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A coulomb counter is provided. In the coulomb counter, a
current generated on charge or discharge of a secondary bat
tery is converted into a Voltage by a resistor, and the Voltage is
amplified by an amplifier circuit. The voltage amplified by the
amplifier circuit is converted into a current by a Voltage
current converter circuit, and the current is input to a cumu
lative addition circuit. The cumulative addition circuit
charges a capacitor with the current input from the Voltage
current converter circuit and generates a signal corresponding
to a Voltage generated across the capacitor. One terminal of
the capacitor is connected to an output of the Voltage-current
converter circuit through a switch, and the other terminal of
the capacitor is Supplied with a constant potential. By on/off
of the Switch, Supply of electric charge to the capacitor and
storage of the electric charge can be controlled.
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signal as the first signal; a first Switch that controls connection
between the first terminal and the second circuit; and a second

BACKGROUND OF THE INVENTION

0001 1. Field of the Invention
0002 The present invention relates to an object (a product
Such as a machine, a manufacture, or a composition of matter)
and a method (a process Such as a simple method or a pro
duction method). For example, one embodiment of the
present invention relates to a semiconductor device, a power
storage device, a driving method thereof, or a manufacturing
method thereof.

0003 2. Description of the Related Art
0004. In recent years, storage batteries such as lithium-ion
secondary batteries have been widely used as power Supplies
for portable terminals typified by mobile phones and Smart
phones, power Supplies for motor driven vehicles Such as
electric vehicles, and power supplies for uninterruptible
power Supplies.
0005 For example, a power management device including
a coulomb counter has been proposed as a device that man
ages the state of charge of a battery pack of a portable com
puter (Patent Document 1).
REFERENCE

0006 Patent Document 1 Japanese Published Patent
Application No. H6-217463
SUMMARY OF THE INVENTION

0007 For example, the coulomb counter disclosed in
Patent Document 1 samples a current flowing through a resis
tor for a certain period to determine the total amount of
electric charge flowing through the resistor in the sampling
period.
0008. An object of one embodiment of the present inven
tion is to provide a novel semiconductor device or the like that
can determine the amount of electric charge. Another object
of one embodiment of the present invention is to provide a
semiconductor device or the like that can reduce determina

tion errors of the amount of electric charge. Another object of
one embodiment of the present invention is to provide a
semiconductor device or the like that is less likely to cause
errors. Another object of one embodiment of the present
invention is to provide a novel semiconductor device or the
like.

0009. Note that the descriptions of these objects do not
disturb the existence of other objects. Note that one embodi
ment of the present invention does not necessarily achieve all
the objects. Objects other than the above objects will be
apparent from and can be derived from the descriptions of the
specification, the drawings, the claims, and the like.
0010. One embodiment of the invention disclosed in this
application is a semiconductor device that includes a first
resistor through which a first current flows; a first circuit that
amplifies a first voltage generated across the first resistor
when the first current flows, and outputs a second Voltage; a
second circuit that outputs a second current corresponding to
the second voltage; a third circuit that is supplied with the
second current from the second circuit and generates a first
signal in accordance with the second current.
0011. In this embodiment, the third circuit may include a
first capacitor that has a first terminal to which the second
current is input; a fourth circuit that generates a signal corre
sponding to the Voltage of the first terminal and outputs the

switch that controls connection between the first terminal and

a node Supplied with a fourth Voltage.
0012. In this embodiment, the first and second switches
can each be a transistor whose channel is formed in an oxide
semiconductor film.

0013. According to one embodiment of the present inven
tion, a semiconductor device that can determine the amount

of electric charge with high accuracy can be provided.
According to one embodiment of the present invention, a
semiconductor device that is less likely to cause errors can be
provided.
BRIEF DESCRIPTION OF THE DRAWINGS

0014. In the accompanying drawings:
0015 FIG. 1 is a circuit diagram illustrating a configura
tion example of a coulomb counter;
0016 FIG. 2 is a timing chart showing an example of a
driving method of a coulomb counter,
0017 FIGS. 3A and 3B are circuit diagrams illustrating
configuration examples of cumulative addition circuits;
0018 FIG. 4 is a circuit diagram illustrating a configura
tion example of a coulomb counter;
0019 FIG. 5 is a timing chart showing an example of a
driving method of a coulomb counter,
0020 FIG. 6 is a circuit diagram illustrating a configura
tion example of a coulomb counter;
0021 FIG. 7 is a circuit diagram illustrating a configura
tion example of a coulomb counter;
0022 FIG. 8 is a circuit diagram illustrating a configura
tion example of a coulomb counter;
0023 FIG. 9 is a circuit diagram illustrating a configura
tion example of an amplifier circuit;
0024 FIG. 10 is a circuit diagram illustrating a configu
ration example of a Voltage-current converter circuit;
0025 FIG. 11 is a circuit diagram illustrating a configu
ration example of a cumulative addition circuit;
0026 FIG. 12 is a timing chart showing an example of a
driving method of a coulomb counter,
0027 FIG. 13 is a timing chart showing an example of a
driving method of a coulomb counter,
0028 FIG. 14 shows waveforms of output signals of a
coulomb counter;

0029 FIG. 15 is a circuit diagram illustrating a configu
ration example of a coulomb counter;
0030 FIG. 16 is a circuit diagram illustrating a configu
ration example of a cumulative addition circuit;
0031 FIG. 17 is a timing chart showing an example of a
driving method of a coulomb counter,
0032 FIG. 18 is a circuit diagram illustrating a configu
ration example of a power storage device;
0033 FIG. 19 is a block diagram illustrating a configura
tion example of a microprocessor unit (MPU);
0034 FIGS. 20A and 20B are circuit diagrams illustrating
configuration examples of registers;
0035 FIG. 21 is a circuit diagram of a configuration
example of a memory (SRAM);
0036 FIGS. 22A and 22B are circuit diagrams of configu
ration examples of a memory cell array and a memory cell of
a memory (DOSRAM), respectively;
0037 FIG. 23 is an exploded perspective view of a struc
tural example of a memory (DOSRAM);
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0038 FIG.24A is a circuit diagram illustrating a configu
ration example of a memory cell (NOSRAM), and FIG. 24B
is Voltage-current characteristics curves showing the electric
characteristics of the memory cell;
0039 FIG. 25A is a top plan view illustrating a structural
example of a bottom-gate transistor, FIG. 25B is a cross
sectional view along A1-A2 in FIG. 25A, and FIG. 25C is a
cross-sectional view along B1-B2 in FIG. 25A;
0040 FIG. 26A is a cross-sectional view illustrating a
structural example of a top-gate transistor, and FIG. 26B is a
cross-sectional view illustrating a structural example of a
dual-gate transistor;
0041 FIGS. 27A and 27B are each a cross-sectional view
illustrating a structural example of a layered oxide film of a
transistor,
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counter 100 is a secondary battery 10 (hereinafter referred to
as a battery 10). The battery 10 is connected to a high-poten
tial terminal 111 and a low-potential terminal 112.
0052. The amplifier circuit 130 (AMP) has functions of
amplifying a Voltage between two input terminals and out
putting the amplified voltage. When the current Is flows, a
voltage Vs (=IsxRs) is generated across the resistor 110. The
Voltage Vs is applied between a non-inverting input terminal
and an inverting input terminal of the amplifier circuit 130.
The amplifier circuit 130 has a function of amplifying the
Voltage Vs and to generate a Voltage Va. The Voltage Va is
proportional to the Voltage Vs.
0053. The V-I converter circuit 150 (VI) has functions of
converting an input Voltage into a current and outputting the
current. Here, the V-I converter circuit 150 converts the volt

0042 FIGS. 28A and 28B are schematic diagrams each
showing a band structure of a layered oxide film;
0043 FIGS. 29A to 29C are each a cross-sectional view
illustrating a structural example of a layered oxide film of a
transistor,

0044 FIG. 30 is a cross-sectional view illustrating an
example of a layered structure of a semiconductor device;
0045 FIG.31A illustrates an electric power network sys
tem that is a structural example of an electronic device includ
ing a power storage device, and FIGS. 31B and 31C illustrate
an electric Vehicle that is a structural example of an electronic
device including a power storage device;
0046 FIGS. 32A to 32C illustrate a structural example of
a portable information terminal; and
0047 FIGS.33A and 33B illustrate structural examples of
a power storage system.

DETAILED DESCRIPTION OF THE INVENTION

0048. Hereinafter, embodiments of the present invention
will be described in detail with reference to the accompanying
drawings. Note that the present invention is not limited to the
following descriptions and it is easily understood by those
skilled in the art that the mode and details can be variously
changed without departing from the spirit and scope of the
present invention. Therefore, the present invention should not
be interpreted as being limited to the descriptions of the
embodiments.

0049. Note that in the drawings used for the descriptions of
the embodiments of the invention, the same portions or por
tions having similar functions are denoted by the same refer
ence numerals, and repeated descriptions thereofare omitted.
Embodiment 1

0050. A semiconductor device of this embodiment will be
described with reference to FIG. 1, FIG. 2, FIGS. 3A and 3B,
FIG. 4, FIG. 5, and FIG. 6. In this embodiment, a coulomb

counter that can determine the amount of electric charge will
be described as an example of a semiconductor device.
<Configuration Example 1 of Coulomb Counterd
0051 FIG. 1 is a circuit diagram of a configuration
example of a coulomb counter. A coulomb counter 100
includes a resistor 110, an amplifier circuit 130, a voltage
current converter circuit (V-I converter circuit) 150, and a
cumulative addition circuit 170. The coulomb counter 100

has a function of determining the amount of electric charge
QS output from an object on the basis of a current Is flowing
through the resistor 110. Here, the target of the coulomb

age Va obtained by amplification by the amplifier circuit 130

into a current Ic. As will be described below, the current Ic is

proportional to the Voltage Va.

<Configuration Example 1 of Cumulative Addition Circuit
(ADD))
0054) The cumulative addition circuit 170 (ADD) in FIG.
1 has a function of generating a signal in accordance with the
input current Ic. The cumulative addition circuit 170 includes
a transistor 181, a transistor 182, a capacitor 183, and a
comparator 191.
0055 One terminal (node N11) of the capacitor 183 is
connected to the transistor 181, and the potential of the other
terminal of the capacitor 183 is set equal to the potential of
one terminal of the resistor 110. The transistor 181 functions
as a switch to control connection between the node N11 and

an output of the V-I converter circuit 150. On/off of the
transistor 181 is controlled by a signal CON input to a gate of
the transistor 181.

0056. The transistor 182 functions as a switch to connect
the node N11 and a node N12 to which a voltage VREF3 is
input. Thus, the transistor 182 can function as a reset circuit
that resets a voltage Vc at the node N11. On/off of the tran
sistor 182 is controlled by a signal SET input to a gate of the
transistor 182. While the transistor 182 is on, the node N11 is

connected to the node N12; thus, the voltage Vc is constant,
and is equal to the voltage VREF3 in the case where voltage
drop due to the transistor 182 or the like is ignored.
0057. A circuit for resetting the potential of the node N11
(the transistor 182) is provided as needed.
0058. The transistor 181 and the capacitor 183 have a
function of a sample-and-hold circuit. When the transistor
181 is turned on, the current Ic is input to the node N11 from
the V-I converter circuit 150, so that the capacitor 183 is
charged (sampling operation). When the transistor 181 is
turned off, the node N11 is brought into an electrically float
ing state so that electric charge can be held in the capacitor
183 (holding operation). The holding operation can also be
referred to as a state where the voltage at the node N11 is held.
0059. The voltage Vc at the node N11 is proportional to the
electric charge Qc held in the capacitor 183 and the electric
charge Qc is proportional to the current Ic; thus, data corre
sponding to the amount of electric charge flowing through the
resistor 110 can be obtained from the voltage Vc at the node
N11 or a signal corresponding to the Voltage Vc. Accordingly,
the charge capacity (also referred to as remaining capacity) of
the battery 10 can be obtained from such a signal.
0060. The voltage Vc is output as an output signal OUT
from the coulomb counter 100 through the comparator 191.
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The comparator 191 compares the voltage Vc with a reference
voltage and outputs a logical value of “0” or “1”.
0061. In the example of FIG. 1, a non-inverting input
terminal of the comparator 191 is connected to the node N11
(the terminal of the capacitor 183), and a potential VREF1 is
input to an inverting input terminal of the comparator 191.
The comparator 191 outputs a signal OUT at a high level
(logical value “1”) when the voltage Vc becomes higher than
a reference voltage, and outputs the signal OUT at a low level
(logical value “0”) when the voltage Vc becomes lower than
the reference voltage. Note that in the cumulative addition
circuit 170, VREF3 is lower than VREF1.

0062. As the comparator 191, a hysteresis comparator
with high noise immunity is preferably used. The use of a
hysteresis comparator allows prevention of frequent Switch
ing of the potential of the output signal OUT due to an influ
ence of noise.

0063 Although in the cumulative addition circuit 170, the
comparator 191 is used as an analog circuit that generates a
signal corresponding to the Voltage Vc, such an analog circuit
is not limited to the comparator 191 in this embodiment. For
example, an analog-digital converter circuit, an amplifier cir
cuit, or the like can be used as such an analog circuit.
0064. An output signal of the coulomb counter 100 is not
limited to the output signal OUT from the comparator 191.
For example, the voltage Vc at the node N11 can be output as
a signal. In this case, an amplifier circuit is connected to the
node N11 so that an output of the amplifier circuit can be
output from the coulomb counter 100.
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higher than the voltage VREF1, the output signal OUT is
switched from a low level to a high level. When the voltage Vc
becomes lower than the voltage VREF1, the output signal
OUT is switched from a high level to a low level.
Calculation Example of Voltage Vc
0070. The cumulative addition circuit 170 has an arith
metic function of cumulatively adding the electric charge Qc
stored in the capacitor 183 and a function of outputting the
calculation result as the signal OUT corresponding to the
Voltage Vc. Thus, the amount of electric charge QS flowing
through the resistor 110 can be determined from the signal
OUT. Hereinafter, the arithmetic processing function of the
cumulative addition circuit 170 will be described.

0071 Since the electric charge Qc is obtained by integrat
ing the current Ic with respect to time, the electric charge Qc
held in the capacitor 183 after a reset operation of the voltage
Vc at the node N11 is performed and then sampling is per
formed N times can be expressed by Formula (a1). The volt
age Vc at this time is expressed by Formula (a2) from the
relation between the electric charge Qc and a capacitance
value Ce of the capacitor 183. Given that the current Ic is
constant in a determination period, the Voltage Vc is
expressed by Formula (a3).
FORMULA 1)

N: Number of times of sampling

<Example of Driving Method of Cumulative Addition Circuit
(ADD))
0065. Next, a driving method of the cumulative addition
circuit 170 will be described with reference to a timing chart

W

Wc =
= 1

of the coulomb counter 100 in FIG. 2. FIG. 2 shows wave

forms of the signal SET, the signal CON, the voltage Vc at the
node N11, and the output signal OUT.
0066. In addition, FIG. 2 shows an enlarged waveform of
part of the signal CON. A time Tcon is one cycle of the signal
CON. A time Tcon on is a period when the signal CON is at
a high level. The time Tcon on in the time Tcon is a period
when the transistor 181 is on and is a sampling period when a
sampling operation is performed. The time Tcon except the
time Tcon on is a holding period when the transistor 181 is
off so that a holding operation is performed.
0067. To determine the amount of electric charge flowing
through the resistor 110, a reset operation for resetting the
voltage at the node N11 (the terminal of the capacitor 183) is
performed first. The signal SET is set at a high level so that the
transistor 182 is turned on. By this operation, the voltage Vc
is reset to the voltage VREF3.
0068. In a period when the signal SET is at a low level, the
sampling operation and the holding operation are repeated in
response to the signal CON. In the time Tcon on, the tran
sistor 181 is turned on and the current Ic is input to the node
N11, so that the capacitor 183 is charged. Then, the signal
CON is set at a low level so that the transistor 181 is turned

off; accordingly, the node N11 is brought into an electrically
floating state and the electric charge Qc is held in the capaci
tor 183.

0069. While the sampling operation and the holding
operation are repeated and thus electric charge depending on
the current Ic is supplied to the node N11, the voltage Vc is
increased as shown in FIG. 2. When the voltage Vc becomes

(a1)

Oc = X. (IcXTcon on)

X(lexXTcon on) + WFEF3

NX c XTcon on

=—

C

WFEF3

(a2)2
(a3)

0072. As in Formula (a3), the voltage Vc is expressed by a
proportional function of the current Ic. Here, because of a
function of the V-I converter circuit 150, the current Ic is

proportional to the Voltage Va. The Voltage Va is proportional
to the current Is flowing through the resistor 110. Thus, by
determining the Voltage Vc or a signal corresponding to the
Voltage Vc, the Sum of electric charge flowing through the
resistor 110 (Qs) can be acquired.
0073 For example, the coulomb counter 100 can be used
as a power management device of the battery 10. Such a
power management device can monitor the state of charge of
the battery 10 by determining the output signal OUT. For
example, the voltage VREF1 input to the comparator 191 can
be set to a voltage at which charging of the battery 10 is
completed, and charging of the battery 10 can be controlled to
be stopped on Switching of the output signal OUT to a high
level.

Transistor of Cumulative Addition Circuit
0074 To determine the amount of electric charge Qs with
high accuracy, it is preferable to Suppress fluctuation in the
voltage at the node N11 in a holding operation period of the
cumulative addition circuit 170 (a period when the signal
CON is at a low level). Examples of leakage path of electric
charge are a current path between a source and a drain of the
transistor 181 and a current path between a source and a drain
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of the transistor 182. For this reason, a transistor with a low

leakage current is preferably used as the transistor 181 and/or
the transistor 182.

0075. As such a transistor, a transistor whose channel
region is formed using a Substantially intrinsic oxide semi
conductor having a wider band gap than that of silicon can be
used, for example.
0076. When such a transistor as described above is used, it
is significantly effective to reduce impurities such as an alkali
metal, hydrogen, and water as much as possible and Supply
oxygen to reduce oxygen vacancies as much as possible in an
oxide semiconductor where a channel region is formed, in
order to reduce an off-state current. For example, the amount
of hydrogen regarded as a donor impurity in the channel
formation region, which is measured by secondary ion mass
spectrometry (SIMS), is preferably reduced to lower than or

equal to 1x10" atoms/cm, more preferably lower than or
equal to 1x10" atoms/cm. The off-state current per
micrometer of channel width of the transistor 181 and/or the

transistor 182 at 25°C. is preferably lower than or equal to

1x10' A (100 ZA), more preferably lower than or equal to
1x10° A (100 yA). It is preferable that the off-state current

of the transistor, which serves as a leakage path of electric
charge, be as low as possible; the lower limit of the off-state

current of the transistor is estimated at about 1x10' A/um.

Note that these off-state current values are values when the

Voltage between a source and a drain is, for example, about
0.1 V, 5 V, or 10V.

0077. Examples of an oxide semiconductor used for the
transistor 181 and the transistor 182 are an indium oxide, a
Zinc oxide, an In-Zn-based oxide, and an In-Ga—Zn
based oxide.

0078. When a transistor including an oxide semiconductor
(hereinafter referred to as an oxide semiconductor transistor)
is used and the threshold voltage thereof needs to be con
trolled, the oxide semiconductor transistor preferably has a
dual-gate structure (see FIG. 26B). The dual-gate structure
enables the threshold voltage of the oxide semiconductor
transistor to be controlled by a Voltage or a signal Supplied to
a back gate.
0079. Other configuration examples of the cumulative
addition circuit 170 will be described below with reference to
FIGS. 3A and 3B and FIG. 4. Like the cumulative addition

circuit 170, cumulative addition circuits 171 to 173 described

below can also acquire the sum of electric charge flowing
through the resistor 110 (Qs) by determining the voltage Vc or
a signal corresponding to the Voltage Vc.
<Configuration Example 2 of Cumulative Addition Circuit
(ADD))
0080 FIG. 3A is a circuit diagram illustrating a configu
ration example of the cumulative addition circuit 171. The
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the voltage VREF3, the potential of the output signal OUT is
switched from a low level to a high level. The comparator 192
is preferably a hysteresis comparator, like the comparator
191.

<Configuration Example 3 of Cumulative Addition Circuit
(ADD))
I0082 FIG. 3B is a circuit diagram illustrating a configu
ration example of the cumulative addition circuit 172. The
cumulative addition circuit 172 has functions of sensing that
the voltage Vc becomes higher than a reference voltage of the
comparator 191 and sensing that the voltage Vc becomes
lower than a reference voltage of the comparator 192. The
cumulative addition circuit 172 includes the comparator 191
and the comparator 192 that output a signal OUT1 and a
signal OUT2, respectively. The voltage VREF2 for resetting
is supplied to the node N12. Voltages used in the cumulative
addition circuit 172 have the following relation:
VREF1>VREF2>VREF3.

I0083. By the signal OUT1, it can be found that the voltage
Vc becomes higher than the reference voltage of the com
parator 191. The comparator 191 outputs the signal OUT1 at
a high level when the voltage Vc becomes higher than the
voltage VREF1. By the signal OUT2, it can be found that the
voltage Vc becomes lower than the reference voltage of the
comparator 192. The comparator 192 outputs the signal
OUT2 at a high level when the voltage Vc becomes lower than
the voltage VREF3.
<Configuration Example 4 of Cumulative Addition Circuitd
0084. In the cumulative addition circuits 170 to 172, a
counter that counts the number of changes of output signals of
the comparator 191 and the comparator 192 can be provided.
As this counter, for example, a circuit having a function of
counting the number of times of switching of output signals of
the comparators 191 and 192 from a low level to a high level
can be used. In the cumulative addition circuit 172, the

counter preferably has a function of performing operations
(e.g., an additive operation and a Subtractive operation) on the
count value of the output signal of the comparator 191 and the
count value of the output signal of the comparator 192. FIG.
4 illustrates a configuration example of a coulomb counter
including Such a cumulative addition circuit.
I0085 FIG. 4 is a circuit diagram of the configuration
example of the coulomb counter. As illustrated in FIG. 4, a
coulomb counter 103 includes the resistor 110, the amplifier
circuit 130, the voltage-current converter circuit 150, and the
cumulative addition circuit 173.

0086. Like the cumulative addition circuits 170 to 172, the
cumulative addition circuit 173 (COUNT) is a circuit having
a function of generating a signal in accordance with the input

cumulative addition circuit 170 in FIG. 1 has a function of

current Ic. The cumulative addition circuit 173 includes the

sensing that the Voltage Vc becomes higher than a reference
voltage, while the cumulative addition circuit 171 in FIG. 3A
has a function of sensing that the Voltage Vc becomes lower
than a reference Voltage.
0081. In the cumulative addition circuit 171, the voltage
VREF1 is applied to the node N12 as a voltage for resetting
the node N11. The voltage VREF3 is input to a non-inverting
input terminal of a comparator 192, and the node N11 is
connected to an inverting input terminal of the comparator
192. For example, when the reference voltage of the com
parator 192 is VREF3 and the voltage Vc becomes lower than

transistor 181, the transistor 182, the capacitor 183, the com
parator 191, the comparator 192, a counter 193, and an OR
circuit 194 and is different from the cumulative addition
circuit 172 in that the counter 193 and the OR circuit 194 are

additionally provided.
I0087. The voltage Vc at the node N11 is input to the
comparator 191 and the comparator 192. The comparator 191
determines whether the voltage Vc at the node N11 is higher
than a reference voltage for the comparator 191, and the
comparator 192 determines whether the voltage Vc is lower
than a reference voltage for the comparator 192. The com
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parator 191 and the comparator 192 each compare the voltage
Vc with a reference voltage and output a logical value of “O'”
or “1” as a comparison result.
0088 Voltages used in the cumulative addition circuit 173
have the following relation: VREF3<VREF2<VREF1.
0089. A non-inverting input terminal of the comparator
191 is connected to the node N11 (the terminal of the capaci
tor 183), and the voltage VREF1 is input to an inverting input
terminal of the comparator 191. An output signal of the com
parator 191 (UP) becomes at a high level (“1”) when the
Voltage Vc input to the non-inverting input terminal becomes
higher than the reference voltage for the comparator 191, and
becomes at a low level (“0”) when the voltage Vc becomes
lower than the reference voltage for the comparator 191.
0090. An inverting input terminal of the comparator 192 is
connected to the node N11 (the terminal of the capacitor 183),
and the voltage VREF3 is input to a non-inverting input
terminal of the comparator 192. The comparator 192 outputs
a signal DOWN at a high level (“1”) when the voltage Vc
input to the inverting input terminal becomes lower than the
reference voltage for the comparator 192, and outputs the
signal DOWN at a low level (“0”) when the voltage Vc
becomes higher than the reference Voltage for the comparator
192.

0091 Output signals (UP DOWN) of the comparators 191
and 192 are input to the counter 193. The counter 193 counts
the number of changes of the signal UP and the number of
changes of the signal DOWN to obtain the count values
thereof. The count value of the signal UP and the count value
of the signal DOWN are each the number of times of switch
ing of the signal from a low level to a high level. The counter
193 performs an operation on the count values of the signal
UP and the signal DOWN and outputs the calculation resultas
the signal OUT. The signal OUT is an n-bit (e.g., 16-bit)
digital signal.
0092. Examples of data of the signal OUT include the sum
of the count value of the signal UP and the count value of the
signal DOWN and the difference between the count value of
the signal UP and the count value of the signal DOWN.
0093. An output signal of the coulomb counter 103 is not
limited to the output signal OUT from the counter 193. For
example, the voltage Vc at the node N11 can be output as a
signal. In this case, an amplifier circuit is connected to the
node N11 so that an output of the amplifier circuit can be
output from the coulomb counter 103.
0094. The transistor 182 functions as a switch to connect
the node N11 and the node N12 to which a voltage VREF2 is
input. Thus, the transistor 182 can function as a reset circuit
that resets the voltage Vc at the node N11. On/off of the
transistor 182 is controlled by the signal SET input to a gate
of the transistor 182.

0095. The signal SET is an output signal of the OR circuit
194. To the OR circuit 194, the output signal UP of the
comparator 191 and the output signal DOWN of the compara
tor 192 are input. The signal SET is an OR of the signal UP
and the signal DOWN. Thus, when one of the signal UP and
the signal DOWN becomes at a high level, the transistor 182
is turned on. While the transistor 182 is on, the node N11 is

connected to the node N12; thus, the voltage Vc is a constant
potential, and is equal to the voltage VREF2 in the case where
voltage drop due to the transistor 182 or the like is ignored.
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<Example of Driving Method of Cumulative Addition Circuit
(COUNT)>
0096. Next, a driving method of the cumulative addition
circuit 173 will be described with reference to a timing chart
of the coulomb counter 103 in FIG. 5. FIG. 5 shows wave

forms of the signal CON, the voltage Vc at the node N11, and
the output signals (SET, UP, and DOWN) of the OR circuit
194, the comparator 191, and the comparator 192.
0097. In addition, FIG. 5 shows an enlarged waveform of
part of the signal CON. The time Tcon is one cycle of the
signal CON. The time Tcon on is a period when the signal
CON is at a high level. The time Tcon on in the time Tcon is
a period when the transistor 181 is on and is a sampling period
when a sampling operation is performed. The time Tcon
except the time Tcon on is a holding period when the tran
sistor 181 is off so that a holding operation is performed.
0098. The sampling operation and the holding operation
are repeated in response to the signal CON. In the time Tcon
on, the transistor 181 is turned on and the current Ic is input to
the node N11, so that the capacitor 183 is charged. Then, the
signal CON is set at a low level so that the transistor 181 is
turned off; accordingly, the node N11 is brought into a float
ing state and the electric charge Qc is held in the capacitor
183.

0099 While the sampling operation and the holding
operation are repeated and thus electric charge depending on
the current Ic is supplied to the node N11, the voltage Vc is
increased as shown in FIG. 5. When the voltage Vc becomes
higher than the voltage VREF1, the output signal UP of the
comparator 191 is switched from a low level to a high level. In
response to the change of the output signal UP of the com
parator 191, the OR circuit 194 outputs the signal SET at a
high level. In response to the signal SET, the transistor 182 is
turned on and the voltage Vc is reset to the voltage VREF2.
0100 When electric charge depending on the current Ic
flows from the node N11, the voltage Vc is decreased as
shown in FIG.5. When the voltage Vc becomes lower than the
voltage VREF3, the output signal DOWN of the comparator
192 is switched from a low level to a high level. In response to
the change of the output signal DOWN of the comparator 192,
the OR circuit 194 outputs the signal SET at a high level. In
response to the signal SET, the transistor 182 is turned on and
the voltage Vc is reset to the voltage VREF2.
0101. The counter 193 counts the number of times of
inputting of the signal UP at a high level and the signal
DOWN at a high level. Thus, the cumulative addition circuit
173 has an arithmetic function of cumulatively adding the
electric charge Qc stored in the capacitor 183 and outputting
the calculation result as the signal OUT corresponding to the
voltage Vc. Therefore, the amount of electric charge Qs flow
ing through the resistor 110 can be determined from the signal
OUT.

0102 For example, the coulomb counter 103 can also be
used as a power management device of the battery 10. Such a
power management device can monitor the state of charge of
the battery 10 by determining the output signal OUT. Charg
ing of the battery 10 can be controlled to be started or stopped
by the value of the output signal OUT.
0103 More detailed configurations of the amplifier circuit
130 and the converter circuit 150 will be described with

reference to FIG. 6. FIG. 6 is a circuit diagram illustrating a
configuration example of the coulomb counter 100.
0104. In the example of FIG. 6, the cumulative addition
circuit 170 (ADD) is further provided with an operational
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amplifier 184. The operational amplifier 184 forms a voltage
follower, and the voltage VREF3 is applied to the node N12
through the voltage follower circuit.
<Configuration Example of Amplifier Circuit (INT-AMP)>
0105. In the example of FIG. 6, an instrumentation ampli
fier is provided as the amplifier circuit 130. The amplifier
circuit 130 (INT-AMP) includes resistors 131 to 134, an
operational amplifier 135, and an auto-Zero amplifier 140.
The operational amplifier 135 forms a voltage follower.
01.06 The resistor 131, the resistor 110, and the resistor
132 are connected in series. The auto-Zero amplifier 140 has
functions of amplifying a Voltage between one terminal of the
resistor 131 and one terminal of the resistor 132 and output
ting the amplified Voltage Va. A non-inverting input terminal
of the auto-Zero amplifier 140 is connected to the voltage
followerformed of the operational amplifier 135 through the
resistor 133, and an output terminal of the auto-Zero amplifier
140 is connected to an inverting input terminal thereof
through the resistor 134.
0107. A more detailed configuration of the auto-Zero
amplifier 140 will be described in Embodiment 2. The auto
Zero amplifier 140 is very favorable as a means for amplifying
the small potential difference between both terminals of the
resistor 110 because it has a small offset voltage value and a
low temperature drift.
<Configuration Example of V-I Converter Circuit
(VI-CONV)>
0108. The V-I converter circuit 150 (VI-CONV) includes a
circuit that converts the Voltage Va into a current Ie and a
circuit that generates a constant current Icom. The V-I con
verter circuit 150 outputs the current Ic (Ic=le-Icom) to the
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Calculation of Current Ic
0112. The function of the V-I converter circuit 150 that
converts the output voltage Va of the amplifier circuit 130 into
the current Ic will be described with reference to formulas.

FORMULA 2)
Ra2

Wa = WREF2 + - - X WS
Ra1
Ic = Ie - Icon

(b1)
(b2)

a2

WREF2 -- Ral XVS WREF)
Roon1
TRcon1

b3
(b3)

1
Ra2 W.
Rcom1 X Ra1 X WS

b4
(b4)

0113 First, the output voltage Va of the amplifier circuit
130 is calculated. The voltage Va is expressed by Formula
(b1) in the case where the resistance values of the resistor 131
and the resistor 132 are equal to Ra1 and the resistance values
of the resistor 133 and the resistor 134 are equal to Ra2.
Formula (b1) indicates that the voltage Va is proportional to
the voltage Vs.
0114. The output current Ic of the cumulative addition
circuit 170 is the difference between the current Ie and the

current Icom as expressed by Formula (b2). Since the formu
las Ie=Va/Rcom1 and Icom=VREF2/Rcom1 are satisfied,

Formulas (b3) and (b4) are obtained. The current Ic is a
current proportional to the voltage Vs; thus, Formula (b4)
indicates that the V-I converter circuit 150 converts the volt

age Va into the current Ic.

cumulative addition circuit 170.

0109. The V-I converter circuit 150 includes an opera
tional amplifier 151, transistors 152 to 154, a resistor 155, and
a current supply circuit 160. The current supply circuit 160
has a function of generating the current Icom. The resistor 155

<Calculation of Electric Charge Amount Qs>

is a resistor that determines the values of the current Ie and the

resistor 110 will be described below with reference to formu
las.

current Icom. Here, a current generated by the current Supply
circuit 160 satisfies the following equation: Icom=VREF2/
Rcom1.

0110. A circuit block including the operational amplifier
151, the transistors 152 to 154, and the resistor 155 serves as

a current Supply circuit and a function of converting the
Voltage Va into the current Ie. The current Ie corresponding to
the voltage Va input to a gate of the transistor 152 flows
between a source and a drain of the transistor 152. The output
voltage of the operational amplifier 151 is input to the gate of
the transistor 152. The operational amplifier 151 operates so
that the Voltage of an inverting input terminal thereof is equal
to the Voltage Va of a non-inverting input terminal thereof;
thus, Ie=Va/Rcom1 is satisfied. The transistor 153 and the

transistor 154 form a current mirror, and the current Ie gen
erated by the transistor 152 is taken out to an output of the V-I
converter circuit 150 through the current mirror.
0111 Note that a Voltage generating circuit that generates
voltages (e.g., VREF1, VREF2, and VREF3) used in the
coulomb counter 100 may be provided in the coulomb
counter 100.

0115 The fact that the coulomb counter 100 can deter
mine the amount of electric charge QS flowing through the

0116. As expressed by Formula (c1), the amount of elec
tric charge QS is obtained by integrating the current Is with
respect to time. Given that the current Is is constantina period
when the amount of electric charge QS is determined, the
amount of electric charge QS is approximated by Formula
(c2).
FORMULA 3

N: Number of times of sampling
T

QS ? IsS (i.(i.
=NXS X Tcort

(c1)1
(c2)

0117. By substituting Formula (b4) into Ic on the right side
of Formula (a3), the voltage Vc can be expressed by Formula
(d1). Formulas (d2) and (d3) are derived from Formula (d1).
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FORMULA 4
1

W =

Ra2

Nx{ Room1 X -x(Rs x s)}xTcon on
Ra1 Co
Ra2x RS

NXS XT

WREF3

Tcon on

Cox Rcom1 x Ral X (NX Is XTcon on) X Tcon -Ra2x RS

(d1)

WREF3

D - WREF3 D = Tcon on

C. R. R. XCX --

(

Tcon )

(d2

(d2)
d3

(d3)

0118. Since Formula (d3) is satisfied, the amount of elec
tric charge QS can be expressed by Formula (d4).
FORMULA 5)
Cox Rcon1x Ra1

Qs = (Vc - VREF3)x -

(: Vcc VREF2)

(d4)

0119 Thus, as expressed by Formula (d4), data on the sum
of electric charge Qs flowing through the resistor 110 can be
acquired by determining the Voltage Vc. In other words, data
on the amount of electric charge QS can be acquired from the
output OUT of the coulomb counter 100. An example of the
amount of electric charge QS calculated from Formula (d4)
will be described below.

Calculation Conditions: Specifications of Coulomb Counter
100
0120

Resistance values: Ra1=100 kS2, Ra2-1 MS2
Capacitance value: CC=1 nF
The number of times of sampling: N=200
Time: Tcon=60 sec, Tcon on 10 usec
Voltage values: Vc=1.15 V, VREF3=0.25 V
Calculation Result

Qss3.37 Ahr (1 Ahr 3600 Coulomb)
0121 The coulomb counter 100 including the cumulative
addition circuit 170 is described here with reference to FIG. 6,

and the description applies to other coulomb counters includ
ing cumulative addition circuits. FIG. 7 illustrates a configu
ration example of the coulomb counter 103 including the
cumulative addition circuit 173. The coulomb counter 103

operates in a manner similar to that of the coulomb counter
100. Further, a Voltage generating circuit that generates Volt
ages (e.g., VREF1, VREF2, and VREF3) used in the coulomb
counter 103 may be provided in the coulomb counter 103.
0122) This embodiment can be implemented in combina
tion with any of the other embodiments as appropriate.
Embodiment 2

0123. A coulomb counter will be described as an example
of a semiconductor device with reference to FIGS. 8 to 13. In

this embodiment, a coulomb counter where some of circuits

are mounted on an IC chip will be described.

like the coulomb counter 100, and further includes a voltage
generating circuit 220. The battery 10, which is the target, is
connected between a high-potential terminal 211 and a low
potential terminal 212. Like the coulomb counter 100, the
coulomb counter 200 has a function of determining the
amount of electric charge QS flowing through a resistor 210,
from the voltage Vs across the resistor 210.
0.125. A circuit block surrounded by a dotted line includes
circuits mounted on an IC chip 201. The IC chip 201 is
provided with a plurality of terminals 213. In FIG. 8, only a
terminal for a power supply voltage VSS is given a reference
numeral 213 for simplicity.
<Configuration Example of Voltage Generating Circuitd
0.126 The voltage generating circuit 220 has a function of
generating the voltages VREF1, VREF2, and VREF3 used in
the circuits in the IC chip 201. The voltage generating circuit
220 includes and an operational amplifier 221 and a Voltage
divider circuit connected to an output of the operational
amplifier 221. The voltage divider circuit includes resistors
222 to 225 connected in series.

I0127. To the operational amplifier 221, voltages VREF are
supplied through the terminal 213 from the outside. The volt
age VREF1 corresponds to the output voltage of the opera
tional amplifier 221. The voltages VREF2 and VREF3 are
output from the voltage divider circuit. Here, the relation
between
the
Voltages
VREF1>VREF2>VREF3.

is

aS

follows:

<Configuration Example of Amplifier Circuit (INT-AMP)>
I0128 FIG. 9 is a circuit diagram illustrating a configura
tion example of the amplifier circuit 230 (INT-AMP).
I0129. The amplifier circuit 230 is similar to the amplifier
circuit 130 in FIG. 6 in that it includes resistors 231 to 234, an

operational amplifier 235, and an auto-Zero amplifier 240.
The amplifier circuit 230 further includes a multiplexer 236.
The multiplexer 236 has a function outputting an output sig
nal (VREF2 O) of the operational amplifier 235 or an output
signal (AZA OUT) of the auto-Zero amplifier 240 in
response to of a signal XCON.
0.130. The auto-Zero amplifier 240 includes an operational
amplifier 241 (Aa), an operational amplifier 242 (Ab), tran
sistors 243 to 246, an inverter 247, and capacitors 248 and
249. The operational amplifier 241 is a main amplifier for
amplifying the Voltage Vs. The operational amplifier 242 is an
amplifier that performs Zero adjustment of the offset voltage
of the operational amplifier 241 (a nulling amplifier or a null
amplifier). The transistors 243 to 246 function as switches
that are controlled to be turned on or off by a signal NCLK.
I0131 The signal NCLK is a clock signal having two
phases of high and low levels, and operations of the auto-Zero
amplifier 240 include two modes corresponding to the phases.
A first mode is a period when the signal NCLK is at a high
level, and the operational amplifier 242 performs Zero adjust
ment on the offset voltage of the operational amplifier 242
itself in the first mode. A second mode is a period when the
signal NCLK is at a low level, and the operational amplifier
242 where Zero adjustment has been performed corrects the
offset voltage of the operational amplifier 241 so that it is zero

<Configuration Example 2 of Coulomb Counterd
0.124 FIG. 8 is a circuit diagram illustrating a configura
tion example of the coulomb counter. As illustrated in FIG. 8,
a coulomb counter 200 includes an amplifiercircuit 230, a V-I

transistor 243 and the transistor 244 are turned on and the

converter circuit 250, and a cumulative addition circuit 270,

transistor 245 and the transistor 246 are turned off. Two input

in the second mode.

0.132. When the signal NCLK at a high level is input, the
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terminals of the operational amplifier 242 are short-circuited,
and the offset voltage of the operational amplifier 242 is
measured by the output Voltage of the operational amplifier
242 itself. The output voltage of the operational amplifier 242
is held in the capacitor 248. The voltage held in the capacitor
248 is input to a power supply input terminal NA for zero
adjustment of the operational amplifier 242, so that the offset
voltage of the operational amplifier 242 is corrected to be
ZO.

0133. The operational amplifier 241 amplifies a voltage
between input terminals (Vin--)-(Vin-)) with the offset volt
age corrected by a Voltage held in the capacitor 249, and
outputs the amplified Voltage.
0134. The voltage for correcting the offset voltage of the
operational amplifier 241 so that it is Zero is acquired in the
period when the signal NCLK is at a low level, and is held in
the capacitor 249.
0135 When the signal NCLK at a low level is input, the
transistor 245 and the transistor 246 are turned on and the

transistor 243 and the transistor 244 are turned off. The opera
tional amplifier 242 amplifies a Voltage between input termi
nals with the voltage for Zero adjustment applied by the
capacitor 248, and outputs the amplified Voltage to a terminal
of the capacitor 249 and a power supply terminal of the
operational amplifier 241. The output voltage of the opera
tional amplifier 242 is a voltage for correcting the offset
voltage of the operational amplifier 241 so that it becomes
Zero and is held in the capacitor 249.
0.136 Charging and discharging of the capacitor 248 and
the capacitor 249 are alternately performed in accordance
with the signal NCLK as described above, so that the offset
voltage of the operational amplifier 241 can be corrected to be
ZO.

0.137 The output signal AZA OUT of the auto-Zero
amplifier 240 is input to the multiplexer 236 (FIG. 9). The
multiplexer 236 outputs the signal AZA OUT when the sig
nal XCON is at a high level, and outputs a signal VREF2 O
when the signal XCON is at a low level.
<Configuration Example of V-I Converter Circuit
(VI-CONV)>
0138 FIG. 10 is a circuit diagram illustrating a configu
ration example of the V-I converter circuit 250 (VI-CONV).
The V-I converter circuit 250 has a function of converting the
input voltage Va into the current Ic, and includes a circuit that
converts the voltage Va into the current Ie and a circuit that
generates the constant current Icom, like the V-I converter
circuit 150.

0.139. Like the V-I converter circuit 150, the V-I converter
circuit 250 includes an operational amplifier 251, transistor
252 to 254, a resistor 255, and a current supply circuit 260. In
a circuit block including the operational amplifier 251, the
transistors 252 to 254, and the resistor 255, the voltage Va is
converted into the current Ie.

0140. The current supply circuit 260 has a function of
generating the current Icom, and includes a resistor 256, a
capacitor 257, an operational amplifier 262, and transistors
263 to 269.

0141. In the current supply circuit 260, a circuit block
including the resistor 256, the operational amplifier 262, and
the transistors 263 to 267 functions as a current supply circuit
that generates the constant current Icom. The transistors 264
and 265 and the transistors 266 and 267 form two current
mirrors.
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0142. A circuit block denoted by a reference numeral 261
has a function of correcting a current flowing through a wiring
258 connected to an output (VIout) of the V-I converter circuit
250, that is, a function of correcting the offset current of the
V-I converter circuit 250. Hereinafter the circuit block 261 is
referred to as a current correction circuit 261. The resistor 256
is a resistor that determines the current Icom and the offset

current of the V-I converter circuit 250. Here, by setting
resistance values so that Rcom2 Rcom1 is satisfied, the off

set current of the current supply circuit 260 is increased, and
Zero adjustment is performed on the output current of the
current supply circuit 260.
0.143 A transistor 268 and a transistor 269 in the current
correction circuit 261 are connected to the wiring 258. The
transistor 268 is connected in parallel to the transistor 266
included in the current mirror in the current Supply circuit
260, and a gate of the transistor 268 is connected to a terminal
(NC) of the capacitor 257. The transistor 269 functions as a
switch that controls connection between the terminal (NC) of
the capacitor 257 and the wiring 258. On/off of the transistor
269 is controlled by a signal NCON.
0144. The transistor 269 and the capacitor 257 function as
a sample-and-hold circuit. In a period when a Switch formed
of the transistor 269 is on, a voltage Vcn for correcting the
offset current is acquired. A current is Supplied to the capaci
tor 257 through the transistor 269, so that the capacitor 257 is
charged. When the transistor 269 is turned off, the voltage
Vcn is held in the capacitor 257.
0145 A current Icin that depends on the voltage Vcn held
in the capacitor 257 flows between a source and a drain of the
transistor 268. The current Ic flowing through the wiring 258
is corrected by the current Icn. That is the function of zero
adjustment of the offset current of the V-I converter circuit
250, which is performed by the current correction circuit 261.
An output error of the V-I converter circuit 250 is a determi
nation error of the amount of electric charge Qs; thus, the
output error of the V-I converter circuit 250 can be inhibited
by the current correction circuit 261, leading to improvement
in determination accuracy of the coulomb counter 200.
<Configuration Example of Cumulative Addition Circuit
0146 FIG. 11 is a circuit diagram illustrating a configu
ration example of the cumulative addition circuit 270 (ADD).
0147 Like the cumulative addition circuit 170, the cumu
lative addition circuit 270 has functions of sampling an input
current, holding it as a Voltage, and generating a signal cor
responding to the Voltage. Like the cumulative addition cir
cuit 170, the cumulative addition circuit 270 includes a tran

sistor 281, a transistor 282, a capacitor 283, an operational
amplifier 284, and a comparator 291. The cumulative addition
circuit 270 further includes a transistor 285, an operational
amplifier 286, and an operational amplifier 287.
0.148. The transistor 285 and the operational amplifier 286
have a function of adjusting the Voltage of an input terminal
(node VIout) of the cumulative addition circuit 270 so that it
becomes the voltage Vc of the node N21 (a terminal of the
capacitor 283). On/off of the transistor 285 is controlled by a
signal PRE. As is described below, the adjustment of the
voltage of the node VIout is performed before sampling of the
current Ie-Icom; thus, the transistor 285 and the operational
amplifier 286 can also be said to function as a precharge
circuit.
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014.9 The operational amplifier 287 forms a voltage fol
lower, and the voltage Vc of the N21 is output as a signal
MONI to the outside of the coulomb counter 200 through the
voltage follower.
0150. The transistor 281 and/or the transistor 282 is pref
erably formed using an oxide semiconductor, like the transis
tors 181 and 182 in the cumulative addition circuit 171 (FIG.
3A).
0151. An oxide semiconductor transistor can also be used
for the amplifier circuit 230 and the V-I converter circuit 250.
In the amplifier circuit 230, for example, the transistor 245

tional amplifier 286. The operational amplifier 286 functions
as a voltage follower and thus the voltage of the node VIout is
set to the voltage Vc of the node N21 in the period Tpre.
0158. After the elapse of the period Tpre, the input signal
CON becomes at a high level, and the current Ie-Icom is
sampled in the cumulative addition circuit 270. In the period
Tcon on, the current Ic flowing through the wiring 258 is
corrected by the current Icin flowing between a source and a

and/or the transistor 246 can be an oxide semiconductor tran

0159. The coulomb counter 200 operates in the above
manner in the period Tcon.
0160 FIG. 14 shows an example of measurement results,
that is, the waveforms of output signals of the coulomb
counter 200 actually fabricated. FIG. 14 shows the signal
wave forms in the case where the voltage VREF1 is approxi
mately 1.25 V, the voltage VREF3 is approximately 0.25 V.
and the voltage Vs across the resistor 110 is 28 mV. In mea
suring the signals, the signal OUT of the coulomb counter 200
was input to a microprocessor, and in a counter in the micro
processor, a count value in a period Tout Hi until the signal
OUT is switched from a low level to a high level was acquired.

sistor. In the V-I converter circuit 250, for example, the tran
sistor 269 can be an oxide semiconductor transistor.

0152 The cumulative addition circuit 270 may be pro
vided with a comparator 292, like the cumulative addition
circuits in FIGS 3A and 3B.

<Example 1 of Driving Method of Coulomb Counters
0153. An example of a driving method of the coulomb
counter 200 in FIG. 8 will be described with reference to

timing charts in FIGS. 12 and 13. FIG. 12 shows waveforms
of the input signals (SET CON) and the output signals
(MONI, OUT) of the cumulative addition circuit 270. FIG. 13
shows waveforms of the input signals (SET, CON, PRE) of
the cumulative addition circuit 270, the input signal (NCON)
of the V-I converter circuit 250, and the input signal (XCON)
of the amplifier circuit 230.
0154 As shown in FIG. 12, the cumulative addition circuit
270 is driven in a manner similar to that of the cumulative

addition circuit 170. First, the voltage of the node N21 is reset
to the voltage VREF3 in response to the signal SET. In a
period when the signal CON is at a high level, the current
Ie-Icom is supplied to the node N21, so that the capacitor 283
is charged. Electric charge that depends on the current Ie
Icom is held in the capacitor 283. When the voltage Vc of the
node N21 becomes higher than the voltage VREF1, the signal
OUT is switched from a low level to a high level.
0155 As shown in FIG. 13, in a holding period of the
voltage Vc, correction (Zero adjustment) of the offset current
of the V-I converter circuit 250 and a precharge operation of
adjusting the Voltage of the node VIout (an input terminal of
the cumulative addition circuit 270) are performed. Herein
after the operation of the coulomb counter 200 in the period
Tcon will be described with reference to FIG. 13.

0156 A period when the signal XCON for controlling the
multiplexer 236 is at a high level includes a period Toffset
when the signal NCON is at a high level. In the period Toffset,
the voltage VREF2 is input to the V-I converter circuit 250, so
that Ie-Icom=0 is satisfied according to Formula (b3). How
ever, the resistor 256 in the current supply circuit 260 does not
allow Ic to become Zero. A current flowing through the wiring
258 in the period Toffset is an offset current. In the period

drain of the transistor 268 in the V-I converter circuit 250;

therefore, the voltage Vc can be determined with high accu
racy.

The count value was 127.

(0161 Instead of the cumulative addition circuit 270 (170),
any of the cumulative addition circuit 171 (FIG. 3A), the
cumulative addition circuit 172 (FIG.3B), and the cumulative
addition circuit 173 (FIG. 4) can be used. As an example, FIG.
15 shows a configuration example of a coulomb counter
including the cumulative addition circuit 173 instead of the
cumulative addition circuit 270 (170). In FIG. 15, only a
terminal for the power supply voltage VSS is given the refer
ence numeral 213 for simplicity.
<Configuration Example 3 of Coulomb Counters
0162 FIG. 15 is a circuit diagram illustrating a configu
ration example of a coulomb counter. As illustrated in FIG.
15, a coulomb counter 203 includes the amplifier circuit 230,
the V-I converter circuit 250, a cumulative addition circuit

273, and the voltage generating circuit 220, like the coulomb
counter 200.

0163 A circuit block surrounded by a dotted line includes
circuits mounted on an IC chip 204. The IC chip 204 is
provided with the plurality of terminals 213.
0164 FIG. 16 is a circuit diagram illustrating a configu
ration example of the cumulative addition circuit 273.
0.165 Like the cumulative addition circuit 173, the cumu
lative addition circuit 273 has functions of sampling an input
current, holding it as a Voltage, and generating an n-bit digital
signal in accordance with the Voltage. Like the cumulative
addition circuit 173, the cumulative addition circuit 273

Toffset, as described above, the transistor 269 is turned on so

includes the transistor 281, the transistor 282, the capacitor
283, the operational amplifier 284, the comparators 291 and

that the capacitor 257 is charged by the offset current, and the
voltage Vcn for correcting the offset current of the V-I con
verter circuit 250 is acquired.
(O157 Next, the signal NCON is set at a low level, and then,
the signal XCON for controlling the multiplexer 236 is set at
a low level. The period when XCON is at a low level includes
a period Tpre when the input signal PRE of the cumulative
addition circuit 270 is at a high level. In the period Tpre, the
transistor 285 connects an input terminal (node VIout) of the
cumulative addition circuit 270 and an output of the opera

further includes the transistor 285, the operational amplifier
286, and the operational amplifier 287.
0166 The transistor 285 and the operational amplifier 286
have a function of adjusting the potential of an input terminal
(node VIout) of the cumulative addition circuit 273 so that it
becomes the voltage Vc of the node N21 (a terminal of the
capacitor 283). On/off of the transistor 285 is controlled by
the signal PRE. As is described below, the adjustment of the
voltage of the node VIout is performed before sampling of the

292, and a counter 293. The cumulative addition circuit 273
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current Ie-Icom (=Ic); thus, the transistor 285 and the opera
tional amplifier 286 can also be said to function as a precharge
circuit.

0167. The operational amplifier 287 forms a voltage fol
lower, and the voltage Vc of the N21 is output as the signal
MONI to the outside of the coulomb counter 203 through the
voltage follower.
<Example 2 of Driving Method of Coulomb Counters
0168 An example of a driving method of the coulomb
counter 203 will be described with reference to timing charts
in FIGS.5 and 17. The voltage Vc in FIG.5 corresponds to the
signal MONI.
0169. As shown in FIG. 5, the cumulative addition circuit
273 is driven in a manner similar to that of the cumulative

addition circuit 173. In response to the signal CON, the cur
rent Ie-Icom is sampled, and the sampling result is held as
electric charge Qc in the capacitor 283. The voltage Vc of the
node N21 varies depending on the electric charge Qc held in
the capacitor 283.
(0170 When the voltage Vc of the node N21 becomes
higher than the voltage VREF1, the comparator 291 outputs
the signal UP at a high level (logical value “1”). When the
voltage Vc becomes lower than the voltage VREF3, the com
parator 292 outputs the signal DOWN at a high level (logical
value “1”). The counter 293 counts the number of changes of
the signal UP and the number of changes of the signal
DOWN. For example, the sum of the count value of the
signals UP and the count values of the signals DOWN is
output as the signal OUT. Note that the signal OUT can be a
16-bit digital signal, for example.
0171 As shown in FIG. 17, in a holding period of the
voltage Vc, correction (Zero adjustment) of the offset current
of the V-I converter circuit 250 and a precharge operation of
adjusting the potential of the node VIout (an input terminal of
the cumulative addition circuit 273) are performed. Herein
after the operation of the coulomb counter 203 in the period
Tcon will be described with reference to FIG. 17.

0172 A period when the signal XCON for controlling the
multiplexer 236 is at a high level includes a period Toffset
when the input signal NCON of the V-I converter circuit 250
is at a high level. In the period Toffset, the voltage VREF2 is
applied to the V-I converter circuit 250, so that Ie-Icom=0 is
satisfied according to Formula (b3). However, the resistor 256
in the current supply circuit 260 does not allow Ic to become
Zero. A current flowing through the wiring 258 in the period
Toffset is an offset current. In the period Toffset, as described
above, the transistor 269 is turned on, so that the capacitor 257
is charged by the offset current, and the voltage Vcn for
correcting the offset current of the V-I converter circuit 250 is
acquired.
(0173 Next, the signal NCON is set at a low level, and then,
the signal XCON for controlling the multiplexer 236 is set at
a low level. The period when XCON is at a low level includes
a period Tpre when the input signal PRE of the cumulative
addition circuit 273 is at a high level. In the period Tpre, the
transistor 285 connects an input terminal (node VIout) of the
cumulative addition circuit 273 and an output of the opera
tional amplifier 286. The operational amplifier 286 functions
as a voltage follower and thus the voltage of the node VIout is
set to the voltage Vc of the node N21 in the period Tpre.
0.174. After the elapse of the period Tpre, the input signal
CON becomes at a high level, and the current Ie-Icom is
sampled in the cumulative addition circuit 273. In the period
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Tcon on, the current Ic flowing through the wiring 258 is
corrected by the current Icin flowing between a source and a
drain of the transistor 268 in the V-I converter circuit 250;

therefore, the voltage Vc can be determined with high accu
racy.

(0175. The coulomb counter 203 operates in the above
manner in the period Tcon.
0176 This embodiment can be implemented in combina
tion with any of the other embodiments as appropriate.
Embodiment 3

0177. In this embodiment, a storage device including a
control means will be described as an example of a semicon
ductor device.

<Configuration Example of Power Storage Device>
0.178 FIG. 18 is a circuit diagram illustrating a configu
ration example of a power storage device. A power storage
device 300 includes a power storage body 301 and a manage
ment device 310. FIG. 18 illustrates the state where the power
storage body 301 is charged, and the power source 302 is for
charging the power storage body 301.
0179 Examples of batteries that can be used as the power
storage body 301 (BAT) include but do not limited to second
ary batteries such as a lithium-ion secondary battery, a lead
storage battery, a lithium-ion polymer secondary battery, a
nickel-hydrogen storage battery, a nickel-cadmium storage
battery, a nickel-iron storage battery, a nickel-Zinc storage
battery, and a silver oxide-zinc storage battery; flow batteries
Such as a redox flow battery, a zinc-chlorine battery, and a
Zinc-bromine battery; mechanically rechargeable batteries
Such as an aluminum-air battery, a zinc-air battery, and an
iron-air battery; and high-operating-temperature secondary
batteries such as a sodium-Sulfur battery and a lithium-iron
sulfide battery. Alternatively, the power storage body 301 can
be formed using a lithium-ion capacitor or the like, for
example.
0180. The management device 310 is a system that man
ages the state of charge and the like of the power storage body
301. The management device 310 includes a microprocessor
unit 320 (hereinafter referred to as the MPU 320), a signal
generating circuit 321, a power supply control circuit 330,
and the coulomb counter 100.

0181. The MPU 320 serves as a control device of the
management device 310 and has a function of transmitting
control signals to the power supply control circuit 330 and the
coulomb counter 100, and the like. The MPU 320 can trans

mit and receive signals to and from a circuit outside the
management device 310.
0182. The signal generating circuit 321 has a function of
generating a signal used in an internal circuit of the manage
ment device 310. The signal generating circuit 321 generates
a signal used in the coulomb counter 100 (e.g., the control
signal CON of the cumulative addition circuit 170). Note that
the signal generating circuit 321 may be provided in the MPU
32O.

0183 The power supply control circuit 330 has a function
of converting power supplied from the power source 302 into
DC power. The power supply control circuit 330 includes a
converter 340 serving as a DC power generating portion and
a control circuit 350 serving as a control portion of the con
verter 340. The control circuit 350 has functions of starting
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and stopping charging, setting a charging current Ich and a
charging Voltage Vch, and the like.
0184. Here, a DC power source and a step-down DC-DC
converter are used as the power source 302 and the power
supply control circuit 330, respectively. As the converter 340,
a switching regulator is used. The converter 340 includes a
transistor 341 functioning as a Switch, a Smoothing circuit,
and a voltage divider circuit. In the example of FIG. 18, the
smoothing circuit includes a rectifier element 342, a coil 343,
a resistor 344, and a capacitor 345. The voltage divider circuit
includes a resistor 346 and a resistor 347.

0185. The switching operation of the transistor 341 is con
trolled by a control signal GS from the control circuit 350. By
the control signal GS, an output Voltage and an output current
of the converter 340 are adjusted. The control circuit 350
generates the signal GS by changing the duty ratio of a clock
signal, for example. Such a clock signal for generating the
signal GS can be generated in the signal generating circuit
321 or an internal circuit of the control circuit 350. Alterna

tively, the clock signal may be generated in a circuit outside
the power storage device 300.
0186 The resistor 344 is a resistor for determining the
output current Ich of the converter 340. The control circuit
350 determines a potential difference across the resistor 344
by a signal SENSE1 and a signal SENSE2. Based on the
determined potential difference, the amount of current flow
ing through the resistor 344 can be determined. An output
signal FB of the voltage divider circuit including the resistor
346 and the resistor 347 is a signal for determining the output
voltage Vch of the converter 340. The signal FB is input to the
control circuit 350.

0187. The control circuit 350 generates the signal GS in
response to a signal (SENSE1, SENSE2, FB).
0188 The coulomb counter 100 generates the signal OUT
based on the voltage Vs generated across the resistor 110 as
described above. The signal OUT is input to the MPU 320.
The MPU 320 generates a control signal for the power supply
control circuit 330 based on the signal OUT and outputs it to
the control circuit 350. The control circuit 350 outputs the
signal GS based on the control signal. For example, the MPU
320 generates a command signal for stopping charging of the
power storage body 301 in response of input of the signal
OUT at a high level (logical value “1”). On receiving the
command signal, the control circuit 350 turns off the transis
tor 341 by the signal GS.
0189 The MPU 320 generates a command for making the
power supply control circuit 330 start charging of the power
storage body 301. The command signal for starting charging
is output to the control circuit 350 in response to a signal from
the outside of the management device 310 or a signal gener
ated in an internal circuit of the MPU 320. The control circuit

350 transmits the signal GS based on the command signal to
the converter 340.
Embodiment 4

0190. In this embodiment, an MPU used for control of a
semiconductor device Such as a power storage device will be
described.

<Configuration Example of MPUD
0191 FIG. 19 is a block diagram illustrating a configura
tion example of an MPU 700. The MPU 700 can be used as an
MPU 320 in the power storage device 300 in FIG. 18.
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(0192. The MPU 700 includes a processor 710, a bus bridge
711, a memory 712, a memory interface 713, a controller 720,
an interrupt controller 721, an I/O interface (input-output
interface) 722, and a power gate unit 730.
(0193 The MPU 700 further includes a crystal-oscillator
circuit 741, a timer circuit 745, an I/O interface 746, an I/O

port 750, a comparator 751, an I/O interface 752, a bus line
761, a bus line 762, a bus line 763, and a data bus line 764.
Further, the MPU 700 includes at least connection terminals

770 to 776 as portions for connection to an external device.
Note that each of the connection terminals 770 to 776 repre
sents one terminal or a terminal group including plural termi
nals. An oscillation unit 742 including a quartz resonator 743
is connected to the MPU 700 through a connection terminal
772 and a connection terminal 773.

(0194 The processor 710 includes a register 785 and is
connected to the bus lines 761 to 763 and the data bus line 764

through the bus bridge 711.
0.195 The memory 712 is a storage device that can func
tion as a main memory of the processor 710; for example, a
random access memory (RAM) is used as the memory 712.
The memory 712 stores commands executed by the processor
710, data needed for execution of the commands, and data

acquired by processing by the processor 710. In response to
commands executed by the processor 710, data is written and
read to and from the memory 712.
(0196. In the MPU 700, power supply to the memory 712 is
stopped in a low power consumption mode. Thus, the
memory 712 is preferably formed of a memory that can store
data even when it is not supplied with power.
0197) The memory interface 713 is an input-output inter
face with an external storage device. Under the command to
be executed by the processor 710, data is written into and read
out from the external storage device connected to the connec
tion terminal 776 through the memory interface 713.
0198 A clock generating circuit 715 is a circuit that gen
erates a clock signal MCLK (hereinafter, also simply referred
to as “MCLK) to be used in the processor 710, and includes
an RC oscillator and the like. MCLK is also output to the
controller 720 and the interrupt controller 721.
(0199 The controller 720 is a circuit that controls the MPU
700, and controls, for example, a power source of the MPU
700; the clock generating circuit 715; and the crystal-oscilla
tor circuit 741.

0200. The connection terminal 770 is a terminal for input
ting an external interrupt signal. A non-maskable interrupt
signal NMI is input to the controller 720 through the connec
tion terminal 770. On receiving the non-maskable interrupt
signal NMI, the controller 720 outputs the non-maskable
interrupt signal NMI to the processor 710, so that the proces
sor 710 executes interrupt processing.
0201 An interrupt signal INT is input to the interrupt
controller 721 through the connection terminal 770. Interrupt
signals (TOIRQ, POIRQ, and COIRQ) from the peripheral
circuits bypass the buses (761 to 764) and are input to the
interrupt controller 721.
0202 The interrupt controller 721 has a function of setting
the order of priority of interrupt requests. When detecting the
interrupt signal, the interrupt controller 721 determines if the
interrupt request is valid or not. If the interrupt request is
valid, the interrupt controller 721 outputs an interrupt signal
IRQ to the controller 720.
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0203 The interrupt controller 721 is connected to the bus
line 761 and the data bus line 764 through an I/O interface
T22.

0204. On receiving the interrupt signal INT, the controller
720 outputs the interrupt signal INT to the processor 710, so
that the processor 710 executes interrupt processing.
0205 The interrupt signal TOIRQ bypasses the interrupt
controller 721 and is directly input to the controller 720 in
some cases. On receiving the interrupt signal TOIRQ, the
controller 720 outputs the non-maskable interrupt signal NMI
to the processor 710, so that the processor 710 executes inter
rupt processing.
0206. A register 780 of the controller 720 is provided in
the controller 720. A register 786 of the interrupt controller
721 is provided in the I/O interface 722.
0207 Next, peripheral circuits included in the MPU 700
will be described. The MPU 700 includes the timer circuit

745, the I/O port 750, and the comparator 751 as peripheral
circuits. The circuits are examples of the peripheral circuits,
and a circuit needed for an electrical device including the
MPU 700 can be provided as appropriate.
0208. The timer circuit 745 has a function of measuring
time in response to a clock signal TCLK (hereinafter, also
simply referred to as “TCLK') output from a clock generat
ing circuit 740. In addition, the timer circuit 745 has a func
tion of outputting the interrupt signal TOIRQ to the controller
720 and the interrupt controller 721 at predetermined inter
vals. The timer circuit 745 is connected to the bus line 761 and

the data bus line 764 through the I/O interface 746.
0209 TCLK is a clock signal whose frequency is lower
than that of MCLK. For example, the frequency of MCLK is
about several megahertz (MHz) (e.g., 8 MHz) and the fre
quency ofTCLK is about several tens of kilohertz (kHz) (e.g.,
32 kHz). The clock generating circuit 740 includes the crys
tal-oscillator circuit 741 incorporated in the MPU 700 and the
oscillation unit 742 connected to the connection terminal 772

and the connection terminal 773. The quartz resonator 743 is
used as a resonator unit of the oscillation unit 742. In addition,

when the clock generating circuit 740 is made up of a CR
oscillator and the like, all modules in the clock generating
circuit 740 can be incorporated in the MPU 700.
0210. The I/O port 750 is an interface that inputs and
outputs data to and from an external device which is con
nected to the I/O port 750 through the connection terminal
774 and is an input-output interface of a digital signal. For
example, the output signals OUT of the coulomb counters
(100, 200) are input to the I/O port 750 through the connec
tion terminal 774. For example, the I/O port 750 outputs the
interrupt signal POIRQ to the interrupt controller 721 in
response to the input signal OUT.
0211. The comparator 751 can compare the potential (or
current) of an analog signal input from the connection termi
nal 775 with a potential (or current) of a reference signal and
generate a digital signal whose value is 0 or 1. Further, the
comparator 751 can generate the interrupt signal COIRQ in
accordance with the value of the digital signal. The interrupt
signal COIRQ is output to the interrupt controller 721.
0212. The I/O port 750 and the comparator 751 are con
nected to the bus line 761 and the data bus line 764 through the
I/O interface 752 common to the both. Here, one I/O interface

752 is used because I/O interfaces of the I/O port 750 and the
comparator 751 can share a circuit; however, the I/O port 750
and the comparator 751 can have separate I/O interfaces.
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0213. In addition, a register of each peripheral circuit is
placed in the input/output interface corresponding to the
peripheral circuit. A register 787 of the timer circuit 745 is
placed in the I/O interface 746, and a register 783 of the I/O
port 750 and a register 784 of the comparator 751 are placed
in the I/O interface 752.

0214) The MPU 700 includes the power gate unit 730 that
can stop power Supply to the internal circuits. Power is Sup
plied only to a circuit necessary for operation by the power
gate unit 730, so that lower power consumption of the whole
MPU 700 can be achieved.

0215. As illustrated in FIG. 19, circuits in a unit 701, a unit
702, a unit 703, and a unit 704 in the MPU 700 which are

Surrounded by dashed lines are connected to the connection
terminal 771 through the power gate unit 730.
0216. In this embodiment, the unit 701 includes the timer
circuit 745 and the I/O interface 746. The unit 702 includes

the I/O port 750, the comparator 751, and the I/O interface
752. The unit 703 includes the interrupt controller 721 and the
I/O interface 722. The unit 704 includes the processor 710,
the memory 712, the bus bridge 711, and the memory inter
face 713.

0217. The power gate unit 730 is controlled by the con
troller 720. The power gate unit 730 includes a switch 731 and
a Switch 732 for stopping Supply of a power Supply Voltage to
the units 701 to 704. As the power supply voltage, for
example, the power Supply Voltage of the power storage body
301 can be used.

0218. On/off of the switches 731 and 732 is controlled by
the controller 720. Specifically, the controller 720 outputs a
signal to turn off one of or both the switches included in the
power gate unit 730, in accordance with the request by the
processor 710 (interruption of power supply). In addition, the
controller 720 outputs a signal to turn on the switch included
in the power gate unit 730 in response to the non-maskable
interrupt signal NMI or the interrupt signal TOIRQ from the
timer circuit 745 (start of power supply).
0219 FIG. 19 illustrates a circuit block where two
switches (the switches 731 and 732) are provided in the power
gate unit 730; however, such a circuit block is not necessarily
employed; Switches are provided as many as needed to stop
power Supply.
0220. In this embodiment, the switch 731 is provided so
that power supply to the unit 701 can be individually con
trolled, and the switch 732 is provided so that power supply to
the units 702 to 704 can be individually controlled. However,
Such a power Supply path is not necessarily employed. For
example, another switch which is not the switch 732 may be
provided so that power supply to the memory 712 is individu
ally controlled. Further, a plurality of switches may be pro
vided for one circuit.

0221. In addition, a power Supply Voltage bypasses the
power gate unit 730 and is constantly supplied from the
connection terminal 771 to the controller 720. In order to

reduce noise, a power Supply Voltage from an external power
supply circuit, which is different from the power supply cir
cuit for a power Supply Voltage, is Supplied to each of the
oscillator circuit of the clock generating circuit 715 and the
crystal-oscillator circuit 741.
<Example of Driving Method of MPUD
0222 Provision of the controller 720, the power gate unit
730, and the like allows the MPU 700 to operate in three kinds
of operation modes. The first operation mode is a normal
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operation mode where all circuits included in the MPU 700
are active. Here, the first operation mode is referred to as
Active mode’.

0223) The second and third operation modes are low
power consumption modes where some of the circuits are
active. In the second operation mode, the controller 720, the
timer circuit 745, and circuits (the crystal-oscillator circuit
741 and the I/O interface 746) associated thereto are active. In
the third operation mode, the controller 720 alone is active.
Here, the second operation mode is referred to as “Noff1
mode, and the third operation mode is referred to as “Noff2
mode'. In the Noffl mode, the controller 720 and some of the

peripheral circuits (circuits necessary for timer operation)
operate. In the Noff2 mode, the controller 720 alone operates.
0224 Note that power is constantly supplied to the oscil
lator of the clock generating circuit 715 and the crystal
oscillator circuit 741 regardless of the operation modes. In
order to bring the clock generating circuit 715 and the crystal
oscillator circuit 741 into non-Active modes, an enable signal
is input from the controller 720 or an external circuit to stop
oscillation of the clock generating circuit 715 and the crystal
oscillator circuit 741.

0225. In addition, in Noffl and Noff2 modes, power Sup
ply is stopped by the power gate unit 730, so that the I/O port
750 and the I/O interface 752 are non-active; however, power
is supplied to part of the I/O port 750 and part of the I/O
interface 752 in order to allow an external device connected to

the connection terminal 774 to operate normally. Specifically,
power is supplied to an output buffer of the I/O port 750 and
the register 783 for the I/O port 750.
0226 Note that in this specification, the phrase “a circuit is
non-active' includes the state where major functions in
Active mode (normal operation mode) are stopped and the
operation state with power consumption lower than that of
Active mode, as well as the state where a circuit is stopped by
interruption of power Supply.
0227. For example, an operation method of a power stor
age device which is different from the power storage device
300 in FIG. 18 in that it includes the MPU 700 having such
operation modes instead of the MPU 320 will be described
below. When a user forces termination of charging of the
power storage body 301, the controller 720 receives a com
mand for the forcible termination. In response to the reception
of this command, the controller 720 outputs the interruption
signal INT to the processor 710, so that the processor 710
executes the interrupt processing. For example, the processor
710 generates a command signal to stop transmission of the
signal GS in the control circuit 350 and outputs it to the
control circuit 350 through the I/O port 750. Then, the pro
cessor 710 outputs, to the power gate unit 730, a request to
change the operation mode of the MPU 320 to a low power
consumption mode.
0228 Registers that can be used in the MPU 700 will be
described below with reference to FIGS. 20A and 20B. FIGS.

20A and 20B are circuit diagrams illustrating configuration
examples of the registers.
<Configuration Example 1 of Registerd
0229. As illustrated in FIG. 20A, a register 611 includes a
storage circuit 651, a storage circuit 652, and a selector 653.
0230. A reset signal RST, a clock signal CLK, and a data
signal D are input to the storage circuit 651. The storage
circuit 651 has functions of storing data of the input data
signal D in response to the clock signal CLK and outputting it
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as a data signal Q. For the storage circuit 651, for example, a
register Such as a buffer register or a versatile register can be
used. Alternatively, a cache memory including a static ran
dom access memory (SRAM) or the like can be provided as
the storage circuit 651. Such a register and Such a cache
memory can store data in the storage circuit 652.
0231. A write control signal WE, a read control signal RD,
and a data signal are input to the storage circuit 652. The
storage circuit 652 has functions of storing data of an input
data signal in response to the write control signal WE and
outputting the stored data as a data signal in response to the
read control signal RD.
0232. The selector 653 selects the data signal D or the data
signal output from the storage circuit 652 in response to the
read control signal RD and transmits it to the storage circuit
651.

0233. The storage circuit 652 includes a transistor 631 and
a capacitor 632.
0234. The transistor 631 is an n-channel transistor and
functions as a select transistor. One of a source and a drain of

the transistor 631 is connected to an output terminal of the
storage circuit 651. Further, a power Supply Voltage is applied
to a back gate of the transistor 631. The transistor 631 has a
function of controlling the storage of a data signal output from
the storage circuit 651 in response to the write control signal
WE

0235 Like the transistor 181 and the transistor 182 (see
FIG. 1) in the coulomb counter 100, the transistor 631 may be
a transistor with a low off-state current (e.g., an oxide semi
conductor transistor).
0236. One of a pair of electrodes of the capacitor 632 is
connected to the other of the source and the drain of the

transistor 631, and the low power supply voltage VSS is
applied to the other of the pair of electrodes. The capacitor
632 has a function of storing electric charge based on data of
an input data signal. Since the off-state current of the transis
tor 631 is extremely low, the electric charge in the capacitor
632 is held and thus the data is stored even when supply of the
power Supply Voltage stops.
0237. The transistor 633 is a p-channel transistor. A high
power Supply Voltage VDD is applied to one of a source and
a drain of the transistor 633, and the read control signal RD is
input into a gate of the transistor 633.
0238. The transistor 634 is an n-channel transistor. One of
a source and a drain of the transistor 634 is connected to the

other of the source and the drain of the transistor 633, and the

read control signal RD is input into a gate of the transistor
634.

0239. The transistor 635 is an n-channel transistor. One of
a source and a drain of the transistor 635 is connected to the

other of the source and the drain of the transistor 634, and the

low power supply voltage VSS is applied to the other of the
source and the drain of the transistor 635.

0240 An input terminal of an inverter 636 is connected to
the other of the source and the drain of the transistor 633. An

output terminal of the inverter 636 is connected to an input
terminal of the Selector 653.

0241 One of a pair of electrodes of a capacitor 637 is
connected to the input terminal of the inverter 636, and the
low power supply voltage VSS is applied to the other of the
pair of electrodes. The capacitor 632 has a function of storing
electric charge based on data of a data signal that is input to
the inverter 636.
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0242. Note that the configuration of the storage circuit 652
is not limited to the above; the storage circuit 652 may include
a phase-change random access memory (PRAM) (also
referred to as a phase-change memory (PCM)), a resistive
random access memory (ReRAM), a magnetoresistive ran
dom access memory (MRAM), or the like. For the MRAM, a
magnetic tunneljunction element (also referred to as an MTJ
element) can be used, for example.
0243 Next, an example of a driving method of the register
611 will be described.

0244 First, in a normal operation period, the register is
Supplied with a power Supply Voltage, which is power, the
reset signal RST, and the clock signal CLK. At this time, the
selector 653 outputs data of the data signal D to the storage
circuit 651. The storage circuit 651 stores the data of the input
data signal D in response to the clock signal CLK. At this
time, in response to the read control signal RD, the transistor
633 is turned on while the transistor 634 is turned off.

0245. Then, in a backup period provided immediately
before the Supply of the power Supply Voltage is stopped, in
response to the pulse of the write control signal WE, the
transistor 631 is turned on, the data of the data signal is stored
in the storage circuit 652, and the transistor 631 is turned off.
After that, the supply of the clock signal CLK to the register
is stopped, and then, the supply of the reset signal RST to the
register is stopped. Note that when the transistor 631 is on, a
positive power Supply Voltage may be supplied to the back
gate of the transistor 631. At this time, in response to the read
control signal RD, the transistor 633 is turned on while the
transistor 634 is turned off.

0246 Next, in a power stop period, the supply of the power
Supply Voltage to the register is stopped. In this period, the
stored data is held in the storage circuit 652 because the
off-state current of the transistor 631 is low. Note that the

Supply of the power Supply Voltage can be regarded as being
stopped by Supplying the ground potential GND instead of
the high power supply voltage VDD. When the transistor 631
is off, a negative power Supply Voltage may be Supplied to the
back gate of the transistor 631 so that the transistor 631
remains off.

0247 Then, in a recovery period immediately before a
normal operation period, the Supply of the power Supply
Voltage to the registeris resumed; then, the Supply of the clock
signal CLK is resumed, and after that, the Supply of the reset
signal RST is resumed. At this time, before the supply of the
clock signal CLK is resumed, the wiring which is to be
supplied with the clock signal CLK is set at the high power
supply voltage VDD. Moreover, in response to the pulse of
the read control signal RD, the transistor 633 is turned off, the
transistor 634 is turned on, and the data signal stored in the
storage circuit 652 is output to the selector 653. The selector
653 outputs the data signal to the storage circuit 651 in
response to the pulse of the read control signal RD. Thus, the
storage circuit 651 can be returned to a state just before the
power stop period.
0248. Then, in a normal operation period, normal opera
tion of the storage circuit 651 is performed again.
<Configuration Example 2 of Registerd
0249. Note that the configuration of the register is not
limited to that illustrated in FIG. 20A. For example, a register
612 illustrated in FIG. 20B may be used. The register is
different from the register 611 in that it does not include the
transistor 633, the transistor 634, the inverter 636, and the
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capacitor 637 but includes a selector 654. For the same com
ponents as those in the register 611 illustrated in FIG. 20A,
the description of the register 611 in FIG.20A is referred to as
appropriate.
(0250 One of a source and a drain of the transistor 635 is
electrically connected to an input terminal of the selector 653.
The selector 654 selects the low power supply voltage VSS to
be data or the data signal output from the storage circuit 651
in response to a write control signal WE2, and transmits it to
the storage circuit 652.
0251. In a normal operation period, the register 612 is
Supplied with the power Supply Voltage, the reset signal RST.
and the clock signal CLK. At this time, the selector 653
outputs data of the data signal D to the storage circuit 651. The
storage circuit 651 stores the data of the input data signal D in
response to the clock signal CLK. In addition, the selector 654
outputs the low power supply voltage VSS to the storage
circuit 652 in response to the write control signal WE2. In the
storage circuit 652, the transistor 631 is turned on in response
to the pulse of the write control signal WE, and the low power
supply voltage VSS is stored as data in the storage circuit 652.
0252. Then, in a backup period provided immediately
before the Supply of the power Supply Voltage is stopped, the
selector 654 does not supply the low power supply voltage
VSS but provides electrical conduction between an output
terminal of the storage circuit 651 and one of a source and a
drain of the transistor 631 in response to the write control
signal WE2. Further, in response to the pulse of the write
control signal WE, the transistor 631 is turned on, the data of
the data signal D is stored in the storage circuit 652, and the
transistor 631 is turned off. At this time, the data of the storage
circuit 652 is rewritten only when the potential of the data
signal D is equal to the high power Supply Voltage VDD.
Further, the supply of the clock signal CLK to the register 612
is stopped, and then, the supply of the reset signal RST to the
register 612 is stopped. Note that when the transistor 631 is
on, the positive power Supply Voltage may be Supplied to a
back gate of the transistor 631.
0253) Next, in a power stop period, the supply of the power
Supply Voltage to the register 612 is stopped. During this
period, the data is stored in the storage circuit 652 because the
off-state current of the transistor 631 is low. Note that the

Supply of the power Supply Voltage may be regarded as being
stopped by Supplying the ground potential GND instead of
the high power supply voltage VDD. Note that when the
transistor 631 is off, a negative power Supply Voltage may be
supplied to the back gate of the transistor 631 so that the
transistor 631 remains off.

0254 Then, in a recovery period immediately before a
normal operation period, the Supply of the power Supply
voltage to the register 612 is resumed; then, the supply of the
clock signal CLK is resumed, and after that, the Supply of the
reset signal RST is resumed. At this time, before the supply of
the clock signal CLK is resumed, the wiring which is to be
supplied with the clock signal CLK is set at the high power
supply voltage VDD. In response to the pulse of the read
control signal RD, the selector 653 outputs to the storage
circuit 651 the data signal corresponding to the data stored in
the storage circuit 652. Thus, the storage circuit 651 can be
returned to a state just before the power stop period. Then, in
a normal operation period, normal operation of the storage
circuit 651 is performed again.
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0255. In the register 612, the data of the low power supply
voltage VSS does not need to be written in the backup period,
resulting in an increase in operation speed.
0256 When the register 611 or the register 612 is used in

supplied to a source of the transistor 1043. The ground poten
tial GND is supplied to a source of the transistor 1044. Back
gates of the transistor 1043 and the transistor 1044 are con
nected to backgate lines BGL. Agate of the transistor 1045 is

the MPU 700 in FIG. 19 and the mode of the MPU 700 shifts

connected to a word line WL. The other of the source and the
drain of the transistor 1045 is connected to a bit line BLB. A

from Active mode to Noffl or Noff2 mode, prior to power off,
data in the storage circuits 651 of the registers 784 to 787 are
written into the storage circuits 652, data in the storage cir
cuits 651 are reset to initial values, and then power supply is
stopped.
0257. In the return from Noff1 or Noff2 mode to Active
mode, when power supply to the registers 784 to 787 is
resumed, data in the storage circuits 651 are reset to initial
values. Then, data in the storage circuit 652 is written to the
storage circuit 651.
0258 Accordingly, even in the low power consumption
mode, data needed for processing of the MPU 700 are stored
in the registers 784 to 787, and thus, the MPU 700 can return
from the low power consumption mode to Active mode
immediately. For this reason, power consumption of the MPU
700 can be reduced.

0259. This embodiment can be implemented in combina
tion with any of the other embodiments as appropriate.
Embodiment 5

gate of the transistor 1046 is connected to the word line WL.
The other of the source and the drain of the transistor 1046 is
connected to a bit line BL.

0267. In this embodiment, the transistors 1045 and 1046
are n-channel transistors; however, they are not necessarily
n-channel transistors and can alternatively be p-channel tran
sistors. In that case, the levels of the potentials of control
signals for writing, storing, and reading data are changed as
appropriate.
0268. The transistor 1043 and the transistor 1044 are pref
erably oxide semiconductor transistors. Thus, the flow
through current of the transistor 1043 and 1044 can be
extremely small. In the case of being formed using oxide
semiconductor transistors, the transistors 1043 and 1044 are

provided with back gates, and the back gate line BGL is
connected to the back gates. With Such a configuration, the
threshold voltage of the transistors 1043 and 1044 can be
adjusted by a potential that is Supplied to the back gate line
BGL.

0260 A memory that can be used as a storage means of a
semiconductor device Such as a power storage device will be

0269. The transistors 1041 and 1042 may be n-channel
transistors instead of p-channel transistors. In the case where

described below with reference to FIG. 21, FIGS. 22A and

1042, depletion transistors may be employed.
0270. The p-channel transistors may each be a transistor
including silicon may be used, for example. However, the
p-channel transistor is not limited to a transistor including
silicon. The n-channel transistors may each be a transistor
including an oxide semiconductor film that is to be described

22B, FIG. 23, FIGS. 24A and 24B. For example, a memory of
this embodiment can be used as a cache memory of the
processor 710 and the memory 712 in the MPU 700 (see FIG.
19).
<Configuration Example 1 of Memory (SRAM)>
0261) A static random access memory (SRAM) will be
described. FIG. 21 is a circuit diagram illustrating a configu
ration example of a memory cell of an SRAM.
0262. In the SRAM, data is stored in a flip-flop; therefore,
unlike in a dynamic random access memory (DRAM), refresh
operation is not necessary and thus data can be stored with
less power. In addition, a capacitor is not used for data writing
or data storing in the SRAM; thus, the SRAM is suitable as a
memory that needs to operate at high speed.
0263. As illustrated in FIG. 21, a memory cell 1040
(SRAM-cell) includes transistors 1041 to 1046. The transis
tor 1041 and the transistor 1042 are p-channel transistors,
while the transistor 1043 and the transistor 1044 are n-chan

nel transistors. The SRAM includes a memory array where
the memory cells 1040 are arranged in array.
0264. In the memory cell 1040, a flip-flop is configured in
Such a manner that an inverter including the transistors 1041
and 1043 and an inverter including the transistors 1042 and
1044 are connected in a ring.
0265 A gate of the transistor 1041 is connected to a drain
of the transistor 1042, a gate of the transistor 1043, a drain of
the transistor 1044, and one of a source and a drain of the

transistor 1046. The high power supply voltage VDD is
applied to a source of the transistor 1041. A drain of the
transistor 1041 is connected to a gate of the transistor 1042, a
drain of the transistor 1043, and one of a source and a drain of
the transistor 1045.

0266 The high power supply voltage VDD is applied to a
source of the transistor 1042. The ground potential GND is

n-channel transistors are used as the transistors 1041 and

in Embodiment 6 below.

0271 Data writing, data storing, and data reading of the
memory cell 1040 will be described below.
0272. In writing data, first, a potential corresponding to
data “0” or data “1” is supplied to the bit line BL and the bit
line BLB.

0273 For example, in the case where data “1” is to be
written, the high power supply voltage VDD is applied to the
bit line BL and the ground potential GND is supplied to the bit
line BLB. Then, a potential (VH) higher than or equal to the
sum of the high power supply voltage VDD and the threshold
voltage of the transistors 1045 and 1046 is supplied to the
word line WL.

(0274) Next, the potential of the word line WL is set to
lower than the threshold voltage of the transistors 1045 and
1046, so that the data “1” written to the flip-flop is stored. In
the case of the SRAM, a current flowing in storing data is only
the leakage current of the transistors. When such transistors
with low off-state current are used as some of the transistors

included in the SRAM, standby power for data storing can be
low.

0275. In reading data, the high power supply voltage VDD
is applied to the bit line BL and the bit line BLB in advance.
Then, the VH is supplied to the word line WL, so that the bit
line BLB is discharged through the transistors 1045 and 1043
to be at the ground potential GND while the potential of the
bit line BL is maintained at the high power Supply Voltage
VDD. The potential difference between the bit line BL and
the bit line BLB is amplified by a sense amplifier (not illus
trated), so that the stored data “1” can be read.
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0276. In the case where data “0” is to be written, the
ground potential GND is supplied to the bit line BL and the
high power supply voltageVDD is applied to the bit line BLB:
then, the VH is supplied to the word line WL. Next, the
potential of the word line WL is set to lower than the threshold
voltage of the transistors 1045 and 1046, so that the data “0”
written to the flip-flop is stored. In reading data, the high
power supply voltage VDD is applied to the bit line BL and
the bit line BLB in advance. Then, the VH is applied to the
word line WL, so that the bit line BL is discharged through the
transistors 1046 and 1044 to be at the ground potential GND
while the potential of the bit line BLB is maintained at the
high power supply voltage VDD. The potential difference
between the bit line BL and the bit line BLB is amplified by
the sense amplifier, so that the stored data “0” can be read.
(0277. With the memory cell 1040 described above, an
SRAM with low standby power can be provided. An SRAM
including the memory cell 1040 can be used as a cache
memory of the memory 712, the processor 710, and the like of
the MPU 7OO.

0278. As described above, an oxide semiconductor tran
sistor has excellent electric characteristics of an extremely
Small off-state current. Two kinds of memories utilizing Such
electric characteristics of the oxide semiconductor transistor

will be described. Here, the memories are referred to as
DOSRAM and NOSRAM.

(0279) “DOSRAM stands for a dynamic oxide semicon
ductor random access memory. “NOSRAM stands for a
non-volatile oxide semiconductor random access memory.
Memory cells of a DOSRAM and a NOSRAM each include
an oxide semiconductor transistor as a selection transistor of

the memory cell (a transistor as a Switching element).
<Configuration Example 2 of Memory (DOSRAM)>
0280 FIGS. 22A and 22B are circuit diagrams illustrating
configuration examples of DOSRAMs. FIG.22A illustrates a
memory cell array, and FIG. 22B illustrates a memory cell.
FIG. 23 is an exploded perspective view of a DOSRAM
formed by Stacking a plurality of IC chips.
0281. As illustrated in FIG. 22A, a memory cell array
1059 (DOSRAM-MA) of the DOSRAM includes a memory
cell 1050, a bit line 1051, a word line 1052, a capacitor line
1053, and a sense amplifier 1054.
0282. The plurality of memory cells 1050 are arranged in
array, and each memory cell 1050 is connected to the bit line
1051 and the word line 1052. The sense amplifier 1054 is
connected to the bit line 1051. In response to a control signal
from a driver circuit of the memory cell array 1059, the
potential of the bit line 1051 is read as data from the sense
amplifier 1054.
(0283. As illustrated in FIG. 22B, the memory cell 1050
includes the transistor 1055 and the capacitor 1056. A gate of
the transistor 1055 is connected to the word line 1052, a
source of the transistor 1055 is connected to the bit line 1051,
and a drain of the transistor 1055 is connected to one terminal

of the capacitor 1056. The other terminal of the capacitor
1056 is connected to the capacitor line 1053.
0284. A voltage held in the capacitor 1056 gradually
decreases because of the leakage current through the transis
tor 1055 as time passes. After a certain period of time, the
voltage originally charged from V0 to V1 is reduced to VA,
which is a limit for reading data “1”. This period is called a

Jul. 7, 2016

holding period T 1. In the case of a binary memory cell,
refresh operation needs to be performed within the holding
period T 1.
0285 For example, in the case where the off-state current
of the transistor 1055 is not sufficiently low, the holding
period T 1 is short because the voltage held in the capacitor
1056 significantly changes with time. Thus, refresh operation
needs to be performed frequently. An increase infrequency of
refresh operation increases power consumption of the
memory.

0286 Since the off-state current of the transistor 1055 is
extremely low, the holding period T 1 can be extremely long.
In other words, the frequency of refresh operation can be
reduced; thus, power consumption can be reduced. For
example, in the case where a memory cell is formed using the

transistor 1055 having an off-state current of 1x10' A to
1x10 A, data can be stored for several days to several

decades without power Supply. Accordingly, consumption of
power needed for data storing can be reduced.
0287 FIG. 23 illustrates a configuration example of a
DOSRAM with a large storage capacity. The DOSRAM
includes a plurality of IC chips 1060(1) to 1060(n) each
provided with a memory cell array and an IC chip 1061
provided with a processing circuit that operates the memory
cell array provided in each of the IC chips 1060. Such a
DOSRAM as illustrated in FIG. 23 is suitable as a main

storage device of a processor unit such as a CPU or an MPU.
<Configuration Example 3 of Memory (NOSRAM)>
0288. Here, a memory including the transistor with a low
off-state current as a selection transistor of a memory cell (a
transistor as a Switching element) and a transistor including a
silicon material or the like as an output transistor of the
memory cell will be described as an example of a NOSRAM.
0289 FIG.24A is a circuit diagram illustrating a configu
ration example of a memory cell of a NOSRAM, and FIG.
24B is a graph showing the electric characteristics of the
memory cell illustrated in FIG. 24A.
0290. As illustrated in FIG. 24A, the memory cell 1070
(NOSRAM-cell) includes a transistor 1071, a transistor 1072,
and a capacitor 1073. An oxide semiconductor transistor is
used as the transistor 1071. The use of a transistor with a low
off-state current as the transistor 1071 can increase a data

storing period. Further, data is not lost in reading data; thus,
data can be read repeatedly.
0291. A gate of the transistor 1071 is connected to the
word line 1076, a source of the transistor 1071 is connected to
the source line 1074, and a drain of the transistor 1071 is

connected to a gate of the transistor 1072 and one terminal of
the capacitor 1073. The one terminal of the capacitor 1073 is
referred to as a node 1079. The other terminal of the capacitor
1073 is connected to the capacitor line 1078. A source of the
transistor 1072 is connected to a source line 1075, and a drain
of the transistor 1072 is connected to a drain line 1077.

0292. The data storing function of the memory cell 1070
utilizes a change in the apparent threshold Voltage of the
transistor 1072, which depends on the potential of the node
1079. FIG. 24B is a graph showing a change in source-drain
current Id 2 of the transistor 1072 with respect to voltage
VCL of the capacitor line 1078.
0293 Switching operation of the transistor 1071 enables
the potential of the node 1079 to be adjusted. For example, the
potential of the source line 1074 is set at the high power
supply voltage VDD. In this case, when the potential of the
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word line 1076 is set to higher than or equal to the sum of the
high power supply voltage VDD and the threshold voltage
Vth of the transistor 1071, the potential of the node 1079 can
be high. Further, when the potential of the word line 1076 is
set to be lower than or equal to the threshold voltage Vth of the
transistor 1071, the potential of the node 1079 can be low.
0294 Thus, the transistor 1072 has voltage-current char
acteristics shown with either a curve represented as LOW or
a curve represented as HIGH. That is, in the state where the

potential of the node 1079 is LOW. I. 2 is sufficiently small at
a V of OV; accordingly, data “0” is stored at the node 1079.
Further, in the state where the potential of the node 1079 is
HIGH, I 2 is sufficiently large at a V of OV; accordingly,
data “1” is stored at the node 1079.

0295) This embodiment can be implemented in combina
tion with any of the other embodiments as appropriate.
Embodiment 6

0296. In this embodiment, a transistor as an example of
semiconductor devices, a manufacturing method thereof, and
the like will be described.

0297. Note that the structure of a transistor as a semicon
ductor device is not particularly limited and can be a given
structure. The structures of transistors are categorized into a
bottom-gate structure, a top-gate structure, and a dual-gate
structure according to the structures of gate electrodes. Note
that in the dual-gate structure, two gate electrodes are pro
vided over and under a channel formation region with gate
insulating films interposed therebetween.
0298. Further, the structures of transistors are categorized
according to the number of channels in some cases; they
include a single-gate structure where one channel is provided
and a multi-channel structure where a plurality of channels
are formed (also referred to as a multi-gate structure). The
multi-channel structure which includes two channels is

referred to as a double-gate structure, and the multi-gate
structure which includes three channels is referred to as a

triple-gate structure.
0299 Hereinafter, three structural examples of transistors
will be described with reference to FIGS. 25A to 25C and

FIGS. 26A and 26B. In these structural examples, the tran
sistors are single-gate transistors; however, they can alterna
tively be multi-gate transistors.
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0302) The oxide film 404 may include n-type regions in
portions in contact with the source electrode 405a and the
drain electrode 405b.

<Structural Example 2 of Transistor (Top-Gate Structure)>
0303 FIG. 26A is a cross-sectional view illustrating a
structural example of a top-gate transistor.
0304. A transistor 422 includes an insulating film 408
provided over the substrate 400 having an insulating surface;
the oxide film 404 provided over the insulating film 408; the
source electrode 405a and the drain electrode 405b provided
in contact with the oxide film 404; a gate insulating film 409
provided over the oxide film 404, the source electrode 405a,
and the drain electrode 405b; and a gate electrode 410 over
lapping with the oxide film 404 with the gate insulating film
409 interposed therebetween.
0305 The oxide film 404 may include the n-type regions
403 in portions in contact with the source electrode 405a and
the drain electrode 405b.

<Structural Example 3 of Transistor (Dual-Gate Structure)>
0306 FIG. 26B is a cross-sectional view illustrating a
structural example of a dual-gate transistor. In a dual-gate
transistor, gate electrodes are provided over and undera chan
nel formation region with gate insulating films interposed
therebetween.

0307. A transistor 423 includes the gate electrode 401
provided over the substrate 400 having an insulating surface;
the gate insulating film 402 provided over the gate electrode
401; the oxide film 404 overlapping with the gate electrode
401 with the gate insulating film 402 interposed therebe
tween; a source electrode 405a and a drain electrode 405b

provided in contact with the oxide film 404; the gate insulat
ing film 409 covering the source electrode 405a and the drain
electrode 405b and in contact with the oxide film 404; and the

gate electrode 410 overlapping with the oxide film 404 with
the gate insulating film 409 interposed therebetween.
0308 The oxide film 404 may include the n-type regions
403 in portions in contact with the source electrode 405a and
the drain electrode 405b.

<Components of Transistord
(0309 Components of the transistors 421 to 423 will be
described below.

<Structural Example 1 of Transistor (Bottom-Gate
Structure)>
0300 FIGS. 25A to 25C illustrate a structural example of
a bottom-gate transistor. FIG. 25A is a top plan view of the
transistor; FIG. 25B is a cross-sectional view along section
line A1-A2 in FIG. 25A; and FIG. 25C is a cross-sectional

view along section line B1-B2 in FIG. 25A.
0301 A transistor 421 includes a gate electrode 401 pro
vided over a substrate 400 having an insulating Surface; a gate
insulating film 402 provided over the gate electrode 401; an
oxide film 404 overlapping with the gate electrode 401 with
the gate insulating film 402 interposed therebetween; and a
source electrode 405a and a drain electrode 405b provided in
contact with the oxide film 404. In addition, an insulating film
406 is provided so as to cover the source electrode 405a and
the drain electrode 405b and be in contact with the oxide film

404. The substrate 400 may be an element formation substrate
over which another element is formed.

Conductive Layer
0310. For the gate electrode 401 and the gate electrode
410, a layer containing Al, Cr, Cu, Ta, Ti, Mo, W, or the like
can be used, for example.
0311. For the source electrode 405a and the drain elec
trode 405b, a layer containing Al, Cr, Cu, Ta, Ti, Mo, W, or the
like can be used for example.
Insulating Layer
0312. As the gate insulating film 402, the insulating film
406, and the gate insulating film 409, any of a silicon oxide
film, a silicon oxynitride film, a silicon nitride oxide film, a
silicon nitride film, a gallium oxide film, an aluminum oxide
film, and an aluminum oxynitride film can be used, for
example.
0313. In this specification, an oxynitride refers to a com
pound in which the oxygen content is higher than the nitrogen
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content, and a nitride oxide refers to a compound in which the
nitrogen content is higher than the oxygen content.
0314. An insulating film containing excess oxygen can be
formed as follows: an insulating film is formed under the
deposition conditions such that a large amount of oxygen is
contained in the film. In order to make the insulating film
contain much more excess oxygen, oxygen is added by anion
implantation method, an ion doping method, or plasma treat
ment. Oxygen can be thus Supplied to the oxide film.
Oxide Film (Single-Layer Film)
0315 Examples of films that can be used as the oxide film
404 are an indium oxide film, a Zinc oxide film, an In-Zn
oxide film, and an In-Ga—Zn oxide film.

0316. Another example of films that can be used as the
oxide film 404 is an oxide film obtained by substituting a
metal element other than Ga for part or the whole of Ga in an
In Ga—Zn oxide film. Examples of the metal element are
metal elements that can be bonded to more oxygenatoms than
gallium can be, Such as titanium, Zirconium, hafnium, germa
nium, tin, lanthanum, cerium, praseodymium, neodymium,
Samarium, europium, gadolinium, terbium, dysprosium, hol
mium, erbium, thulium, ytterbium, and lutetium. One or more
of the metal elements is substituted for part or the whole of Ga
in an In-Ga—Zn oxide. Such a metal element may function
as a stabilizer and Suppress generation of oxygen vacancies in
an oxide film. Note that the addition amount of such a metal
element is determined so that an oxide can function as a
semiconductor. When a metal element that can be bonded to

more oxygen atoms than gallium is used and oxygen is Sup
plied to an oxide, oxygen defects in the oxide can be reduced.
0317. The concentration of hydrogen in the oxide film
404, which is measured by secondary ion mass spectrometry

(SIMS), can be set to lower than or equal to 2x10' atoms/
cm, preferably lower than or equal to 5x10" atoms/cm,
more preferably lower than or equal to 1x10" atoms/cm,
still more preferably lower than or equal to 5x10" atoms/
cm

0318. The concentration of nitrogen in the oxide film 404,

which is measured by SIMS, can be set to lower than 5x10'
atoms/cm, preferably lower than or equal to 5x10" atoms/
cm, more preferably lower than or equal to 1x10" atoms/
cm, still more preferably lower than or equal to 5x10'7
atoms/cm.

0319. The concentration of carbon in the oxide film 404,

which is measured by SIMS, can be set to lower than 5x10'
atoms/cm, preferably lower than or equal to 5x10" atoms/
cm, more preferably lower than or equal to 1x10" atoms/
cm, still more preferably lower than or equal to 5x10'7
atoms/cm.

0320. The concentration of silicon in the oxide film 404,

which is measured by SIMS, can be set to lower than 5x10'
atoms/cm, preferably lower than or equal to 5x10" atoms/
cm, more preferably lower than or equal to 1x10" atoms/
cm, still more preferably lower than or equal to 5x10'7
atoms/cm.

0321. The concentration of sodium in the oxide film 404,
which is measured by SIMS, can be set to lower than or equal

to 5x10' atoms/cm, preferably lower than or equal to
1x10" atoms/cm, more preferably lower than or equal to

1x10" atoms/cm. The concentration of lithium in the oxide

film 404, which is measured by SIMS, can be set to lower than

or equal to 5x10" atoms/cm, preferably lower than or equal
to 1x10" atoms/cm. The concentration of potassium in the
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oxide film 404, which is measured by SIMS, can be set to

lower than or equal to 5x10" atoms/cm, preferably lower
than or equal to 1x10" atoms/cm.
0322 The amount of each of the following gas molecules
(atoms) released from the oxide film 404 is preferably

1x10'/cm or less, more preferably 1x10"/cm or less or

less, which is measured by thermal desorption spectroscopy
(TDS) analysis: a gas molecule (atom) having a mass-to
charge ratio (m/z) of 2 (e.g., hydrogen molecule), a gas mol
ecule (atom) having a mass-to-charge ratio (m/z) of 18, a gas
molecule (atom) having a mass-to-charge ratio (m/z) of 28,
and a gas molecule (atom) having a mass-to-charge ratio
(m/z) of 44.
0323 For example, an oxide semiconductor film can be

used as the oxide film 404. Note that the oxide semiconductor

film may be a layered film including two or more of an
amorphous oxide semiconductor film, a microcrystalline
oxide semiconductor film, and a CAAC-OS film, for

example. In the case where the oxide semiconductor film has
a plurality of structures, the structures can be analyzed using
nanobeam electron diffraction in some cases.

0324. A structure of an oxide semiconductor film will be
described below.

0325 An oxide semiconductor film is classified roughly
into a single-crystal oxide semiconductor film and a non
single-crystal oxide semiconductor film. The non-single
crystal oxide semiconductor film includes any of a c-axis
aligned crystalline oxide semiconductor (CAAC-OS) film, a
polycrystalline oxide semiconductor film, a microcrystalline
oxide semiconductor film, an amorphous oxide semiconduc
tor film, and the like.
0326 First, a CAAC-OS film will be described. Note that

a term “parallel' indicates that the angle formed between two
straight lines is greater than or equal to -10° and less than or
equal to 10°, and accordingly also includes the case where the
angle is greater than or equal to -5° and less than or equal to
5°. In addition, a term “perpendicular indicates that the angle
formed between two straight lines is greater than or equal to
80° and less than or equal to 100°, and accordingly includes
the case where the angle is greater than or equal to 85° and
less than or equal to 95°.
0327. The CAAC-OS film is one of oxide semiconductor
films having a plurality of c-axis aligned crystal parts.
0328. In a transmission electron microscope (TEM) image
of the CAAC-OS film, a boundary between crystal parts, that
is, a grain boundary is not clearly observed. Thus, in the
CAAC-OS film, a reduction in electron mobility due to the
grain boundary is less likely to occur.
0329. According to the TEM image of the CAAC-OS film
observed in the direction substantially parallel to a sample
Surface (cross-sectional TEM image), metal atoms are
arranged in a layered manner in the crystal parts. Each metal
atom layer has a morphology reflected by a surface over
which the CAAC-OS film is formed (hereinafter, a surface
over which the CAAC-OS film is formed is referred to as a

formation surface) or the top surface of the CAAC-OS film,
and is arranged in parallel to the formation Surface or the top
Surface of the CAAC-OS film.

0330. On the other hand, according to the TEM image of
the CAAC-OS film observed in the direction substantially
perpendicular to the sample Surface (plan TEM image), metal
atoms are arranged in a triangular or hexagonal configuration
in the crystal parts. However, there is no regularity of arrange
ment of metal atoms between different crystal parts.
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0331 Note that in an electron diffraction pattern of the
CAAC-OS film, spots (bright spots) having alignment are
shown. For example, spots are observed in an electron dif
fraction pattern (also referred to as a nanobeam electron dif
fraction pattern) of the top surface of the CAAC-OS film
which is obtained using an electron beam with a diameter of
for example, larger than or equal to 1 nm and Smaller than or
equal to 30 nm.
0332 From the results of the cross-sectional TEM image
and the plan TEM image, alignment is found in the crystal
parts in the CAAC-OS film.
0333 Most of the crystal parts included in the CAAC-OS
film each fit inside 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 inside a cube whose one side is less than

10 nm, less than 5 nm, 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 2500

nm or more, 5um or more, or 1000 um or more is observed

in Some cases in the plan TEM image.
0334] ACAAC-OS film is subjected to structural analysis
with an X-ray diffraction (XRD) apparatus. For example,
when the CAAC-OS film including an InGaZnO crystal is
analyzed by an out-of-plane method, a peak appears fre
quently when the diffraction angle (20) is around 31. This
peak is derived from the (009) plane of the InGaZnO crystal,
which indicates that crystals in the CAAC-OS film have
c-axis alignment, and that the c-axes are aligned in the direc
tion Substantially perpendicular to the formation Surface or
the top surface of the CAAC-OS film.
0335. On the other hand, when the CAAC-OS film is ana
lyzed by an in-plane method in which an X-ray enters a
sample in the direction Substantially perpendicular to the
c-axis, a peak appears frequently when 20 is around 56°. This
peak is derived from the (110) plane of the InGaZnO crystal.
Here, analysis (p scan) is performed under conditions where
the sample is rotated around a normal vector of a sample
surface as an axis (cp axis) with 20 fixed at around 56°. In the
case where the sample is a single-crystal oxide semiconduc
tor film of InGaZnO, 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 (p scan is performed with 20 fixed
at around 56°.

0336 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 the direction parallel to a normal vector of the
formation surface or a normal vector of the top surface of the
CAAC-OS film. Thus, each metal atom layer arranged in a
layered manner observed in the cross-sectional TEM image
corresponds to a plane parallel to the a-b plane of the crystal.
0337. 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 the direction
parallel to a normal vector of the formation surface or a
normal vector of the top surface of the CAAC-OS film. Thus,
for example, in the case where a shape of the CAAC-OS film
is changed by etching or the like, the c-axis of the crystal
might not be necessarily parallel to a normal vector of the
formation surface or a normal vector of the top surface of the
CAAC-OS film.
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0338 Further, the 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
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. Further, 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.
0339. Note that when the CAAC-OS film with an
InGaZnO crystal is analyzed by an out-of-plane method, a
peak of 20 may also be observed at around 36°, in addition to
the peak of 20 at around 31. The peak of 20 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 20 appear at around 31° and a peak
of 20 do not appear at around 36°.
0340. The CAAC-OS film is an oxide semiconductor film
having a low impurity concentration. The impurity is an ele
ment other than the main components of the oxide semicon
ductor film, Such as hydrogen, carbon, silicon, and a transi
tion metal element. In particular, an element that has higher
bonding strength to oxygen than a metal element included in
the oxide semiconductor film, Such as silicon, disturbs the

atomic arrangement of the oxide semiconductor film by
depriving the oxide semiconductor film of oxygen and causes
a decrease in crystallinity. Further, heavy metals such as iron
and nickel, argon, carbon dioxide, and the like each have a
large atomic radius (molecular radius), and thus disturb the
atomic arrangement of the oxide semiconductor film and
causes a decrease in crystallinity when any of them is con
tained in the oxide semiconductor film. Note that the impurity
contained in the oxide semiconductor film might serve as a
carrier trap or a carrier generation source.
0341 Further, the CAAC-OS film is an oxide semiconduc
tor film having a low density of defect states. For example,
oxygen vacancies in the oxide semiconductor film serve as
carrier traps or serve as carrier generation sources in some
cases when hydrogen is captured therein.
0342. The state in which the impurity concentration is low
and the density of defect states is low (the number of oxygen
vacancies is Small) is referred to as a highly purified intrinsic
state or a substantially highly purified intrinsic state. A highly
purified intrinsic or substantially highly purified intrinsic
oxide semiconductor film has few carrier generation sources,
and thus can have a low carrier density. Thus, a transistor
including the oxide semiconductor film rarely has negative
threshold voltage (is rarely normally on). The highly purified
intrinsic or Substantially highly purified intrinsic oxide semi
conductor film has few carrier traps. Accordingly, the transis
tor including the oxide semiconductor film has Small varia
tions in electrical characteristics and high reliability. Electric
charge trapped by the carrier traps in the oxide semiconductor
film takes a long time to be released, and might behave like
fixed electric charge. Thus, a transistor including an oxide
semiconductor film having a high impurity concentration and
a high density of defect states has unstable electrical charac
teristics in some cases.

0343. In a transistor using the CAAC-OS film, a change in
electrical characteristics due to irradiation with visible light
or ultraviolet light is small.
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0344. The CAAC-OS film is formed so that the film does
not contain hydrogen, water, and the like, whereby the con
centration of impurities contained in the oxide film 404 is
reduced. Further, the concentration of impurities can be
reduced by performing heat treatment after the oxide film 404
is formed, thereby removing hydrogen, water, and the like
from the oxide film. After that, the oxide film 404 can be

highly purified by Supplying oxygen to the oxide film 404 to
fill oxygen vacancies. Moreover, oxygen may be added to the
oxide film. The oxide film which is highly purified is an i-type
(intrinsic) semiconductor or a Substantially i-type semicon
ductor. The carrier density of the oxide film which is substan

tially i-type is lower than 1x10'7/cm, lower than 1x10"/
cm, or lower than 1x10"/cm.

0345. Note that the density of oxygen vacancies in an
oxide semiconductor film can be reduced in Some cases by
Supplying oxygen to the oxide semiconductor film. Being
filled with oxygen, oxygen vacancies can be stable and elec
trically neutral. For example, when an oxide semiconductor
film or an insulating film provided in the vicinity of the oxide
semiconductor film contains excess oxygen, oxygen vacan
cies in the oxide semiconductor film can be efficiently
reduced. The term “excess oxygen refers to, for example,
oxygen released by heating or oxygen contained so that it
exceeds that in the Stoichiometric composition. Oxygen
vacancies in an oxide semiconductor film appear to move in
Some cases when they capture adjacent oxygen atoms. Simi
larly, excess oxygen appears to move in the oxide semicon
ductor film in some cases.

0346. As described above, oxygen vacancies may become
in a metastable state or a stable state by hydrogen or oxygen.
In the case where the concentration of hydrogen in an oxide
semiconductor film is high, more hydrogen is captured by
oxygen vacancies. In contrast, in the case where the concen
tration of hydrogen in an oxide semiconductor film is low, less
hydrogen is captured by oxygen vacancies.
Oxide Film (Layered Film)
0347 The oxide film 404 may be a layered film. A layered
oxide film will be described below. FIGS. 27A and 27B each

illustrate a structural example of a layered oxide film. Further,
FIGS. 27A and 27B each correspond to apartly enlarged view
of the top-gate transistor 422 (FIG. 26A) including the lay
ered oxide film as the oxide film 404.

(0348. As illustrated in FIG. 27A, a layered oxide film 441
includes an oxide layer 461, an oxide layer 462, and an oxide
layer 463. The oxide layer 461 is provided between an insu
lating film on the back channel side of the transistor and the
oxide layer 462. The oxide layer 463 is provided between the
gate insulating film 409 of the transistor and the oxide layer
462.

(0349. As illustrated in FIG. 27B, a layered oxide film 442
includes the oxide layer 462 and the oxide layer 463. The
layered oxide film 442 in FIG. 27B is different from the
layered oxide film 441 in FIG. 27A in that the oxide layer 461
is not provided.
0350. The oxide layer 461 and the oxide layer 463 are each
an oxide layer containing one or more kinds of metal elements
contained in the oxide layer 462.
0351. The oxide layer 462 is formed using an oxide that
can be used for the oxide film 404.

0352. As the oxide layer 461, an oxide layer that is repre
sented by an In-M-Zn oxide (M is a metal such as Al, Ti, Ga.
Ge, Y, Zr, Sn, La, Ce, or Hf) and contains a larger amount of

M in an atomic ratio than that in the oxide layer 462 is used.
Specifically, the amount of any of the above elements in the
oxide layer 461 in an atomic ratio is one and a halftimes or
more, preferably twice or more, more preferably three times
or more as high as that in the oxide layer 462 in an atomic
ratio. Any of the above elements is more strongly bonded to
oxygen than indium, and thus has a function of Suppressing
generation of oxygen vacancies in the oxide layer. In other
words, the oxide layer 461 is an oxide layer in which oxygen
vacancies are less likely to be generated than in the oxide
layer 462.
0353. Like the oxide layer 461, the oxide layer 463 is
represented by an In-M-Zn oxide (M is a metal such as Al, Ti,
Ga, Ge, Y, Zr, Sn, La, Ce, or Hf), and includes an oxide layer
where the atomic ratio of M is higher than that in the oxide
layer 462. Specifically, the amount of any of the above ele
ments in the oxide layer 463 in an atomic ratio is one and a
halftimes or more, preferably two times or more, more pref
erably three times or more as high as that in the oxide layer
462 in an atomic ratio.

0354 That is to say, when each of the oxide layer 461, the
oxide layer 462, and the oxide layer 463 is an In-M-Zn oxide
containing at least indium, Zinc, and M (M is a metal Such as
Al, Ti, Ga, Ge, Y, Zr, Sn, La, Ce, or Hf), and further the oxide
layer 461 has an atomic ratio of In to M and Zn which is
x:y:z, the oxide layer 462 has an atomic ratio of Into Mand
Zn which is x:y:z, and the oxide layer 463 has an atomic
ratio of In to M and Zn which is x:y:z, each of y/x and
y/x is preferably larger thany/x. Each of y1/x and y/x is
one and a halftimes or more as large as y/x, preferably two
times or more, more preferably three times or more as large as
y/x. At this time, wheny is larger than X in the oxide layer
462, the transistor can have stable electrical characteristics.

However, when y is three times or more as large as X, the
field-effect mobility of the transistor is reduced; accordingly,
y is preferably smaller than three times X.
0355. When the oxide layer 461 is an In-M-Zn oxide, the
atomic ratio of In to M is preferably as follows: the atomic
percentage of In is lower than 50 atomic '% and the atomic
percentage of M is higher than or equal to 50 atomic 96; more
preferably, the atomic percentage of In is lower than 25
atomic '% and the atomic percentage of M is higher than or
equal to 75 atomic 96. When the oxide layer 462 is an In-M-Zn
oxide, the atomic ratio of Into M is preferably as follows: the
atomic percentage of Inis higher than or equal to 25 atomic 96
and the atomic percentage of M is lower than 75 atomic '%;
more preferably, the atomic percentage of Inis higher than or
equal to 34 atomic 96 and the atomic percentage of M is lower
than 66 atomic 96. When the oxide layer 463 is an In-M-Zn
oxide, the atomic ratio of Into M is preferably as follows: the
atomic percentage of In be lower than 50 atomic '% and the
atomic percentage of M is higher than or equal to 50 atomic
%, more preferably the atomic percentage of In is lower than
25 atomic 96 and the atomic percentage of M is higher than or
equal to 75 atomic '%. Note that the above proportions of In
and Mare values obtained when summation of In and M is
assumed to be 100 atomic '%

0356. The constituent elements of the oxide layer 461 and
the oxide layer 463 may be different from each other. Alter
natively, the constituent elements of the oxide layer 461 and
the oxide layer 463 may be the same and the atomic ratios of
the constituent elements may be either the same or different.
0357 For the oxide layer 461, the oxide layer 462, and the
oxide layer 463, an oxide semiconductor containing indium,
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Zinc, and gallium can be used for example. Specifically, the
oxide layer 461 can be formed using an In-Ga—Zn oxide
whose atomic ratio of Into Ga and Zn is 1:3:2, an In-Ga—
Zn-oxide whose atomic ratio of Into Ga and Zn is 1:3:4, an
In—Ga—Zn oxide whose atomic ratio of In to Ga and Zn is

1:6:4, an In-Ga—Zn oxide whose atomic ratio of In to Ga

and Zn is 1:9:6, or an oxide having a composition in the
neighborhood of any of the above atomic ratios. The oxide
layer 462 can be formed using an In-Ga—Zn oxide whose
atomic ratio of Into Ga and Zn is 1:1:1, an In-Ga—Zn oxide
whose atomic ratio of In to Ga and Zn is 3:1:2, or an oxide

having a composition in the neighborhood of any of the above
atomic ratios. The oxide layer 463 can be formed using an
In—Ga—Zn oxide whose atomic ratio of In to Ga and Zn is

1:3:2, an In-Ga—Zn oxide whose atomic ratio of In to Ga
and Zn is 1:3:4, an In-Ga—Zn oxide whose atomic ratio of
In to Ga and Zn is 1:6:4, an In-Ga—Zn oxide whose atomic

ratio of In to Ga and Zn is 1:9:6, or an oxide having a com
position in the neighborhood of any of the above atomic
ratios.

0358. The thickness of the oxide layer 461 is greater than
or equal to 3 nm and less than or equal to 100 nm, preferably
greater than or equal to 3 nm and less than or equal to 50 nm.
The thickness of the oxide layer 462 is greater than or equal to
3 nm and less than or equal to 150 nm, preferably greater than
or equal to 3 nm and less than or equal to 100 nm, more
preferably greater than or equal to 3 nm and less than or equal
to 50 nm. The thickness of the oxide layer 463 is greater than
or equal to 3 nm and less than or equal to 100 nm, preferably
greater than or equal to 3 nm and less than or equal to 50 nm.
0359 Each of the oxide layer 461 and the oxide layer 463
uses a material in which the atomic percentage of indium is
smaller than that in a material used for the oxide layer 462 is
used. The indium and gallium contents in the oxide layers can
be compared by time-of-flight secondary ion mass spectrom
etry (TOF-SIMS) or X-ray photoelectron spectroscopy
(XPS).
0360. It is preferable that each of the oxide layer 461 and
the oxide layer 463 beformed using an oxide semiconductor
which contains one or more kinds of metal elements con

tained in the oxide semiconductor layer 462 and of which
energy of the bottom of the conduction band is closer to the
vacuum level than that of the oxide layer 462 by 0.05 eV or
more, 0.07 eV or more, 0.1 eV or more, or 0.15 eV or more
and 2 eV or less, 1 eV or less, 0.5 eV or less, or 0.4 eV or less.

0361 Note that the oxide layer 461, the oxide layer 462,
and the oxide layer 463 can each be formed using an amor
phous oxide film, a single crystal oxide film, a polycrystalline
oxide film, or a microcrystalline oxide film instead of the
CAAC-OS film. The oxide layer 462 is a CAAC-OS film
including a crystal part, and the oxide layer 461 and the oxide
layer 463 do not necessarily have crystallinity and may be
amorphous oxide films. For example, the oxide layer 461 may
be an amorphous oxide film, and the oxide layer 462 and the
oxide layer 463 may be CAAC-OS films. When the oxide
layer 462 in which a channel is formed is a CAAC-OS film,
the transistor can have stable electrical characteristics. In

addition, when the oxide layer 461 is an amorphous oxide
film, the effect of the oxide layer 461 on the formation of the
oxide layer 462 can be reduced; thus, the oxide layer 462 is
likely to be a CAAC-OS film.
0362. When an electric field is applied to a gate electrode
of the transistor with Such a structure, a channel is formed in

the oxide layer 462 of the layered oxide film (441, 442),
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which has the lowest energy at the bottom of the conduction
band. In other words, when the oxide layer 463 is formed
between the oxide layer 462 and the gate insulating film 409,
a structure in which the channel of the transistor is not in

contact with the gate insulating film 409 can be obtained.
0363 A band structure of the layered oxide film 441 is
described here.

0364 For example, the band structure of the layered oxide
film 441 can be determined by the following method. The
energy gap of each of the oxide layers 461 to 463, the energy
gap at the interface between the oxide layers 461 and 462, and
the energy gap at the interface between the oxide layers 462
and 463 are measured using a spectroscopic ellipsometer.
Next, the energy difference between the vacuum level and the
top of the valence band of each of the oxide layers 461 to 463
is measured using an ultraviolet photoelectron spectrometer
(UPS). Then, an energy difference (electron affinity) between
the vacuum leveland the bottom of a conduction band of each

layer, which is calculated by Subtracting the energy gap of
each layer from the energy difference between the vacuum
level and the top of the valence band, is plotted. In such a
manner, the band structure of the layered oxide film 441 can
be determined. Here, the oxide layer 461 and the oxide layer
463 are each formed using an In-Ga—Zn oxide with an
energy gap of 3.15 eV, and the oxide layer 462 is formed using
an In-Ga—Zn oxide with an energy gap of 2.8 eV. Further,
the energy gap of the vicinity of the interface between the
oxide layer 461 and the oxide layer 462 is set to 3 eV, and the
energy gap of the vicinity of the interface between the oxide
layer 463 and the oxide layer 462 is set to 3 eV.
0365 FIG. 28A is a schematic view of the band structure
of the layered oxide film 441 determined by the above
method. FIG. 28A is a schematic diagram of the band struc
ture in the case where the insulating films (408, 409) in
contact with the oxide layer 461 and the oxide layer 463 are
silicon oxide films, and the vertical axis of the diagram rep
resents electron energy (eV) and the horizontal axis thereof
represents distance. Further, EcI1 and EcI2 each denote
energy of the bottom of a conduction band of the silicon oxide
film; EcS1 denotes energy of the bottom of the conduction
band of the oxide layer 461; EcS2 denotes energy of the
bottom of the conduction band of the oxide layer 462; and
EcS3 denotes energy of the bottom of the conduction band of
the oxide layer 463.
0366 As illustrated in FIG. 28A, the energies of the bot
toms of the conduction bands are continuously changed
between the oxide layer 462, and the oxide layer 461 and the
oxide layer 463. This is probably because the compositions of
the oxide layer 461, the oxide layer 462, and the oxide layer
463 are close to each other and thus oxygen is easily diffused
among the layers.
0367. Note that FIG. 28A illustrates the case where the
oxide layer 461 and the oxide layer 463 are oxide layers with
the same energy gaps; however, they may have different
energy gaps. For example, FIG.28B illustrates the band struc
ture of the layered oxide film 441 in which EcS1 is higher than
EcS3. Alternatively, EcS3 may be higher than EcS1.
0368. In FIGS. 28A and 28B, the oxide layer 462 forms a
well and a channel is formed in the oxide layer 462 in the
transistor including the layered oxide film 441. Note that
since the energies of the bottoms of the conduction bands are
changed continuously in the layered oxide film 441, the lay
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ered oxide film 441 can also be referred to as a U-shaped well.
Further, a channel with such a structure can also be referred to
as a buried channel.

0369 Since each of the oxide layer 461 and the oxide layer
463 is an oxide layer containing one or more kinds of metal
elements contained in the oxide layer 462, the layered oxide
film 441 can also be referred to as a layered oxide film in
which layers containing the same main components are
stacked. The layered oxide film in which layers containing the
same main components are stacked is formed to have not only
a simple layered structure of the layers but also a continuous
energy band (here, in particular, a U-shaped well structure in
which energies of the bottoms of the conduction bands are
changed continuously between the layers). This is because
when an impurity forming a defect level Such as a trapping
center or a recombination center is mixed at the interface

between the layers, the continuity of the energy band is lost,
and thus carriers are trapped or disappearby recombination at
the interface.

0370. In order to form a continuous energy band, the lay
ers need to be stacked Successively without being exposed to
the air using a multi-chamber deposition system (sputtering
system) provided with a load lock chamber. Each chamber of
the Sputtering system is preferably evacuated to a high

vacuum (to approximately 5x107 Pa to 1x10 Pa) by an

adsorption vacuum pump such as a cryopump so that water
and the like acting as impurities for the oxide semiconductor
are removed as much as possible. Alternatively, a turbo
molecular pump and a cold trap are preferably combined so as
to prevent backflow of a gas from an exhaust system to the
inside of the chamber.

0371. Not only high vacuum evaporation in a chamber but
also high purity of a sputtering gas is necessary to obtain a
high-purity intrinsic oxide semiconductor. As an oxygen gas
or an argon gas used for a Sputtering gas, a gas that is highly
purified to have a dew point of -40°C. or lower, preferably
-80° C. or lower, more preferably -100° C. or lower, still
more preferably -120° C. or lower is used, so that entry of
moisture or the like into the oxide semiconductor can be

prevented as much as possible. Further, the leakage rate of the

sputtering system is preferably less than or equal to 3x10'
Pam/s, more preferably less than or equal to 1x10 Parm/s.

0372. Note that when a small amount of rare gas, oxygen
gas, or the like is continuously supplied into a chamber even
in a period during which the deposition is not performed, the
pressure in the deposition chamber can be kept high; thus,
backflow of impurities (e.g., silicon or carbon) from an evacu
ation pump or the like can be prevented. Further, release of
impurities from a pipe, another member, or the like can be
Suppressed. Accordingly, entry of impurities into the oxide
film can be reduced. For example, the flow rate of argon is
greater than or equal to 1 sccm and less than or equal to 500
sccm, preferably greater than or equal to 2 sccm and less than
or equal to 200 sccm, more preferably greater than or equal to
5 sccm and less than or equal to 100 scem.
0373 The oxide layer 461 and the oxide layer 463 each
serve as a barrier layer and can prevent a trap level formed at
the interface between the layered oxide film 441 and each of
the insulating films which are in contact with the layered
oxide film 441 from adversely affecting the oxide layer 462
serving as a main carrier path for the transistor.
0374 For example, oxygen vacancies in the oxide semi
conductor layer appear as localized levels in deep energy area
in the energy gap of the oxide semiconductor. A carrier is

trapped in such localized levels, so that reliability of the
transistoris lowered. For this reason, oxygen vacancies in the
oxide semiconductor layer need to be reduced. The oxide
layers (461, 463) where oxygen vacancies are less likely to be
generated than in the oxide layer 462 are provided on and
under and in contact with the oxide layer 462 in the layered
oxide film 441, so that oxygen vacancies in the oxide layer
462 can be reduced. For example, in the oxide layer 462, the
absorption coefficient due to the localized levels, which is
obtained by measurement by a constant photocurrent method

(CPM) is set to less than 1x10/cm, preferably less than
1x10/cm.

0375. The channel formation region refers to a region of
the layered oxide film 441 (the oxide layer 461, the oxide
layer 462, and the oxide layer 463) that overlaps with the gate
electrode 410. Note that when the n-type regions 403 can be
formed in the layered oxide film 441, a region of the layered
oxide film 441 that overlaps with the gate electrode 410 and is
interposed between the n-type regions 403 serves as a channel
formation region. Thus, the channel formation region is
mainly formed in a region of the layered oxide film 441 that
overlaps with the gate electrode 410, and the position of the
channel formation region depends on the semiconductor
characteristics of the layered oxide film 441. Accordingly, the
region of the layered oxide film 441 that overlaps with the
gate electrode 410 serves as a channel formation region when
the layered oxide film 441 is i-type and does not serve as a
channel formation region in Some cases when the layered
oxide film 441 is n-type. A channel refers to a main current
path in the channel formation region.
0376. In addition, when the oxide layer 462 is in contact
with an insulating layer containing a different constituent
element from that in the oxide layer 462 (e.g., a base insulat
ing layer containing silicon oxide), an interface state is
formed at the interface of the two layers and the interface state
forms a channel in Some cases. In Such a case, another tran

sistor having a different threshold Voltage appears, so that an
apparent threshold Voltage of the transistor might be changed.
However, since the oxide layer 461 contains one or more
kinds of metal elements contained in the oxide layer 462 in
the layered oxide film 441, an interface state is less likely to be
formed at the interface between the oxide layer 461 and the
oxide layer 462. Thus, provision of the oxide layer 461 can
reduce fluctuation in the electrical characteristics of the tran

sistor, Such as the threshold Voltage.
0377. In the case where a channel is formed at the interface
between the gate insulating film 409 and the oxide layer 462.
interface scattering occurs at the interface, so that the field
effect mobility of the transistor is reduced. However, since the
oxide layer 463 contains one or more kinds of metal elements
contained in the oxide layer 462 in the layered oxide film 441,
scattering of carriers is less likely to occur at the interface
between the oxide layer 462 and the oxide layer 463, and thus
the field-effect mobility of the transistor can be increased.
0378. Further, the oxide layer 461 and the oxide layer 463
each also serve as a barrier layer which Suppresses formation
of an impurity level due to the entry of the constituent ele
ments of the insulating layers which are in contact with the
layered oxide film 441 into the oxide layer 462.
0379 For example, in the case of using a silicon-contain
ing insulating layer as each of the insulating layers in contact
with the layered oxide film 441, the silicon in the insulating
layers or carbon which might be contained in the insulating
layers enters the oxide layer 461 or the oxide layer 463 at a
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0381. Here, the concentration of silicon contained in the

inclined (tapered) region at the end portion. The inclined
(tapered) region provided at the end portion of the layered
oxide film 444 can improve the coverage with the gate insu
lating film 409.
0389. Alternatively, as in a layered oxide film 445 illus
trated in FIG. 29C, part of the tapered region of the layered
oxide film 444 may be removed.
0390. In each of the transistors including the layered oxide
films 443 to 445, the layered oxide film including an oxide
semiconductor film and the oxide layers in contact with the
top and bottom surfaces of the oxide semiconductor film has

able that the oxide layer 462 serving as a carrier path be to
sandwiched or surrounded by the oxide layer 461 and the
oxide layer 463 in order to prevent entry of much silicon and
carbon, which are Group 14 elements, into the oxide layer

cross section of the layered oxide film has a curved surface or
an inclined region, the coverage of the layered oxide film with
a film to be formed thereover can be improved. Accordingly,
a film can be formed uniformly over the layered oxide film,
and thus, entry of an impurity element into the layered oxide
film from a region with low film density or a region without a
film can be inhibited so that degradation of the electric char
acteristics of the transistor can be prevented. Therefore, the

depth of several nanometers from the interface in some cases.
An impurity Such as silicon or carbon that enters the oxide
semiconductor layer forms impurity levels. The impurity lev
els serve as a donor and generates an electron, so that the
oxide semiconductor layer becomes n-type in some cases.
0380. However, when the thickness of each of the oxide
layer 461 and the oxide layer 463 is larger than several
nanometers, the impurity Such as silicon or carbon does not
reach the oxide layer 462, so that the effect of the impurity
level is alleviated.

oxide layer 462 is set to lower than or equal to 3x10" atoms/
cm, preferably lower than or equal to 3x10" atoms/cm. The
concentration of carbon contained in the oxide layer 462 is set
to lower than or equal to 3x10" atoms/cm, preferably lower
than or equal to 3x10'7 atoms/cm. It is particularly prefer

462. That is, the concentration of silicon and carbon con

tained in the oxide layer 462 is preferably lower than that in
the oxide layer 461 and the oxide layer 463.
0382. If hydrogen or moisture is contained in the oxide
semiconductor layer as an impurity, it can work as a donorand
form an n-type region; therefore, in order to obtain a well
shaped structure, it is useful to provide a protective insulating
layer (a silicon nitride layer, or the like) for preventing entry
of hydrogen and moisture from the outside, above the layered
oxide film 441.

0383 FIGS. 29A to 29C illustrate other structural
examples of layered oxide films. FIGS. 29A to 29C each
illustrate a cross-sectional structure of a layered oxide film in
the channel width direction of a top-gate transistor.
0384. In FIG. 29A, a layered oxide film 443 includes the
oxide layer 461 over the insulating film 408, the oxide layer
462 over the oxide layer 461, the oxide layer 463 over the
oxide layer 462, and an oxide layer 464 in contact with a side
surface of the oxide layer 461, a side surface of the oxide layer
462, and a side surface of the oxide layer 463. The oxide layer
462 is surrounded by the oxide layer 461, the oxide layer 463,
and the oxide layer 464. In addition, the oxide layer 464 is in
contact with the gate insulating film 409.
0385. The layeredoxide film 443 has a curved surface with
one or more given curvature radii. Thus, at least part of the
surface of the oxide layer 464 that is in contact with the gate
insulating film 409 is a curved surface. When the layered
oxide film 443 having Such a structure is provided, the gate
electrode 410 may be in contact with the insulating film 408
as illustrated in FIG. 29A.

0386 The oxide layer 464 includes, for example, a mate
rial that can be used for the oxide layer 461. The oxide layer
464 is formed as follows for example: when the oxide layer
461, the oxide layer 462, and the oxide layer 463 are etched by
a dry etching method or the like, a reaction product of the
oxide layer 461 is attached to the side surfaces of the oxide
layer 462 and the oxide layer 463.
(0387 Note that the oxide layer 461, the oxide layer 463,
and the oxide layer 464 cannot be strictly distinguished from
each other in some cases. For that reason, the oxide layer 462
can be said to be surrounded by the oxide.
0388 Alternatively, the structures of layered oxide films
illustrated in FIGS. 29B and 29C can be employed. As illus
trated in FIG. 29B, a layered oxide film 444 can have an

a curved cross section or an inclined cross section. When the

transistor can have stable characteristics.

0391 This embodiment can be implemented in combina
tion with any of the other embodiments as appropriate.
Embodiment 7

0392. In this embodiment, a semiconductor device includ
ing an oxide semiconductor transistor and a manufacturing
method thereof will be described.

0393 FIG. 30 is a cross-sectional view illustrating an
example of the layered structure of the semiconductor device.
FIG. 30 illustrates a transistor 1171, a transistor 1172, and a

capacitor 1178 as semiconductor elements included in the
semiconductor device.

0394 The transistor 1171 in an upper portion is an oxide
semiconductor transistor. The transistor 1172 in a lower por
tion is a transistor including a semiconductor other than an
oxide semiconductor (e.g., silicon). Examples of semicon
ductors that can be used for the transistor 1172 include sili

con, germanium, silicon germanium, silicon carbide, and gal
lium arsenide. In the case where the transistor 1172 needs to

operate at high speed, it is preferably formed using a single
crystal semiconductor.
0395 A transistor formed using a single crystal semicon
ductor can operate at high speed easily. On the other hand, an
oxide semiconductor transistor has a characteristic of Suffi

ciently low off-state current of approximately several yocto
amperes per micrometer to several Zeptoamperes per
micrometer. Combination of these two transistors can

improve the performance of a circuit. When this embodiment
is employed, the coulomb counters (100, 200), the power
storage device 300, the MPU 700, and the like can be manu
factured for example.
0396. When this embodiment is employed, a coulomb
counter that is less likely to cause errors can be manufactured
for example. Further, an MPU that can operate at high speed
and consumes less power can be manufactured.
0397. In the example of FIG. 30, the transistor 1172 is
formed using a bulk semiconductor substrate 1080; however,
the transistor 1172 may be formed using an SOI (silicon on
insulator) Substrate instead of Such a bulk semiconductor
substrate.

0398. An SOI substrate (also referred to as an SOI wafer)
includes a semiconductor Substrate, a buried oxide film (also
referred to as a buried oxide (BOX) layer) over the semicon
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ductor Substrate, and a semiconductor film (hereinafter
referred to as an SOI layer) over the buried oxide film. As the
SOI substrate, any of the following substrates can be used as
appropriate: a SIMOX (Separation by IMplanted OXgen (a
registered trademark of SUMCO TECHXIV Corporation)
Substrate which is obtained in Such a manner that oxygen ions
are implanted to a predetermined depth of a silicon Substrate
and high-temperature treatment is performed, so that a BOX
layer and an SOI layer are formed; an ELTRAN (Epitaxial
Layer TRANsfer (a registered trademark of Canon Inc.) sub
strate formed using a porous silicon layer formed by anod
ization; a UNIBOND (a registered trademark of Soitec) sub
strate obtained in Such a manner that hydrogen ions are
implanted into a substrate (device wafer) provided with a
thermal oxide film to form a weakened layer, the substrate is
bonded to another silicon substrate (handle wafer), and then
the handle wafer is separated from the weakened layer
through heat treatment, so that an SOI layer is formed; and the
like.

0399. An SOI substrate generally refers to a substrate in
which an SOI layer made of a silicon thin film is provided
over a silicon substrate with a BOX layer interposed therebe
tween; however, without limitation to silicon, another single
crystal semiconductor material may be used. In addition, an
SOI substrate includes, in its category, a Substrate having a
structure in which a semiconductor layer is provided over an
insulating Substrate such as a glass Substrate with an insulat
ing layer interposed therebetween.
(0400. In the case of using such an SOI substrate instead of
the semiconductor substrate, the SOI layer is used for a chan
nel region of the transistor in the lower portion. Compared
with a transistor formed using a bulk silicon Substrate, a
transistor formed using an SOI substrate has many advan
tages Such as Small parasitic capacitance due to the presence
of a BOX layer, low probability of soft errors caused by
incidence of a rays or the like, no occurrence of latch-up
caused by formation of aparasitic transistor, and easy element
isolation.

04.01 The SOI layer includes a single crystal semiconduc
tor such as single crystal silicon. Therefore, when the SOI
layer is used for the transistor in the lower portion, the opera
tion speed of the semiconductor device can be increased.
0402. The transistor 1172 is electrically isolated from
other elements by a shallow trench isolation (STI) region
1085. The use of the STI region 1085 can reduce the genera
tion of a birds beak in an element isolation region, which is
caused in a LOCOS element isolation method, and can reduce

the size of the element isolation region. On the other hand, in
a semiconductor device which is not required to be structur
ally miniaturized or downsized, the STI region 1085 does not
necessarily have to be formed, and an element isolation
means such as LOCOS can be used. Note that a well 1081 is

formed within the STI region 1085 in order to control the
threshold voltage of the transistor 1172.
0403. The transistor 1172 includes a channel formation
region provided in the substrate 1080; impurity regions 1112
(also referred to as a Source region and a drain region) pro
vided Such that the channel formation region is sandwiched
therebetween; gate insulating films 1113 and 1114 provided
over the channel formation region; and gate electrodes 1116
and 1118 provided over the gate insulating films 1113 and
1114 so as to overlap with the channel formation region. A
gate electrode of the transistor 1172 can have, but is not
limited to, a layered structure of the gate electrode 1116

including a first material for increasing processing accuracy
and the gate electrode 1118 including a second material for
decreasing the resistance to be used as a wiring; the material,
the number of stacked layers, the shape, or the like of the gate
electrode of the transistor 1172 can be adjusted as appropriate
for required specifications. Note that a transistor whose
source electrode and drain electrode are not illustrated in a

drawing may also be referred to as a transistor for the sake of
convenience.

0404 Further, although not illustrated, contact plugs are
connected to the impurity regions 1112 provided in the sub
strate 1080. Here, the contact plugs also function as a source
electrode and a drain electrode of the transistor 1172 or the

like. In addition, impurity regions 1111 which are different
from the impurity regions 1112 are provided between the
channel formation region and the impurity regions 1112. The
impurity regions 1111 function as LDD regions or extension
regions for controlling the distribution of an electric field in
the vicinity of the channel formation region, in accordance
with the concentration of an impurity introduced thereto.
Sidewall insulating films 1115 is provided at side surfaces of
the gate electrodes 1116 and 1118 with an insulating films
1117 interposed therebetween. The use of the insulating films
1117 and the sidewall insulating films 1115 allows formation
of the LDD regions or extension regions.
04.05 The transistor 1172 is covered with interlayer insu
lating films 1088 to 1092. The interlayer insulating film 1088
can function as a protective film and can prevent impurities
from entering the channel formation region from the outside.
In addition, when the interlayer insulating film 1088 is
formed using a material such as silicon nitride by a CVD
method, in the case where single crystal silicon is used for the
channel formation region, hydrogenation can be performed
by heat treatment. When an insulating film having tensile
stress or compressive stress is used as the interlayer insulating
film 1088, distortion can be caused in the semiconductor

material in the channel formation region. By Subjecting a
silicon material in the channel formation region to tensile
stress in the case of an n-channel transistor or Subjecting a
silicon material in the channel formation region to compres
sive stress in the case of a p-channel transistor, the mobility of
the transistor can be improved.
0406 Note that the transistor 1172 may have a fin structure
(also referred to as a tri-gate structure oran S2-gate structure).
In a fin structure, part of a semiconductor Substrate is pro
cessed into a plate-shaped projection, and a gate electrode is
provided to cross the projection in the longitudinal direction.
The gate electrode covers the upper Surface and side Surfaces
of the projection with a gate insulating film interposed ther
ebetween. With the transistor having a fin structure, the chan
nel width can be reduced to achieve higher integration of
transistors. Moreover, a larger amount of current can flow
through the transistor and the control efficiency can be
increased, so that the off-state current and the threshold volt

age of the transistor can be reduced.
(0407. The capacitor 1178 includes an insulating film 1083
as a dielectric film. One electrode (terminal) of the capacitor
1178 is formed using an impurity region 1082, and the other
electrode (terminal) thereof is formed using an electrode
1084 and an electrode 1087. The insulating film 1083 is
formed using the same film as the gate insulating films 1113
and 1114 of the transistor 1172. The electrode 1084 and the

electrode 1087 are formed using the same film as the gate
electrodes 1116 and 1118 of the transistor 1172. The impurity
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region 1082 can beformed through the same process as that of
the impurity regions 1112 of the transistor 1172.
0408. The transistor 1171 is connected to a semiconductor
element, a wiring, or the like formed on the semiconductor
substrate 1080, depending on the circuit configuration. FIG.
30 illustrates an example where a source or a drain of the
transistor 1171 is electrically connected to the gate of the

an insulating film containing one or more of aluminum oxide,
magnesium oxide, silicon oxide, silicon oxynitride, silicon
nitride oxide, silicon nitride, gallium oxide, germanium
oxide, yttrium oxide, Zirconium oxide, lanthanum oxide,
neodymium oxide, hafnium oxide, and tantalum oxide. Alter
natively, the insulating film 1176 may be a stack of any of the

transistor 1172.

0416 A conductive layer 1177 may function as a gate
electrode. For the conductive layer 1177, a conductive film
formed using Al, Ti, Cr, Co, Ni, Cu, Y, Zr, Mo, Ru, Ag, Ta, W.
or the like can be used. The conductive layer 1177 may be a
stack of any of the above materials.
0417. It is preferable that a material to which little oxygen
is diffused or transferred be used for the insulating film 1102.
Further, a material containing little hydrogen when formed
into a film is preferably used for the insulating film 1102. The
hydrogen content in the insulating film 1102 is preferably

04.09 Conductive layers 1174 may function as source and
drain electrodes of the transistor 1171. The pair of conductive
layers 1174 are preferably formed using a conductive mate
rial that is easily bonded to oxygen. For example, Al, Cr, Cu,
Ta, Ti, Mo, and W can be used. It is particularly preferable to
use W with a high melting point, in which case Subsequent
processes can be performed at relatively high temperature, for
example. Note that the conductive material that is easily
bonded to oxygen includes, in its category, a material to
which oxygen is easily diffused or transferred.
0410. When the conductive material easily bonded to oxy
gen is in contact with an oxide layer, a phenomenon occurs in
which oxygen in the oxide layer is diffused or transferred into
the conductive material easily bonded to oxygen. A fabrica
tion process of a transistor includes some steps of heat treat
ment; thus, because of the phenomenon, oxygen vacancies
are generated in regions of the oxide layer that are adjacent to
and in contact with the source electrode layer and the drain
electrode layer, so that the regions become n-type regions.
Accordingly, the n-type region can serve as a Source or a drain
of the transistor.

0411 When a transistor having a short channel length is
fabricated, the n-type region due to generation of oxygen
vacancies might extend in the channel length direction of the
transistor. In that case, as for electric characteristics of the

transistor, the threshold voltage is shifted or on and off of the
transistor cannot be controlled with the gate Voltage (i.e., the
transistoris on). For this reason, when a transistor with a short
channel length is formed, it is not preferable that a conductive
material that is easily bonded to oxygen be used for the Source
and drain electrodes.

0412. Therefore, as in this embodiment, the source and
drain electrode layers have layered structures, and a conduc
tive material that is not easily bonded to oxygen is used for a
pair of conductive layers 1175 on which the channel length
depends. As the conductive material, for example, a conduc
tive nitride Such as tantalum nitride or titanium nitride, or

ruthenium is preferably used. Note that the conductive mate
rial not easily bonded to oxygen includes, in its category, a
material to which oxygen is not easily diffused or transferred.
0413 When the above conductive material not easily
bonded to oxygen is used for the pair of conductive layers
1175, generation of oxygen vacancies in the channel forma
tion region formed in an oxide film 1173 can be inhibited, so
that change of the channel into an n-type channel can be
inhibited. Thus, even the transistor having a short channel
length can have favorable electric characteristics.
0414. When the source and drain electrode layers are
formed using only the conductive material not easily bonded
to oxygen, the contact resistance with the oxide film 1173 is
too high; thus, it is preferable that the pair of conductive
layers 1174 be formed over the oxide film 1173 and the
conductive layer 1175 beformed so as to cover the conductive
layer 1174.
0415. An insulating film 1176 may function as a gate
insulating film. The insulating film 1176 can be formed using

above materials.

lower than 5x10" atoms/cm, more preferably lower than
5x10" atoms/cm. When the hydrogen content in the insu

lating film 1102 is set to the above value, the off-state current
of the transistor 1171 can be low. For example, a silicon
nitride film or a silicon nitride oxide film is preferably used as
the insulating film 1102.
0418 Further, an interlayer insulating film 1104 and an
interlayer insulating film 1105 are formed so as to cover the
insulating film 1102.
0419. The channel length of the transistor 1171 is short,
specifically, greater than or equal to 5 nm and less than 60 nm,
preferably greater than or equal to 10 nm and less than or
equal to 40 nm. The transistor 1171 includes an oxide semi
conductor film in a channel region; therefore, a short-channel
effect does not occur or is less likely to occur. For this reason,
even when the channel length of the transistor 1171 is short,
it exhibits excellent performance as a Switching element.
0420. One of the source and the drain of the transistor 1171
is connected to a wiring 1107a through a contact plug 1103b,
and the other is connected to a wiring 1107b through a contact
plug 1103c.
0421. Here, contact plugs 1086a, 1086b, 1103a, 1103b,
1103c, and the like each have a columnar or wall shape. The
contact plugs are each formed by filling an opening (via)
provided in an interlayer insulating film with a conductive
material. As the conductive material, a conductive material

with high embeddability, such as tungsten or polysilicon, can
be used. Although not illustrated, a side surface and the bot
tom surface of the material can be covered with a barrier film

(a diffusion prevention film) of a titanium film, a titanium
nitride film, a stack of these films, or the like. In this case, the

barrier film is regarded as part of the contact plug.
0422 Note that contact plugs are also referred to as con
nection conductor portions, embedded plugs, or simply,
plugs.
0423. A wiring 1094, a wiring 1098, and the wirings
1107a and 1107b are embedded in an interlayer insulating
film 1091, an interlayer insulating film 1096, and an inter
layer insulating film 1108, respectively. The wirings 1094,
1098, 1107a, and 1107b are preferably formed using a low
resistance conductive material Such as copper or aluminum.
The use of a low-resistance conductive material can reduce

RC delay of signals transmitted through the wirings 1094,
1098, 1107a, and 1107b.

0424. In the case of using copper for the wirings 1094,
1098, 1107a, and 1107b, barrier films 1093, 1097, and 1106

are formed in order to prevent copper from diffusing into the
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channel formation regions. The barrier films can each be
formed using, for example, a film of tantalum nitride, a film of
a stack including tantalum nitride and tantalum, a film of
titanium nitride, a film of a stack including titanium nitride

The wiring 1098 having this structure can be formed by a
so-called dual damascene method or the like. Wirings in
upper and lower layers may be connected using a contact plug

and titanium, or the like but are not limited to the films of these

0430. The one of the source and the drain of the transistor
1171 is electrically connected to an upper electrode of the
capacitor 1178 and the gate electrode of the transistor 1172.
0431. The wiring 1094 is provided over the transistor 1172
and the capacitor 1178. The electrodes 1084 and 1087 serving
as an upper electrode of the capacitor are electrically con
nected to the wiring 1094 through the contact plug 1086a
penetrating the interlayer insulating film 1088 to 1090. The
gate electrode of the transistor 1172 is electrically connected
to the wiring 1094 through the contact plug 1086b penetrating
the interlayer insulating films 1088 to 1090. On the other

materials as long as their function of preventing diffusion of
a wiring material and their adhesion to the wiring material, a
base film, or the like are secured. The barrier films 1093,

1097, and 1106 may be formed as layers that are separate
from the wirings 1094, 1098, 1107a, and 1107b, or may be
formed in Such a manner that a barrier film material is con

tained in a wiring material and precipitated by heat treatment
on the inner walls of the openings provided in the interlayer
insulating films 1091, 1096, and 1108.
0425 The interlayer insulating films 1091, 1096, and 1108
can be formed using silicon oxide, silicon oxynitride, silicon
nitride oxide, borophosphosilicate glass (BPSG), phospho
silicate glass (PSG), silicon oxide to which carbon is added
(SiOC), silicon oxide to which fluorine is added (SiOF), or
silicon oxide made of Si(OCH). Alternatively, a film made
of hydrogen silsesquioxane (HSQ) (HSG film) and a film
made of methyl silsesquioxane (MSQ) (MSG film), a film
made of organosilicate glass (OSG) (OSQ film), a film
formed using an organic polymer-based material, or the like
can be used for the interlayer insulating films.
0426 Particularly in the case of advancing miniaturization
of a semiconductor device, parasitic capacitance between
wirings becomes significant and signal delay is increased;
therefore, the dielectric constant of silicon oxide (k=4.0 to
4.5) is too high, and a material with a dielectric constant ofk
of 3.0 or less is preferably used. In addition, CMP treatment
is performed after the wirings are embedded in the interlayer
insulating films; thus, the interlayer insulating films need to
have high mechanical strength. As long as their mechanical
strength can be secured, the interlayer insulating films can be
made porous to have a lower dielectric constant. The inter
layer insulating films 1091, 1096, and 1108 are formed by a
sputtering method, a CVD method, a coating method includ
ing a spin coating method (also referred to as spin on glass
(SOG)), or the like.
0427 Interlayer insulating films 1092, 1100, and 1109
may be provided over the interlayer insulating films 1091,
1096, and 1108, respectively. The interlayer insulating films
1092, 1100, and 1109 function as etching stoppers when
planarization treatment by CMP or the like is performed after
the wiring material is embedded in the interlayer insulating
films 1091, 1096, and 1108.
0428 Abarrier film 1095, a barrier film 1099, and a barrier

film 1110 are provided over the wiring 1094, the wiring 1098,
and the wirings 1107a and 1107b, respectively. The barrier
films are provided in order to prevent diffusion of the wiring
material such as copper. The barrier films 1095, 1099, and
1110 may be formed not only over the wirings 1094, 1098,
and 1107a and 1107b, respectively, but also over the inter
layer insulating films 1091, 1096, and 1108, respectively. The
barrier films 1095, 1099, and 1110 can be formed using an
insulating material such as silicon nitride, SiC, or SiBON.
Note that in the case where the barrier films 1095, 1099, and

1110 have a large thickness, which causes an increase in
capacitance between wirings, it is preferable to select a mate
rial having a barrier property and a low dielectric constant.
0429. The wiring 1098 includes an upper wiring portion
and a lower via hole portion. The lower via hole portion is
connected to the wiring 1094 under the lower via hole portion.

instead of a dual damascene method.

hand, the one of the source and the drain of the transistor 1171

including the oxide film in the channel is electrically con
nected to the wiring 1107a over the transistor 1171 through
the contact plug 1103b penetrating the insulating film and the
interlayer insulating films, and the wiring 1107a is electri
cally connected to the wiring 1098 through the contact plug
1103a penetrating the insulating film, the interlayer insulat
ing films, and the base insulating film 1101. The wiring 1098
is electrically connected to the wiring 1094 under the wiring
1098.

0432. Note that the electrical connection between wirings
using a contact plug may be established using a plurality of
contact plugs, like the connection between the wiring 1098
and the wiring 1107a illustrated in FIG. 30, or may be estab
lished using a wall-shaped contact plug, like the connection
between the wiring 1094 and the electrodes 1084 and 1087.
0433. The above electrical connections are mere
examples, and elements may be connected using a wiring
different from the above wirings. For example, in FIG. 30.
two wiring layers are provided between the transistor 1171,
the transistor 1172 and the capacitor 1178; however, one
wiring layer or three or more wiring layers may be provided
therebetween. Alternatively, without wirings, elements may
be directly and electrically connected to each other through a
plurality of plugs connected vertically. Although the wirings
1094 and 1098 are formed by a damascene method (the wir
ing 1098 is formed by a so-called dual damascene method) in
the embodiment illustrated in FIG. 30, the wirings 1094 and
1098 may be formed by another method.
0434. Note that the capacitor 1178 is not necessarily pro
vided owing to, for example, the presence of parasitic capaci
tance of the wiring or the like. Another capacitor may further
be provided above the transistor 1172 or above the transistor
1171.

0435 Although not illustrated, a metal oxide film of alu
minum oxide, aluminum oxynitride, gallium oxide, gallium
oxynitride, yttrium oxide, yttrium oxynitride, hafnium oxide,
hafnium oxynitride, or the like which has a blocking effect
against oxygen, hydrogen, water, and the like is preferably
provided between the base insulating film 1101 and the bar
rier film 1099 functioning as an impurity diffusion prevention
film for the wiring 1098.
0436. In FIG. 30, the transistor 1171 is provided so as to
overlap with at least part of the transistor 1172. The source
region or the drain region of the transistor 1171 is preferably
provided so as to overlap with part of the oxide film. The
transistor 1171 may overlap with the capacitor 1178. Such a
planar layout can reduce the area occupied by the semicon
ductor device, leading to higher integration.
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0437. Note that although FIG. 30 illustrates an example
where the transistor 1171 and the capacitor 1178 are provided
in different layers, this structure is not necessarily employed.
For example, the transistor 1171 and the capacitor 1178 may
be provided in the same plane. With such a structure, data
storage portions having similar structures can be disposed so
as to overlap with each other. Accordingly, the degree of
integration of the semiconductor device can be increased.
0438. The structure of such a semiconductor device is not
limited to the above structure and can be changed as desired
unless it deviates from the spirit of the present invention. For
example, in the above description, two wiring layers are pro
vided between the transistor including a semiconductor mate
rial and the transistor including the oxide film in one embodi
ment of the present invention; however, one wiring layer or
three or more wiring layers may be provided therebetween, or
without wirings, the transistors may be directly connected
through only a contact plug. In that case, a through-silicon via
(TSV) technique can also be used, for example. In addition, in
the above description, a material Such as copper is embedded
as a wiring in an interlayer insulating film; however, a wiring
having a three-layer structure of a barrier film, a wiring mate
rial layer, and a barrier film, for example, may be formed by
patterning through a photolithography process.
0439 Particularly in the case where a copper wiring is
formed in a tier between the transistor 1172 and the transistor

1171, it is necessary to take into sufficient consideration the
influence of heat treatment performed in the process for
manufacturing the upper transistor 1171. In other words, it is
necessary to Sufficiently take care that the temperature of heat
treatment in the process for manufacturing the transistor 1171
is appropriate to the properties of the wiring material. This is
because, in the case where high-temperature heat treatment is
performed on a film included in the transistor 1171 for
example, thermal stress is caused in the case of using the
copper wiring, leading to a problem Such as stress migration.
0440 This embodiment can be implemented in combina
tion with any of the other embodiments as appropriate.
Embodiment 8

0441 The power storage device of one embodiment of the
present invention can be used for power Sources of a variety of
electrical devices. Here, “electrical devices’ refer to all appli
ances and devices including portions which operate with
electric power. Electrical devices are not limited to consumer
products such as home electrical products and also include
products for various uses such as business use, industrial use,
and military use in their category.
0442. Examples of electrical devices each capable of uti
lizing the power storage devices as a power source are as
follows: display devices of televisions, monitors, and the like,
lighting devices, desktop personal computers and laptop per
Sonal computers, word processors, image reproduction
devices which reproduce still images or moving images
stored in recording media Such as digital versatile discs
(DVDs), portable or stationary music reproduction devices
Such as compact disc (CD) players and digital audio players,
portable or stationary radio receivers, recording reproduction
devices such as tape recorders and IC recorders (voice record
ers), headphone stereos, Stereos, remote controllers, clocks
Such as table clocks and wall clocks, cordless phone handsets,
transceivers, cell phones, car phones, portable or stationary
game machines, pedometers, calculators, portable informa
tion terminals, electronic notepads, e-book readers, elec

tronic translators, audio input devices such as microphones,
cameras Such as still cameras and video cameras, toys, elec
tric shavers, electric toothbrushes, high-frequency heating
appliances such as microwave ovens, electric rice cookers,
electric washing machines, electric vacuum cleaners, water
heaters, electric fans, hair dryers, air-conditioning systems
Such as humidifiers, dehumidifiers, and air conditioners, dish

washers, dish dryers, clothes dryers, futon dryers, electric
refrigerators, electric freezers, electric refrigerator-freezers,
freezers for preserving DNA, flashlights, electric power tools,
Smoke detectors, and health equipment and medical equip
ment Such as hearing aids, cardiac pacemakers, portable
X-ray equipment, radiation counters, electric massagers, and
dialyzers.
0443 Further, industrial equipment Such as guide lights,
traffic lights, meters such as gas meters and water meters, belt
conveyors, elevators, escalators, automatic vending
machines, automatic ticket machines, cash dispensers (CD),
automated teller machines (ATM), digital signage, industrial
robots, wireless relay stations, base stations of cell phones,
power storage systems, and power storage devices for level
ing the amount of power Supply and Smart grid can be given.
In addition, moving objects (transporting objects) driven by
electric motors using electric power from the power storage
devices are also included in the category of electrical devices
capable of utilizing the power storage devices as power
SOUCS.

0444 Examples of the moving objects include electric
vehicles (EV), hybrid electric vehicles (HEV) which include
both an internal-combustion engine and a motor, plug-in
hybrid electric vehicles (PHEV), tracked vehicles in which
caterpillar tracks are substituted for wheels of these vehicles,
agricultural machines, motorized bicycles including motor
assisted bicycles, motorcycles, electric wheelchairs, electric
carts, boats, ships, Submarines, aircrafts such as fixed-wing
aircraft and rotary-wing aircraft, rockets, artificial satellites,
space probes, rovers, and spacecrafts.
0445. In these electrical devices, the power storage device
can be used as a main power source in operation. Alterna
tively, in the electrical devices, the power storage device of
one embodiment of the present invention can be used as an
uninterruptible power Supply which can Supply electric
power to the electrical devices when the supply of electric
power from the main power source or a commercial power
source is stopped. Still alternatively, in the electrical devices,
the power storage device of one embodiment of the present
invention can be used as an auxiliary power Supply for Sup
plying electric power to the electrical devices at the same time
as the power Supply from the main power source or a com
mercial power source.
<Structural Example of Electrical Device (Electric Power
Network System)>
0446. Each of the above electrical devices does not neces
sarily include a power storage device; a plurality of electrical
devices, a power storage device, and a control device that
controls the electric power system of these devices may be
connected to one another in a wired or wireless way, which
provides a network system (electric power network system)
for controlling the supply of electric power. The network of
the electric power systems that is controlled by the control
device can improve efficiency in the use of electric power in
the whole network.
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0447 FIG. 31A illustrates an example of a home energy
management system (HEMS) in which a plurality of home
appliances, a control device, a power storage device, and the
like are connected in a house. Such a system makes it possible
to easily check the power consumption of the whole house. In
addition, the plurality of home appliances can be operated
with a remote control. Further, automatic control of the home

appliances with a sensor or the control device can also con
tribute to reduction in power consumption.
0448. A panelboard 8003 set in a house 8000 is connected
to an electric power system 8001 through an incoming line
8002. The panellboard 8003 supplies AC power that is com
mercial electric power Supplied through the incoming line
8002 to each of the plurality of home appliances. A control
device 8004 is connected to the panelboard 8003 and also
connected to the plurality of home appliances, a power Stor
age system 8005, a solar power generation system 8006, and
the like. Further, the control device 8004 can also be con

nected to an electric vehicle 8012 that is parked outside the
house 8000 or the like and operates independently from the
panelboard 8003.
0449 The control device 8004 connects the panelboard
8003 to the plurality of home appliances to form a network,
and controls the operation of the plurality of home appliances
connected to the network.

0450. In addition, the control device 8004 is connected to
Internet 8011 and thus can be connected to a management
server 8013 through the Internet 8011. The management
server 8013 can receive data on status ofuse of electric power
by users and create a database and thus can provide the users
with a variety of services based on the database. Further, as
needed, the management server 8013 can provide the users
with data on electric power charge for a corresponding time
Zone, for example. On the basis of the data, the control device
8004 can set an optimized usage pattern in the house 8000.
0451 Examples of the plurality of home appliances are a
display device 8007, a lighting device 8008, an air-condition
ing system 8009, and an electric refrigerator 8010 illustrated
in FIG.31A. However, it is needless to say that the plurality of
home appliances are not limited to these examples and refer to
a variety of electrical devices that can be set inside a house,
such as the above electrical devices.

0452. In a display portion of the display device 8007, a
semiconductor display device Such as a liquid crystal display
device, a light-emitting device including a light-emitting ele
ment, e.g., an organic electroluminescent (EL) element, in
each pixel, an electrophoretic display device, a digital micro
mirror device (DMD), a plasma display panel (PDP), or a
field emission display (FED) is provided, for example. A
display device functioning as a display device for displaying
information, such as a display device for TV broadcast recep
tion, a personal computer, advertisement, or the like, is
included in the category of the display device 8007.
0453 The lighting device 8008 includes an artificial light
Source which generates light artificially by utilizing electric
power in its category. Examples of the artificial light Source
are an incandescent lamp, a discharge lamp such as a fluores
cent lamp, and light-emitting elements such as a light-emit
ting diode (LED) and an organic EL element. Although pro
vided on a ceiling in FIG.31A, the lighting device 8008 may
be installation lighting provided on a wall, a floor, a window,
or the like or desktop lighting.
0454. The air-conditioning system 8009 has a function of
adjusting an indoor environment such as temperature, humid

ity, and air cleanliness. FIG.31A illustrates an air conditioner
as an example. The air conditioner includes an indoor unit
incorporating a compressor, an evaporator, and the like and an
outdoor unit (not illustrated) incorporating a condenser, oran
integral unit thereof.
0455 The electric refrigerator 8010 is an electrical device
for the storage of food and the like at low temperature and
includes a freezer for freezing food and the like at 0°C. or
lower. A refrigerant in a pipe which is compressed by a
compressor absorbs heat when vaporized, and thus the inside
of the electric refrigerator 8010 is cooled.
0456. The plurality of home appliances may each include
a power storage device or may use electric power Supplied
from the power storage system 8005 or a commercial power
Source without including the power storage device. By using
a power storage device as an uninterruptible power source,
the plurality of home appliances each including the power
storage device can be used even when electric power cannot
be supplied from the commercial power source due to power
failure or the like.

0457. In the vicinity of a terminal for power supply in each
of the above home appliances, an electric power sensor Such
as a current sensor can be provided. Data obtained with the
electric power sensor is sent to the control device 8004, which
makes it possible for users to check the amount of electric
power used in the whole house. In addition, on the basis of the
data, the control device 8004 can determine the distribution of

electric power to be supplied to the plurality of home appli
ances, resulting in the efficient or economical use of electric
power in the house 8000.
0458 In a time Zone when the usage rate of electric power
which can be supplied from the commercial power source is
low, electric power can be stored in the power storage system
8005 from the commercial power source. Further, with the
use of the solar power generation system 8006, electric power
can be stored in the power storage system 8005 during the
daytime. Note that an object in which electric power is stored
is not limited to the power storage system 8005, and a power
storage device mounted on the electric vehicle 8012 and the
power storage devices included in the plurality of home appli
ances which are connected to the control device 8004 may
each be the object in which electric power is stored.
0459 Electric power stored in a variety of power storage
devices in such a manner is efficiently distributed by the
control device 8004, resulting in the efficient or economical
use of electric power in the house 8000.
0460. As an example of controlling a network of electric
power systems, the example of controlling an electric power
network on a house scale is described above; however, the

scale of the electric power network is not limited thereto. An
electric power network on an urban scale or a national scale
(also referred to as a Smart grid) can be created by a combi
nation of a control device Such as a Smart meter and a com

munication network. Further, a microgrid that is on a scale of
a factory or an office and includes an energy Supply source
and a plant consuming electric power as units can be con
structed.

<Structural Example of Electrical Device (Electric Vehicle)0461) Next, as an example of the electrical devices, a mov
ing object will be described with reference to FIGS. 31B and
31C. The power storage device of one embodiment of the
present invention can be used as a power storage device for
controlling the moving object.
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0462 FIG.31B illustrates an example of an internal struc
ture of an electric vehicle. A power storage device 8024 that
can be charged and discharged is mounted on the electric
vehicle 8020. Output of electric power of the power storage
device 8024 is adjusted by an electronic control unit (ECU)
8025, and the adjusted electric power is supplied to a drive
motor unit 8027 through an inverter unit 8026. The inverter
unit 8026 can convert DC power input from the power storage
device 8024 into three phase AC power, can adjust the volt
age, current, and frequency of the AC power obtained by
conversion, and can output the AC power to the drive motor
unit 8027.

0463 Thus, when a driver presses an accelerator pedal
(not illustrated), the drive motor unit 8027 works, so that
torque generated in the drive motor unit 8027 is transferred to
rear wheels (drive wheels) 8030 through an output shaft 8028
and a drive shaft 8029. Front wheels 8023 are operated fol
lowing the rear wheels 8030, so that the electric vehicle 8020
can be driven.

0464 Sensors such as a Voltage sensor, a current sensor,
and a temperature sensor are provided in each of the units to
monitor physical values of each part of the electric vehicle
8020, as appropriate.
0465. The electronic control unit 8025 is a processing
device including a memory such as a RAM or a ROM, and a
CPU, which are not illustrated. The electronic control unit

8025 outputs a control signal to the inverter unit 8026, the
drive motor unit 8027, or the power storage device 8024 on
the basis of operational information of the electric vehicle
8020 (e.g., acceleration, deceleration, or a stop), temperature
information of a driving environment or each unit, control
information, or input data on the state of charge (SOC) of the
power storage device, or the like. Various data and programs
are stored in the memory.
0466. The drive motor unit 8027 can be used in combina
tion with any of an AC motor, a DC motor, and an internal
combustion engine.
0467. Note that it is needless to say that one embodiment
of the present invention is not limited to the moving object
described above as long as the power storage device of one
embodiment of the present invention is included.
0468. The power storage device 8024 included in the elec
tric vehicle 8020 can be charged by being supplied with
electric power from an external charging facility by a plug-in
system, a contactless power Supply system, or the like. FIG.
31C illustrates the state where the power storage device 8024
mounted on the electric vehicle 8020 is charged with the use
of a ground-based charging apparatus 8021 through a cable
8022. In charging, a given method such as CHAdeMO (reg
istered trademark) may be referred to for a charging method,
the standard of a connector, or the like as appropriate. The
charging apparatus 802.1 may be a charging station provided
in a commerce facility or a power Source in a house. For
example, with the use of a plug-in technique in which a
connecting plug 8031 illustrated in FIG. 31B and connected
to the power storage device 8024 is electrically connected to
the charging apparatus 8021, the power storage device 8024
included in the electric vehicle 8020 can be charged by being
supplied with electric power from outside. The power storage
device 8024 can be charged by converting external power into
a DC constant Voltage having a predetermined Voltage level
through a converter such as an AC-DC converter.
0469 Further, although not illustrated, a power receiving
device may be included in the moving object to charge the

power storage device by Supplying electric power from an
above-ground power transmitting device without contact. In
the case of the contactless power Supply system, by fitting the
power transmitting device in a road or an exterior wall, charg
ing can be performed not only when the electric vehicle is
stopped but also when driven. In addition, the contactless
power Supply system may be utilized to perform transmis
sion/reception between moving objects. Furthermore, a solar
cell may be provided in an exterior of the moving object to
charge the power storage device 8024 when the electric
vehicle is stopped or driven. For such contactless electric
power Supply, an electromagnetic induction methodora mag
netic resonance method can be employed.
0470 Note that in the case where the moving object is an
electric railway vehicle, a power storage device mounted
thereon can be charged by being Supplied with electric power
from an overhead cable or a conductor rail.

0471. With the use of the power storage device of one
embodiment of the present invention as the power storage
device 8024, the power storage device 8024 can have favor
able cycle characteristics and improved convenience. When
the power storage device 8024 itself can be more compact and
more lightweight as a result of improved characteristics of the
power storage device 8024, the vehicle can belightweight and
thus fuel efficiency can be increased. Further, the power stor
age device 8024 mounted on the moving object has relatively
large capacity; therefore, the power storage device 8024 can
be used as an electric power Supply source for indoor use, for
example. In Sucha case, the use of a commercial power source
can be avoided at peak time of electric power demand.
<Structural Example of Electrical Device (Portable
Information Terminal)>
0472. In addition, as another example of the electrical
devices, a portable information terminal will be described
with reference to FIGS. 32A to 32C.

0473 FIG. 32A is a perspective view illustrating a front
Surface and a side Surface of a portable information terminal
8040. The portable information terminal 8040 is capable of
executing a variety of applications such as mobile phone
calls, e-mailing, viewing and editing texts, music reproduc
tion, Internet communication, and a computer game. In the
portable information terminal 8040, a housing 8041 includes
a display portion 8042, a camera lens 8045, a microphone
8046, and a speaker 8047 on its front surface, a button 8043
for operation on its left side, and a connection terminal 8048
on its bottom Surface.

0474. A display module or a display panel is used for the
display portion 8042. Examples of the display module or the
display panel are a light-emitting device in which each pixel
includes a light-emitting element typified by an organic light
emitting element (OLED); a liquid crystal display device; an
electronic paper performing a display in an electrophoretic
mode, an electronic liquid powder (registered trademark)
mode, or the like; a digital micromirror device (DMD); a
plasma display panel (PDP); a field emission display (FED);
a surface conduction electron-emitter display (SED); a light
emitting diode (LED) display; a carbon nanotube display; a
nanocrystal display; and a quantum dot display.
0475. The portable information terminal 8040 illustrated
in FIG. 32A is an example of providing the one display
portion 8042 in the housing 8041; however, one embodiment
of the present invention is not limited to this example. The
display portion 8042 may be provided on a rear surface of the
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portable information terminal 8040. Further, the portable
information terminal 8040 may be a foldable portable infor
mation terminal provided with two or more display portions.
0476 A touch panel with which data can be input by an
instruction means such as a finger or a stylus is provided as an
input means on the display portion 8042. Thus, icons 8044
displayed on the display portion 8042 can be easily operated
by the instruction means. Since the touch panel is provided, a
region for a keyboard on the portable information terminal
8040 is not needed and thus the display portion can be pro
vided in a large region. Further, since data can be input with
a finger or a stylus, a user-friendly interface can be obtained.
Although the touch panel may be of any of various types such
as a resistive type, a capacitive type, an infrared ray type, an
electromagnetic induction type, and a Surface acoustic wave
type, the resistive type or the capacitive type is particularly
preferable because the display portion 8042 of one embodi
ment of the present invention can be curved. Alternatively,
Such a touch panel may be what is called an in-cell touch
panel, in which a touch panel is integrated with the display
module or the display panel.
0477 The touch panel may also function as an image
sensor. In this case, for example, an image of a palm print, a
fingerprint, or the like is taken with the display portion 8042
touched with the palm or the finger, whereby personal authen
tication can be performed. Moreover, when a backlight which
emits near-infrared light or a sensing light source which emits
near-infrared light is provided in the display portion 8042, an
image of a finger vein, a palm vein, or the like can be taken.
0478. Instead of a touch panel, a keyboard may be pro
vided in the display portion 8042. Alternatively, both a touch
panel and a keyboard may be provided.
0479. The button 8043 for operation can have various
functions in accordance with the intended use. For example,
the button 8043 may be used as a home button and a home
screen may be displayed on the display portion 8042 by
pressing the button 8043. Further, the portable information
terminal 8040 may be configured such that main power
source thereof is turned off with a press of the button 8043 for
a given time. A structure may also be employed in which a
press of the button 8043 brings the portable information ter
minal 8040 which is in a sleep mode out of the sleep mode.
Besides, the home button can be used as a Switch for starting
a variety of functions, for example, in accordance with the
length of time of pressing or by pressing the home button at
the same time as another button.

0480. Further, the button 8043 may be used as a volume
control button or a mute button to have a function of adjusting
the volume of the speaker 8047 for outputting sound, for
example. The speaker 8047 outputs various kinds of sound,
examples of which are sound set for predetermined process
ing Such as startup Sound of an operating system (OS), Sound
from Sound files executed in various applications, such as
music from music reproduction application software, and an
incoming e-mail alert. Although not illustrated, a connector
for outputting Sound to a device such as headphones, ear
phones, or a headset may be provided together with or instead
of the speaker 8047.
0481. As described above, the button 8043 can have vari
ous functions. Although two buttons 8043 are provided on the
left side of the portable information terminal 8040 in FIG.
32A, it is needless to say that the number, arrangement, posi
tion, or the like of the buttons 8043 is not limited to that in this

example and can be determined as appropriate.

0482. The microphone 8046 can be used for sound input
and recording. Images obtained with the use of the camera
lens 8045 can be displayed on the display portion 8042.
0483. In addition to the operation with the touch panel
provided on the display portion 8042 or the button 8043, the
portable information terminal 8040 can be operated by rec
ognition of user's movement (gesture) (also referred to as
gesture input) using the camera lens 8045, a sensor provided
in the portable information terminal 8040, or the like. Alter
natively, with the use of the microphone 8046, the portable
information terminal 8040 can be operated by recognition of
user's voice (also referred to as Voice input). By introducing
a natural user interface (NUI) technique which enables data to
be input to an electrical device by natural behavior of a
human, the operational performance of the portable informa
tion terminal 8040 can be further improved.
0484. The connection terminal 8048 is a terminal for
inputting a signal at the time of communication with an exter
nal device or at the time of power supply or a terminal for
inputting electric power. For example, the connection termi
nal 8048 can be used for connecting an external memory drive
to the portable information terminal 8040. Examples of the
external memory drive are storage medium drives such as an
external hard disk drive (HDD), a flash memory drive, a
digital versatile disk (DVD) drive, a DVD-recordable (DVD
R) drive, a DVD-rewritable (DVD-RW) drive, a compact disc
(CD) drive, a compact disc recordable (CD-R) drive, a com
pact disc rewritable (CD-RW) drive, a magneto-optical (MO)
disc drive, a floppy disk drive (FDD), and a non-volatile solid
state drive (SSD) device different from the above. Although
the portable information terminal 8040 has the touchpanel on
the display portion 8042, a keyboard may be provided on the
housing 8041 instead of the touch panel or may be externally
added.

0485 Although the number of the connection terminal
8048 is one in the portable information terminal 8040 in FIG.
32A, it is needless to say that the number, arrangement, posi
tion, or the like of the connection terminals is not limited to

that in this example and can be determined as appropriate.
0486 FIG. 32B is a perspective view illustrating the rear
surface and the side surface of the portable information ter
minal 8040. In the portable information terminal 8040, the
housing 8041 includes a solar cell 8049 and a camera lens
8050 on its surface; the portable information terminal 8040
further includes a charge and discharge control circuit 8051,
a power storage device 8052, a DC-DC converter 8053, and
the like. FIG.32B illustrates an example where the charge and
discharge control circuit 8051 includes the power storage
device 8052 and the DC-DC converter 8053. The power stor
age device of one embodiment of the present invention, which
is described in the above embodiment, is used as the power
storage device 8052.
0487. The solar cell 8049 attached on the rear surface of
the portable information terminal 8040 can supply electric
power to the display portion, the touch panel, a video signal
processor, and the like. Note that the solar cell 8049 can be
provided on one or both surfaces of the housing 8041. By
mounting the solar cell 8049 on the portable information
terminal 8040, the power storage device 8052 in the portable
information terminal 8040 can be charged even in a place
where an electric power Supply unit is not provided. Such as
outdoors.

0488. As the solar cell 8049, it is possible to use any of the
following: a silicon-based solar cell including a single layer
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of single crystal silicon, polycrystalline silicon, microcrys
talline silicon, or amorphous silicon or a stack including any
of the above; an InGaAs-based, GaAs-based, CIS-based,

CuZnSnS-based, or CdTe CdS-based solar cell; a dye
sensitized solar cell including an organic dye; an organic thin
film Solar cell including a conductive polymer, fullerene, or
the like; a quantum dot Solar cell having a pin structure in
which a quantum dot structure is formed in an i-layer with
silicon or the like; and the like.

0489 Here, an example of the structure and operation of
the charge and discharge control circuit 8051 illustrated in
FIG.32B will be described with reference to a block diagram
in FIG. 32C.

0490 FIG. 32C illustrates the solar cell 8049, the power
storage device 8052, the DC-DC converter 8053, a converter
8057, a switch 8054, a switch 8055, a switch 8056, and the

display portion 8042. The power storage device 8052, the
DC-DC converter 8053, the converter 8057, and the switches

8054 to 8056 correspond to the charge and discharge control
circuit 8051 in FIG.32B.

0491. The voltage of electric power generated by the solar
cell 8049 with the use of outside light is raised or lowered by
the DC-DC converter 8053 to beat a level needed for charging
the power storage device 8052. When electric power from the
solar cell 8049 is used for the operation of the display portion
8042, the switch 8054 is turned on and the voltage of the
electric power is raised or lowered by the converter 8057 to be
at a level needed for operating the display portion 8042. In
addition, when display on the display portion 8042 is not
performed, the switch 8054 is turned off and the switch 8055
is turned on so that the power storage device 8052 can be
charged.
0492 Although the solar cell 8049 is described as an
example of a power generation means, the power generation
means is not particularly limited thereto, and the power Stor
age device 8052 may be charged by another power generation
means Such as a piezoelectric element or a thermoelectric
conversion element (Peltier element). The charging method
of the power storage device 8052 in the portable information
terminal 8040 is not limited thereto, and the connection ter

minal 8048 may be connected to a power source to perform
charging, for example. The power storage device 8052 may
be charged by a non-contact power transmission module that
performs charging by transmitting and receiving electric
power wirelessly (without contact), or any of the above charg
ing methods may be used in combination.
0493. Here, the state of charge (SOC) of the power storage
device 8052 is displayed on the upper left corner (in the
dashed frame) of the display portion 8042. Thus, the user can
check the state of charge of the power storage device 8052 and
can accordingly select a power saving mode of the portable
information terminal 8040. When the user selects the power
saving mode, for example, the button 8043 or the icons 8044
can be operated to switch the mode of the components of the
portable information terminal 8040, e.g., the display module
or the display panel, an arithmetic unit Such as CPU, and a
memory, to the power saving mode. Specifically, in each of
the components, the use frequency of a given function is
decreased to stop the use. Further, the portable information
terminal 8040 can be configured such that the mode thereof is
automatically Switched to the power saving mode depending
on the state of charge. Furthermore, with the use of a sensor
Such as an optical sensor provided in the portable information
terminal 8040, the amount of external light at the time of
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using the portable information terminal 8040 is determined to
optimize display luminance, which makes it possible to regu
late the power consumption of the power storage device 8052.
0494. In addition, when charging with the use of the solar
cell 8049 or the like is performed, an image or the like show
ing that the charging is being performed with the Solar cell
may be displayed on the upper left corner (in the dashed
frame) of the display portion 8042 as illustrated in FIG.32B.
0495. It is needless to say that one embodiment of the
present invention is not limited to the electrical device illus
trated in FIGS. 32A to 32C as long as the power storage
device of one embodiment of the present invention, which is
described in the above embodiment, is included.

<Structural Example of Electrical Device (Power Storage
System)>
0496 A power storage system will be described as an
example of an electrical device with reference to FIGS. 33A
and 33B. A power storage system 8100 to be described here
can be used at home as the power storage system 8005
described above. Here, the power storage system 8100 is
described as a home-use power storage system as an example:
however, it is not limited thereto and can also be used for
business use or other uses.

0497 As illustrated in FIG.33A, the power storage system
8100 includes a plug. 8101 for being electrically connected to
a system power supply 8103. Further, the power storage sys
tem 8100 is electrically connected to a panelboard 8104
installed in home.

0498. The power storage system 8100 may further include
a display panel 8102 for displaying an operation state or the
like, for example. The display panel may have a touchscreen.
In addition, the power storage system 8100 may include a
Switch for turning on and off a main power source, a Switch to
operate the power storage system, and the like as well as the
display panel.
0499 Although not illustrated, an operation switch to
operate the power storage system 8100 may be provided
separately from the power storage system 8100; for example,
the operation Switch may be provided on a wall in a room.
Alternatively, the power storage system 8100 may be con
nected to a personal computer, a server, or the like provided in
home, in order to be operated indirectly. Still alternatively, the
power storage system 8100 may be remotely operated using
the Internet, an information terminal Such as a Smartphone, or
the like. In such cases, a mechanism that performs wired or
wireless communication between the power storage system
8100 and other devices is provided in the power storage
system 8100.
(0500 FIG.33B is a schematic view illustrating the inside
of the power storage system 8100. The power storage system
8100 includes a plurality of power storage device groups
8106, a battery management unit (BMU) 8107, and a power
conditioning system (PCS) 8108.
0501. In the power storage device group 8106, the plural
ity of power storage devices 8105 described above are con
nected to each other. Power from the system power supply
8103 can be stored in the power storage device group 8106.
The plurality of power storage device groups 8106 are each
electrically connected to the BMU 8.107.
(0502. The BMU 8.107 has functions of monitoring and
controlling states of the plurality of power storage devices
8105 in the power storage device group 8106 and protecting
the power storage devices 8105. Specifically, the BMU 8107
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collects data of cell voltages and cell temperatures of the
plurality of power storage devices 8105 in the power storage
device group 8106, monitors overcharge and overdischarge,
monitors overcurrent, controls a cell balancer, manages the
deterioration condition of a battery, calculates the remaining
battery level (the state of charge (SOC)), controls a cooling
fan of a driving power storage device, or controls detection of
failure, for example. Note that the power storage devices 8105
may have some of or all the functions, or the power storage
device groups may have the functions. The BMU 8.107 is
electrically connected to the PCS 8108.
0503. Here, as an electronic circuit included in the BMU
8107, an electronic circuit including the oxide semiconductor
transistor described above is preferably provided. In this case,
power consumption of the BMU 8.107 can be significantly
reduced.

0504. The PCS 8108 is electrically connected to the sys
tem power supply 8103, which is an AC power source and
performs DC-AC conversion. For example, the PCS 8108
includes an inverter, a system interconnection protective
device that detects irregularity of the system power Supply
8103 and terminates its operation, and the like. In storing
power in the power storage system 8100, for example, AC
power from the system power supply 8103 is converted into
DC power and transmitted to the BMU 8.107. In deriving
power from the power storage system 8100, power stored in
the power storage device group 8106 is converted into AC
power and Supplied to an indoor load, for example. Note that
the power may be supplied from the power storage system
8100 to the load through the panellboard 8104 as illustrated in
FIG.33A or may be directly supplied from the power storage
system 8100 through wired or wireless transmission.
0505 Note that a power source for supplying power in the
power storage system 8100 is not limited to the system power
supply 8103 described above; for example, power may be
Supplied from a Solar power generating system installed out
side or a power storage system mounted on an electric
vehicle.

0506. This embodiment can be implemented in combina
tion with any of the other embodiments as appropriate.
0507. This application is based on Japanese Patent Appli
cation serial no. 2012-289080 filed with Japan Patent Office
on Dec. 28, 2012 and Japanese Patent Application serial no.
2012-289094 filed with Japan Patent Office on Dec. 28, 2012,
the entire contents of which are hereby incorporated by ref
CCC.

1. (canceled)
2. A semiconductor device comprising:
a resistor comprising a pair of terminals;
a first circuit configured to amplify a first voltage generated
between the pair of terminals of the resistor when a first
current flows through the resistor and output a second
Voltage corresponding to the first Voltage;
a second circuit configured to generate and output a second
current corresponding to the second Voltage; and
a third circuit configured to generate a first signal in accor
dance with the second current,

wherein the third circuit comprises a transistor comprising
a channel formation region in an oxide semiconductor
film.

3. The semiconductor device according to claim 2, further
comprising a fourth circuit,
wherein the third circuit further comprises a capacitor
including a first terminal and a second terminal, and

wherein the fourth circuit is configured to compare a
voltage of the first terminal with a reference voltage
and output the first signal.
4. The semiconductor device according to claim 3,
wherein the third circuit is further configured to output a
second signal in accordance with the second current,
wherein the third circuit further comprises a fifth circuit,
wherein the fourth circuit is configured to generate the first
signal by comparing the Voltage of the first terminal with
a first reference Voltage, and
wherein the fifth circuit is configured to generate the sec
ond signal by comparing the Voltage of the first terminal
with a second reference Voltage.
5. The semiconductor device according to claim 2,
wherein the resistor is electrically connected to a battery.
6. A storage device comprising:
a power storage body;
a power Supply control circuit electrically connected to the
power storage body;
a microprocessor unit electrically connected to the power
Supply control circuit; and
a coulomb counter configured to Supply a first signal to the
microprocessor unit,
wherein the coulomb counter comprises:
a resistor comprising a pair of terminals;
a first circuit configured to amplify a first Voltage gen
erated between the pair of terminals of the resistor
when a first current flows through the resistor and
output a second Voltage;
a second circuit configured to generate and output a
second current corresponding to the second Voltage;
and

a third circuit configured to generate the first signal in
accordance with the second current,

wherein the third circuit comprises a transistor comprising
a channel formation region in an oxide semiconductor
film.

7. The storage device according to claim 6, further com
prising a fourth circuit,
wherein the third circuit further comprises a capacitor
including a first terminal and a second terminal, and
wherein the fourth circuit is configured to compare a Volt
age of the first terminal with a reference Voltage and
output the first signal.
8. The storage device according to claim 6.
wherein the microprocessor unit is configured to control
the power Supply control circuit in accordance with the
first signal.
9. The storage device according to claim 6.
wherein the microprocessor unit includes a transistor
whose channel formation region is in an oxide semicon
ductor film.

10. The storage device according to claim 6.
wherein the power storage body is any one of a lithium-ion
secondary battery, a lead storage battery, a lithium-ion
polymer secondary battery, a nickel-hydrogen storage
battery, a nickel-cadmium storage battery, a nickel-iron
storage battery, a nickel-Zinc storage battery, a silver
oxide-Zinc storage battery, a redox flow battery, a zinc
chlorine battery, a zinc-bromine battery, an aluminum
air battery, a zinc-air battery, an iron-air battery, a
sodium-sulfur battery, a lithium-iron sulfide battery, and
a lithium-ion capacitor.
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