-Ga-Zn-based oxide with an atomic ratio of In:Ga:Zn =
1:1:1, In:Ga:Zn = 1:3:2, In:Ga:Zn = 3:1:2, or In:Ga:Zn = 2:1:3, or an oxide whose
composition is in the neighborhood of the above composition is preferably used. In
this specification, the atomic ratio of the oxide semiconductor varies within a range of
+20% as an error.

[0135]

For example, in the c.ase where an In-Ga-Zn-based oxide is deposited by
sputtering, it is preferable to use an In-Ga-Zn-based oxide target with an atomic ratio of
In:Ga:Zn = 1:1:1, 5:5:6, 4:2:3, 3:1:2, 1:1:2, 2:1:3, 1:3:2, 1:3:4, 1:4:4, 1:6:4, or 3:1:4 as
an In-Ga-Zn-based oxide deposit.ion target. ~ When an In-Ga-Zn-based oxide
semiconductor film is deposited using such a target, a crystal part is formed in the oxide
semiconductor film easily. The filling factor of such a target is preferably higher than
or equal to 90%, more preferably higher than or equal to 95%. With a target having a
high filling factor, a dense oxide semiconductor film can be deposited.

[0136] ‘

For example, it is preferable to use an In-Zn-based oxide target with an atomic
ratio of In:Zn = 50:1 to 1:2 (a molar ratio of In,03:Zn0O = 25:1 to 1:4) as an In-Zn-based
oxide deposition target. The atomic ratio of In:Zn is preferably 15:1 to 1.5:1 (the
molar ratio of Iny05:ZnO = 15:2 to 3:4). For example, in an In-Zn-based oxide
deposition target with an atomic ratio of In:Zn:O = X:Y:Z, the relation Z > 1.5X + Y is

preferably satisfied. The mobility of an In-Zn-based oxide film can be increased by

~ keeping the ratio of Zn within the above range.

[0137]
<Structure of oxide semiconductor film>

The structure of the OS layer of the OS transistor is described below.
[0138]
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The OS layer may be formed using a single-crystal oxide semiconductor film
or a non-single-crystal oxide semiconductor film. The non-single-crystal oxide
semiconductor film means any of an amorphous oxide semiconductor film, a
microcrystalline oxide semiconductor film, a polycrystalline oxide semiconductor film,
a c-axis aligned crystalline oxide semiconductor (CAAC-OS) film, and the like.

[0139]

The amorphous oxide semiconductor film has disordered atomic arrangement
and no crystalline component. A typical example of the amorphous oxide
semiconductor film is an oxide semiconductor film in which no crystal part exists even
in a microscopic region, and the whole of the film is amorphous.

[0140]

The microcrystalline oxide semiconductor film includes a microcrystal (also
referred to as nanocrystal) of greater than or equal to 1 nm and less than 10 nm, for
example. Thus, the microcrystalline oxide semiconductor film has higher degree of
atomic order than the amorphous oxide semiconductor film. Hence, the density of
defect states of the microcrystalline oxide semiconductor film is lower than that of the
amorphous oxide semiconductor film. |
[0141]

The CAAC-OS film is one of oxide semiconductor films having a plurality of
crystal parts.

[0142]

In the description of a crystal structure, the term “parallel” indicates that an
angle formed between two straight lines is —10 to 10°, and accordingly includes the case
where the angle is =5 to 5°. In addition, the term “perpendicular” indicates that an
angle formed between two straight lines is 80 to 100°, and accordingly includes the case
where the angle is 85 to 95°. The term “substantially parallel” indicates that an angle
formed between two straight lines is =30 to 30°. In addition, the term “substantially
perpendicular” indicates that an angle formed between two straight lines is 60 to 120°.
[0143]
<CAAC-OS film>

The CAAC-OS film is described in detail below.
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[0144)

With a transmission electron microscope (TEM), a combined analysis image
(also referred to as a high-resolution TEM image) of a bright-field image and a
diffraction pattern of the CAAC-OS film is observed. Consequently, a plurality of
crystal parts are observed clearly. However, in the high-resolution TEM image, a
boundary between crystal parts, i.e., a grain boundary is not observed clearly. Thus, in
the CAAC-OS film, a reduction in electron mobility due to the grain boundary is less
likely to occur. |
[0145]

According to the high-resolution cross-sectional TEM image of the CAAC-OS
film observed in a direction substantially parallel to a sample surface, metal atoms are
arranged in a layered manner in the crystal parts. Each metal atom layer has a
morphology that reflects a surface over which the CAAC-OS film is formed (also
referred to as a formation surface) or a top surface of the CAAC-OS film, and is
provided parallel to the formation surface or the top surface of the CAAC-OS film.
[0146]

On the other hand, according to the high-resolution planar TEM image of the
CAAC-OS film observed in a direction substantially perpendicular to the sample
surface, metal atoms are arranged in. a triangular or hexagonal configuration in the
crystal parts. However, there is no regularity of arrangement of metal atoms between
different crystal parts. ‘

[0147]

In an electron diffraction pattern of the CAAC-OS film, spots (bright spots)
indicating alignment are observed.
[0148]

From the results of the high-resolution cross-sectional TEM image and the
high-resolution planar TEM image, alignment is found in the crystal parts in the
CAAC-OS film.

[0149]

Most of the crystal parts included in the CAAC-OS film each fit into a cube

whose one side is less than 100 nm. Thus, there is a case where a crystal part included

in the CAAC-OS film fits into a cube whose one side is less than 10 nm, less than-5 nm,
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or less than 3 nm. Note that when a plurality of crystal parts included in the
CAAC-OS film are connected to each other, one large crystal region is formed in some
cases. For example, a crystal region with an area of larger than or equal to 2500 nm?,
larger than or equal to 5 umz, or larger than or equal to 1000 pm? is observed in some
cases in the high-resolution planar TEM image.

[0150]

The CAAC-OS film is subjected to structural analysis with an X-ray diffraction
(XRD) apparatus. For example, when the CAAC-OS film including an InGaZnOq
crystal is analyzed by an out-of-plane method, a peak appears frequently when the
diffraction angle‘(29) is around 31°. This peak is derived from the (009) plane of the
InGaZnOy4 crystal, which indicates that crystals in the CAAC-OS film have c-axis
alignment, and that the c-axes are aligned in a direction substantially perpendicular to
the formation surface or the top surface of the CAAC-OS film.

[0151]

On the other hand, when the CAAC-OS film is analyzed by an in-plane method
in which an X-ray enters a sample in a direction substantially perpendicular to the c-axis,
a peak appears frequently when 26is around 56°. This peak is derived from the (110)
plane of the InGaZnO, crystal. Here, analysis (¢ scan) is performed under conditions
where the sample is rotated around a normal vector of a sample surface as an axis (¢
axis) with 24 fixed at around 56°. In the case where the sample is a single-crystal
oxide semiconductor film of InGaZnQ,, six peaks appear. The six peaks are derived
from crystal planes equivalent to the (110) plane. On the other hand, in the case of a
CAAC-OS film, a peak is not clearly observed even when ¢ scan is performed with 26
fixed at around 56°.

[0152]}

According to the above results, in the CAAC-OS film having c-axis alignment,
while the directions of a-axes and b-axes are different between crystal parts, the c-axes
are aligned in a direction parallel to a normal vector of a formation surface or a normal
vector of a top surface. Thus, each metal atom layer which is arranged in a layered
manner and observed in the high-resolution cross-sectional TEM image corresponds to

a plane parallel to the a-b plane of the crystal.
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[0153]

Note that the crystal part is formed concurrently with deposition of the
CAAC-OS film or is formed through crystallization treatment such as heat treatment.
As described above, the c-axis of the crystal is aligned in a direction parallel to a normal
vector of a formation surface or a normal vector of a top surface. Thus, for example,
in the case where the shape of the CAAC-OS film is changed by etching or the like, the
c-axis might not be necessarily parallel to a normal vector of a formation surface or a
normal vector of a top surface of the CAAC-OS film.

[0154]

[n addition, distribution of c-axis aligned crystal parts in the CAAC-OS film is
not necessarily uniform. For example, in the case where crystal growth leading to the
crystal parts of the CAAC-OS film occurs from the vicinity of the top surface of the
film, the proportion of the c-axis aligned crystal parts in the vicinity of the top surface is
higher than that in the vicinity of the formation surface in some cases. Furthermore,
when an impurity is added to the CAAC-OS film, a region to which the impurity is
added is altered, and the proportion of the c-axis aligned crystal parts in the CAAC-OS
film varies depending on regions, in some cases.

[0155]

Note that when the CAAC-OS film with an InGaZnQ, crystal is analyzed by an
out-of-plane method, a peak of 28 may also be observed at around 36°, in addition to
the peak of 28 at around 31°. The peak of 26 at around 36° indicates that a crystal
having no c-axis alignment is included in part of the CAAC-OS film. It is preferable
that in the CAAC-OS film, a peak of 28 appear at around 31° and a peak of 28 not

appear at around 36°.
[0156]

In an OS transistor including the CAAC-OS film, changes in electrical
characteristics of the transistor due to irradiation with visible light or ultraviolet light are
small. Thus, the transistor has high reliability.

[0157]
For example, a CAAC-OS film is deposited by sputtering with a

polycrystalline metal oxide target. When ions collide with the target, a crystal region
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included in the target might be separated from the target along the a-b plane, and a
sputtered particle having a plane parallel to the a-b plane (ﬂat;plate-like or pellet-like
sputtered particle) might be separated from the target. In that case, the flat-plate-like
or pellet-like sputtered particle reaches a substrate while maintaining its crystal state, so-
that the CAAC-OS film can be deposited.

[0158]

By reducing the amount of impurities entering the CAAC-OS film during the
deposition, the crystal state can be prevented from being broken by the impurities. For
example, the concentration of impurities (e.g., hydrogen, water, carbon dioxide, or
nitrogen) which exist in a treatment chamber may be reduced. Furthermore, the
concentration of impurities in a deposition gas may be reduced. Specifically, a
deposition gas whose dew point is lower than or equal to —80 °C, preferably lower than
or equal to —100 °C is used.

[0159]

By increasing the substrate heating temperature during the deposition, when the
flat-plate-like or pellet-like sputtered particle reaches the substrate, migration occurs on
the substrate, so that a flat plane of the sputtered particle is attached to the substrate.
For example, the substrate heating temperature during the deposition is 100 to 740 °C,
preferably 200 to 500 °C.

[0160]

Furthermore, it is possible to reduce plasma damage during the deposition by
increasing the proportion of oxygen in the deposition gas and optimizing power. For
example, the proportion of oxygen in the deposition gas is higher than or equal to 30
vol%, preferably 100 vol%.

[0161]
<Polycrystalline oxide semiconductor film>

Next, a polycrystalline oxide semiconductor film is described.
[0162]

In a high-resolution TEM image of the polycrystalline oxide semiconductor
film, crystal grains are observed. In most cases, the crystal grain size in the

polycrystalline oxide semiconductor film is greater than or equal to 2 nm and less than
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or equal to 300 nm, greater than or equal to 3 nm and less than or equal to 100 nm, or
greater than or equal to 5 nm and less than or equal to 50 nm in the high-resolution
TEM image, for example. Moreover, in the high-resolution TEM image of the
polycrystalline oxide semiconductor film, a boundary between crystals can be found in
SOMe cases.

[0163]

The polycrystalline oxide semiconductor film may include a plurality of crystal
grains, and alignment of crystals may be different in the plurality of crystal grains. A
polycrystalline oxide semiconductor film is subjected to structural analysis with an
XRD apparatus. For example, when the polycrystalline oxide semiconductor film
including an InGaZnOy crystal is analyzed by an out-of-plane method, peaks of 26
appear at around 31°, 36°, and the like in some cases.

[0164]

The polycrystalline oxide semiconductor film has high crystallinity and thus
has high electron mobility in some cases. Accordingly, a transistor including the
polycrystalline oxide semiconductor film has high field-effect mobility. Note that -
there are cases in which an impurity is segregated at the grain boundary between the
crystals in the polycrystalline oxide semiconductor film. Moreover, the grain
boundary of the polycrystalline oxide semiconductor film becomes a defect state.
Since the grain boundary of the polycrystalline oxide semiconductor film may serve as a
carrier trap or a carrier generation source, a transistor including the polycrystalline
oxide semiconductor film has larger variation in electrical characteristics and lower

reliability than a transistor including a CAAC-OS film in some cases.

[0165]
<Nc-OS film>

Next, a microcrystalline oxide semiconductor film is described.
[0166]

A microcrystalline oxide semiconductor film has a region in which a crystal
part is observed and a region in which a crystal part is not observed clearly in a
high-resolution TEM image. In most cases, a crystal part in the microcrystalline oxide

semiconductor film is greater than or equal to 1 nm and less than or equal to 100 nm, or



10

15

20

25

30

WO 2015/030150 PCT/JP2014/072665

36

greater than or equal to 1 nm and less than or equal to 10 nm. A microcrystal with a
size greater than or equal to I nm and less than or equal to 10 nm, or a size greater than
or equal to 1 nm and less than or equal to 3 nm is specifically referred to as nanocrystal
(nc). An oxide semiconductor film including nanocrystal is referred to as a
nanocrystalline oxide semiconductor (nc-OS) film. In a high-resolution TEM image of
the nc-OS film, a grain boundary cannot be found clearly in the nc-OS film in some
cases.

[0167]

In the nc-OS film, a microscopic region (e.g., a region with a size greater than
or equal to 1 nm and less than or equal to 10 nm, in particular, a region with a size
greater than or equal to 1 nm and less than or equal to 3 nm) has a periodic atomic order.
There is no regularity of crystal orientation between different crystal parts in the nc-OS
film. Thus, the orientation of the whole film is not observed. Accordingly, in some
cases, the nc-OS film cannot be distinguished from an amorphous oxide semiconductor
film depending on an analysis method. For example, when the nc-OS film is subjected
to structural analysis by an out-of-plane method with an XRD apparatus using an X-ray
having a diameter larger than that of a crystal part, a peak which shows a crystal plane
does not appear. Furthermore, a halo pattern is shown in. a selected-area electron
diffraction pattern of the nc-OS film obtained by using an electron beam having a probe
diameter larger than the diameter of a crystal part (e.g., larger than or equal to 50 nm).
Meanwhile, spots are shown in a nanobeam electron diffraction pattern of the nc-OS
film obtained by using an electron beam having a probe diameter (e.g., larger than or
equal to 1 nm and smaller than or equal to 30 nm) close to or smaller than the diameter
of a crystal part. Furthermore, in a nanobeam electron diffraction pattern of the nc-OS
film, regions with high luminance in a circular (ring) pattern are observed in some cases.
Also in a nanobeam electron diffraction pattern of the nc-OS film, a plurality of spots
are shown in a ring-like region in some cases.

[0168]

The nc-OS film is an oxide semiconductor film that has high regularity than an
amorphous oxide semiconductor film. Thus, the nc-OS film has a lower density of
defect states than the amorphous oxide semiconductor film. Note that there is no

regularity of crystal orientation between different crystal parts in the nc-OS film; thus,



10

15

20

25

30

WO 2015/030150 PCT/JP2014/072665

37

the nc-OS film has a higher density of defect states than the CAAC-OS film.
[0169]

Thus, the nc-OS film may have higher carrier density than the CAAC-OS film.
The oxide semiconductor film having high carrier density may have high electron
mobility. Thus, a transistor including the nc-OS film may have high field-effect
mobility. The nc-OS film has higher density of defect states than the CAAC-OS film,
and thus may have a lot of carrier traps. Consequently, a transistor including the
nc-OS film has larger variation in electrical characteristics and lower reliability than a
transistor including the CAAC-OS film. The nc-OS film can be formed easily as
compared to the CAAC-OS film because the nc-OS film can be formed even when a
comparatively large amount of impurities are included; thus, depending on the purpose,
the nc-OS film can be favorably used in some cases. Thus, a semiconductor device
that includes the transistor including the nc-OS film can be manufactured with high
productivity in some cases.

[0170]
<Amorphous oxide semiconductor film>

Next, an amorphous oxide semiconductor film is described.
[0171]

The amorphous oxide semiconductor film has disordered atomic arrangement
and no crystal part. For example, the amorphous oxide semiconductor film does not
have a specific state as in quartz.

[0172]

In a high-resolution TEM image of the amorphous oxide semiconductor film,
crystal parts cannot be found.
[0173]

When the amorphous oxide semiconductor film is subjected to structural
analysis by an out-of-plane method with-an XRD apparatus, a peak which shows a
crystal plane does not appear. A halo pattern is shown in an electron diffraction pattern
of the amorphous oxide semiconductor film. Furthermore, a halo pattern is shown but
a spot is not shown in a nanobeam electron diffraction pattern of the amorphous oxide
semiconductor film.

[0174]
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The amorphous oxide semiconductor film contains impurities such as hydrogen
at a higher concentration than the CAAC-OS film. Furthermore, the amorphous oxide
semiconductor film has higher density of defect states than the CAAC-OS film.

[0175]

The oxide semiconductor film having a high impurity concentration and high
density of defect states has many carrier traps or many carrier generation sources.
[0176] '

Accordingly, the amorphous oxide semiconductor film has much higher carrier
density than the nc-OS film in some cases. Accordingly, a transistor including the
amorphous oxide semiconductor film tends to be normally on. Thus, in some cases,
such an amorphous oxide semiconductor film can be used for a transistor that needs to
be normally on. Since the amorphous oxide semiconductor film has high density of
defect states, carrier traps might be increased. Consequently, a transistor including the
amorphous oxide semiconductor film has larger variation in electrical characteristics
and lower reliability than a transistor including the CAAC-OS film or the nc-OS film.
[0177]
<Single-crystal oxide semiconductor film>

Next, a single-crystal oxide semiconductor film is described.

[0178]

The single-crystal oxide semiconductor film has a lower impurity concentration

and low density of defect states (few oxygen vacancies). Thus, the carrier density can

be decreased. Accordingly, a transistor including the single-crystal oxide

- semiconductor film is unlikely to be normally on. Moreover, since the single-crystal

oxide semiconductor ﬁlrﬁ has a lower impurity concentration and low density of defect
states, carrier traps might be reduced. Thus, the transistor including the single-crystal
oxide semiconductor film has small variation in electrical characteristics and has high
reliability.
[0179]

Note that when the oxide semiconductor film has few defects, the density
thereof is increased. When the oxide semiconductor film has high crystallinity, the
density thereof is increased. #When the oxide semiconductor film has a lower

concentration of impurities such as hydrogen, the density thereof is increased. The
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single-crystal oxide semiconductor film has higher density than the CAAC-OS film.
The CAAC-OS film has higher density than the microcrystalline oxide semiconductor
film. .The polycrystalline oxide semiconductor film has higher density than the
microcrystalline oxide semiconductor film. The microcrystalline oxide semiconductor
film has higher density than the amorphous oxide semiconductor film.

[0180]

Note that an oxide semiconductor film may have a structure having physical
properties between the nc-OS film and the amorphous oxide semiconductor film. The
oxide semiconductor film having such a structure is specifically referred to as an
amorphous-like oxide semiconductor (amorphous-like OS or a-like OS) film.

[0181]

In a high-resolution TEM image of the a-like OS film, a void may be seen.
Furthermore, in the high-resolution TEM image, there are a region where a crystal part
is clearly observed and a region where a crystal part is not observed.. In the a-like OS
film, crystallization by a slight amount of electron beam used for TEM observation
occurs and growth of the crystal part is found sometimes. In contrast, crystallization
by a slight amount of electron beam used for TEM observation is less observed in the
nc-OS film having good quality.

[0182]

Note that the crystal part size in the a-like OS film and the nc-OS film can be
measured using high-resolution TEM images. For example, an InGaZnOj crystal has a
layered structure in which two Ga-Zn-O layers are included between In-O layers. A
unit cell of the InGaZnO4 crystal has a structure in which nine layers of three In-O

layers and six Ga-Zn-O layers are layered in the c-axis direction. Accordingly, the

. spacing between these adjacent layers is equivalent to the lattice spacing on the (009)

plane (also referred to as a d value). The value is calculated to be 0.29 nm from crystal
structure analysis. Thus, each of the lattice fringes in which the spacing therebetween
is from 0.28 nm to 0.30 nm corresponds to the a-b plane of the InGaZnO4 crystal,
focusing on the lattice fringes in the high-resolution TEM image.
[0183]

The density of an oxide semiconductor film might vary depending on its

structure.  For example, if the composition of an oxide semiconductor film is
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determined, the structure of the oxide semiconductor film can be estimated from a
comparison between the density of the oxide semiconductor film and the density of a
single-crystal oxide semiconductor film having the same composition as the oxide
semiconductor film. For example, the density of an a-like OS film is higher than or
equal to 78.6 % and lower than 92.3 % of that of the single-crystal oxide semiconductor
film. In addition, for example, the density of an nc-OS film or a CAAC-OS film is
higher than or equal to 92.3 % and lower than 100 % of that of the single-crystal oxide
semiconductor film. Note that it is difficult to deposit an oxide semiconductor film
whose density is lower than 78 % of that of the single-crystal oxide semiconductor film.
[0184]

Specific examples of the above are described. For example, in the case of an
oxide semiconductor film with an atomic ratio of In:Ga:Zn = 1:1:1, the density of
single-crystal InGaZnO, with a rhombohedral crystal structure is 6.357 g/cm®.  Thus,
for example, in the case of the oxide semiconductor film with an atomic ratio of
In:Ga:Zn = 1:1:1, the density of an a-like OS film is higher than or equal to 5.0 g/lem’
and lower than 5.9 g/cm’. In addition, for example, in the case of the oxide
semiconductor film with an atomic raﬁo of In:Ga:Zn = 1:1:1, the density of an nc-OS
film or a CAAC-OS film is higher than or equal to 5.9 g/cm® and lower than 6.3 g/em’.
[0185] |

Note that single crystals with the same composition do not exist in some cases.
In such a case, by combining single crystals with different compositions at a given
proportion, it is possible to calculate density that corresponds to the density of a single
crystal with a desired composition. The density of the single crystal with a desired
composition may be calculated using weighted average with respect to the combination
ratio of the single crystals with different compositions. Note that it is preferable to
combine as few kinds of single crystals as possible for density calculation.

[0186]

Each of the OS layers 701 and 703 of the transistor Mos1 can be formed using
one oxide semiconductor film or two or more oxide semiconductor films. In the case
where two or more oxide semiconductor films are used, each of the OS layers 701 and

703 may include two or more of an amorphous oxide semiconductor film, an a-like OS
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film, an nc-OS film, and a CAAC-OS film, for example.
[0187]
<Another structure example of OS transistor>

For example, in the transistor Mos 1| in FIG. 9A, the OS lfayer 701 is formed
using two oxide semiconductor ﬁlms including different constituent elements. In that
case, a lower layer is formed using an In-Zn-based oxide film and an upper layer is
formed using an In-Ga-Zn-based oxide film. Alternatively, each of the lower layer and
the upper layer can be formed using an In-Ga-Zn-based oxide film.

[0188]

For example, in the case where the OS layer 701 is formed using two
[n-Ga-Zn-based oxide films, one of the films can be formed using an oxide film with an
atomic ratio of In:Ga:Zn = 1:1:1, 5:5:6, or 3:1:2, and the other of the films can be
formed using an oxide film with an atomic ratio of In:Ga:Zn = 1:3:2, 1:3:4, 1:3:6, 1:6:4,
or 1:9:6.
[0189] :
In FIG. 9B, when the OS layer 701 has a two-layer structure and the OS layer
703 has a single-layer structure, the transistor Mos 1 may be formed using an oxide
semiconductor film with a three-layer structure.  Also in this case, all or part of the
three layers may be formed using oxide semiconductor films including different

constituent elements, or the three layers may be formed using oxide semiconductor

films including the same constituent element. ’

[0190]

For example, in the case where each of the OS layers 701 and 703 is formed
using an In-Ga-Zn-based oxide film, each of the lower layer of the OS layer 701 and the
OS layer 703 can be formed using an oxide film with an atomic ratio of In:Ga:Zn =
1:3:2, 1:3:4, 1:3:6, 1:6:4, or 1:9:6, and the upper layer of the OS layer 701 can be
formed using an oxide film with an atomic ratio of In:Ga:Zn = 1:1:1, 5:5:6, or 3:1:2.

[0191]

This embodiment can be combined with any of the other embodiments as
appropriate;
[0192]
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(Embodiment 3)

In this embodiment, semiconductor devices each including a flip-flop circuit
(FF) are described.
[0193]

The FF in Embodiment 1 can be used in a variety of semiconductor devices as
a storage circuit that stores output data of a combinational circuit. For example, the FF

in Embodiment 1 can be used for a register in a central processing unit (CPU), a

lmicrocontroller unit (MCU), a programmable logic device (typically, FPGA), or the

like.
[0194]

As described above, the static and dynamic power consumption of the FF in
Embodiment 1 is reduced, so that the power consumption of a processor including the
FF can also be reduced. In addition, data can be retained in the FF even in a clock
signal shutoff period and in a power-off period; thus, the processor can perform
fine-grained clock gating or power gating. Furthermore, the processor can be returned
to‘ a normal state at high speed after supply of clock signals or power is restarted.

[0195]

The processor including the FF in Embodiment 1 can be used as processors of
electronic devices in a wide variety of fields, such as digital signal processing,
software-defined radio systems, avionic systems (electronic devices used in aircraft,
such as communication systems, navigation systems, autopilot systems, and flight
management systems), ASIC prototyping, medical image processing, voice recognition,
encryption, bioinformatics, emulators for mechanical systems, and radio telescopes in
radio astronomy.

[0196]

Examples of such electronic devices are display devices, persénal computers,
and image reproducing devices provided with recording media (devices that read image
data of recording media such as digital versatile discs (DVDs) and have displays for
displaying images). Other examples are cellular phones, game machines including
portable game machines, portable information terminals, e-book readers, cameras such
as video cameras and digital still cameras, goggle-type displays (head mounted

displays), navigation systems, audio reproducing devices (e.g., car audio systems and
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digital audio players), copiers, facsimiles, printers, and multifunction printers. FIGS.
10A to 10F illustrate specific examples of these electronic devices.
[0197]

FIG. 10A is an external view illustrating a structure example of a portable
game machine. A portable game machine 900 includes a housing 901, a housing 902,
a display portion 903, a display portion 904, a microphone 905, a speaker 906, an
operation key 907, a stylus 908, and the like.

[0198)

FIG. 10B is an external view illustrating a structure example of a portable
inforrﬁation terminal. The portable information terminal 910 includes a housing 911, a
housing 912, a display portion 913, a display portion 914, a joint 915, an operation key
916, and the like. The display portion 913 is provided in the housing 911, and the
display portion 914 is provided in the housing 912. The housings 911 and 912 are
connected to each other with the joint 915, and an angle between the housings 911 and
912 can be changed with the joint 915. Aﬁ image on the display portion 913 may be
switched depending on the angle between the housings 911 and 912 at the joint 915. A
display device with a touch panel may be used as the display portion 913 and/or the
display portion 914.

[0199]

FIG. 10C is an external view illustrating a structure example of a laptop. A
personal computer 920 includes a housing 921, a display portion 922, a keyboard 923, a
pointing device 924, and the like.

[0200]

FIG. 10D is an external view illustrating a structure example of an electric
refrigerator-freezer. An electric refrigerator-freezer 930 includes a housing 931, a
refrigerator door 932, a freezer door 933, and the like.

[0201]

FIG. 10E is an external view illustrating a structure example of a video camera.
A video camera 940 includes a housing 941, a housing 942, a display portion 943,
operation keys 944, a lens 945, a joint 946, and the like. The operation keys 944 and
the lens 945 are provided in the housing 941, and the display portion 943 is provided in
the housing 942. The housings 941 and 942 are connected to each other with the joint
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946, and an angle between the housings 941 and 942 can be changed with the joint 946.
The direction of an image on the display portion 943 may be changed and display and
non-display of an image may be switched depending on the angle between the housings
941 and 942.
[0202]

FIG. 10F is an external view illustrating a structure example of a motor vehicle.
A motor vehicle 950 includes a car body 951, wheels 952, a dashboard 9353, lights 954,
and the like.
[0203]

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

appropriate.

REFERENCE NUMERALS

[0204]

1: flip-flop circuit (FF), 2 and 5: inverter (INV), 4, 6, and 7: clocked inverter (CINV),
10 to 13: inverter (INV), 21 and 22: flip-flop circuit (FF), 31 and 32: block, 50: circuit,
71: NAND circuit, 72: NOR circuit, 73: multiplexer (MUX), 100 to107: flip-flop circuit
(FF), 110 and 111: logic circuit, 120: semiconductor device, 121: power supply circuit,
122: power management unit (PMU), 123: power géting unit (PGU), 131 and 132:
combinational circuit (CMBC), 171 to 173: flip-flop circuit (FF), 600: die, 601:
single-crystal silicon wafer, 610 to 614: insulating layer, 621 to 628, 631 to 636, 641 to
646, 651 to 656, and 661: conductor, 701 to 703: oxide semiconductor (OS) layer, 711 -
to 713: insulating layer, 721 to 723, 731 to 734, and 741 to 743: conductor, 900:

- portable game machine, 901 and 902: housing, 903 and 904: display portion, 905:

microphone, 906: speaker, 907: operation key, 908: stylus, 910: portable information
terminal, 911 and 912: housing, 913 and 914: display portion, 915: joint, 916: operation
key, 920: personal computer, 921: housing, 922: display portion, 923: keyboard, 924:
pointing device, 930: electric refrigerator-freezer, 931: housing, 932: refrigerator door,
933: freezer door, 940: video camera, 941 and 942: housing, 943: display portion, 944:
operation key, 945: lens, 946: joint, 950: motor vehicle, 951: car body, 952: wheel, 953:
dashboard, 954: light, CAP 1 and CAP 2: capacitor, CAP 11: capacitor, and LAT-1 and
LAT-2: latch circuit. '
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This application is based on Japanese Patent Application serial No.
2013-180168 filed with Japan Patent Office on August 30, 2013, the entire contents of

which are hereby incorporated by reference.
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CLAIMS

1. A storage circuit comprising:

a first logic circuit;

a second logic circuit;

a first transistor;

a second transistor;

a first capacitor;

a first node; and

a second node,

wherein the first capacitor is connected to the first node,

wherein an input terminal of the second logic circuit is connected to the second
node,

wherein the first transistor functions as a switch configured to control
connection between an output terminal of the first logic circuit and the first node,

wherein a first clock signal is input to a gate of the first transistor,

wherein the second transistor functions as a switch configured to control
connection between the first and second nodes,

wherein a second clock signal is input to a gate of the second transistor,

wherein phases of the first clock signal and the se'cond clock signal are inverted
from each other, and

wherein a channel formation region of each of the first and second transistors

includes an oxide semiconductor.

2. The storage circuit according to claim 1, further comprising a second

capacitor connected to the second node.

3. The storage circuit according to claim 1, wherein each of the first and

second logic circuits is an inverter.

4. A semiconductor device comprising the storage circuit according to claim
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5. A storage circuit comprising:

a first logic circuit;

a second logic circuit;

a first inverter;

a second inverter;

a first transistor;

a second transistor;

a first capacitor;

a first node;

a second node; and

a third node,

wherein the first capacitor is connected to the first node,

wherein the first and second transistors are connected to each other in series
between the second and third nodes,

wherein an input terminal of the second logic circuit is connected to the third
node,

wherein the first transistor functions as a switch configured to control
connection between an output terminal of the first logic circuit and the first node,

wherein a first clock signal is input to a gate of the first transistor,

wherein the second transistor functions as a switch configured to control
connection between the first and second nodes,

wherein a second clock signal is input to a gate of the second transistor,

wherein phases of the first clock signal and the second clock signal are inverted
from each other, and

wherein a channel formation region of each of the first and second transistors

includes an oxide semiconductor.

6. The storage circuit according to claim 5, further comprising a first switch
configured to connect an input terminal of the first inverter to an output terminal of the
second inverter,

wherein while supply of the first and second clock signals is stopped, the first
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- switch is turned on.

7. The storage circuit according to claim 6,
wherein the first switch is a third transistor, and
wherein a channel formation region of the third transistor includes an oxide

semiconductor.

8. The storage circuit according to claim 5, further comprising fourth and
fifth transistors, a second capacitor, and a fourth node,

wherein the second capacitor is connected to the fourth node,

wherein the fourth transistor functions as a switch configured to control
connection between the input terminal of the second logic circuit and the fourth node,

wherein the fifth transistor functions as a switch configured to control
connection between the first and fourth nodes, and

wherein a channel formation region of each of the fourth and fifth transistors

includes an oxide semiconductor.

9. The storage circuit according to claim 5, further comprising fourth and -
fifth transistors, a second capacitor, and a fourth node,

wherein the second capacitor is connected to the fourth node,

wherein the fourth transistor functions as a switch configured to control
connection between the input terminal of the second logic circuit and the fourth node,

wherein the fifth transistor functions as a switch configured to control
connection between the first and second nodes, and

wherein a channel formation region of each of the fourth and fifth transistors

includes an oxide semiconductor.

10. The storage circuit according to claim 8, further comprising a third

capacitor connected to the second node.

11. The storage circuit according to claim 5, wherein each of the first and

second logic circuits is an inverter.
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12. A semiconductor device comprising the storage circuit according to claim
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