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DESCRIPTION

POWER SOURCE CIRCUIT

TECHNICAL FIELD

[0001]

One embodiment of the disclosed invention relates to a digital circuit which

can be applied to a power source circuit (a switching regulator).

BACKGROUND ART

[0002]

In a power source circuit (a switching regulator), an error amplifier circuit (or

an error amplifier) is an important circuit to determine the operation of a feedback

circuit in the power source circuit.

[0003]

The error amplifier Circuit is an analog circuit which processes analog signals.

The error amplifier circuit in general has a structure in which passive elements having a

large area, such as a capacitor and a resistor, are connected (see Patent Document 1 and

Non-Patent Document 1).

[Reference]

[0004]

[Patent Document 1] Japanese Published Patent Application No. 2006-238062

[Non-Patent Document]

[0005]

FUJII Nobuo, "Analog Electronic Circuit -in the integrated circuit era-", Shokodo,

2004, p.161

DISCLOSURE OF INVENTION

[0006]

If characteristics of elements such as transistors in an analog circuit vary, an

output signal may be disordered, which may result in degradation of the circuit

operation of the analog circuit. This may pose a problem of degradation of the power

source circuit including the analog circuit.



[0007]

In addition, the area of a passive element in an analog circuit is large, which

may cause an increase in the area of the entire power source circuit including the analog

circuit. This increases the cost of the power source circuit.

[0008]

In view of the foregoing, an object of one embodiment of the disclosed

invention is to suppress degradation of circuit operation of a power source circuit.

[0009]

Another object of one embodiment of the disclosed invention is to reduce the

area of the power source circuit.

[0010]

Another object of one embodiment of the disclosed invention is to reduce cost

of the power source circuit by reducing the area of the power source circuit.

[0011]

In one embodiment of the disclosed invention, an error amplifier circuit which

is an analog circuit is replaced with a digital control circuit. Specifically, voltage

difference comparison, integration, and voltage output which are conventionally

performed by the error amplifier circuit are performed by a comparator, a digital

arithmetic process circuit, a pulse width modulation (PWM) driver, and a low pass filter

(LPF) instead. Thus, all the circuits except for the comparator and the low pass filter

can be digital circuits.

[0012]

In the digital control circuit which is used instead, voltage difference

comparison is performed by a comparator, integration and phase setting for pulse width

modulation are performed by a digital arithmetic process circuit, and power output and

frequency response are performed by a pulse width modulation output driver and a low

pass filter.

[0013]

One embodiment of the disclosed invention relates to a power source circuit

including a comparator comparing first voltage and second voltage; a digital arithmetic

process circuit averaging, integrating, and digital pulse width modulating a digital signal

output from the comparator; a pulse width modulation output driver amplifying the



digital signal output from the digital arithmetic process circuit; and a smoothing circuit

smoothing the amplified digital signal.

[0014]

In one embodiment of the disclosed invention, the comparator, the digital

arithmetic process circuit, and the pulse width modulation output driver each include a

transistor including an oxide semiconductor film including a channel formation region,

a source electrode, a drain electrode, a gate electrode, and a gate insulating film.

[0015]

One embodiment of the disclosed invention relates to a power source circuit

including a comparator comparing the first voltage and the second voltage, an adder

circuit averaging the digital signal output from the comparator; an adder-subtractor

circuit integrating the averaged digital signal; a count comparison circuit and a latch

circuit digital pulse width modulating the integrated digital signal; a pulse width

modulation output driver amplifying the digital signal output from the latch circuit; and

a smoothing circuit smoothing the amplified digital signal.

[0016]

In one embodiment of the disclosed invention, the power source circuit

includes a DC-DC converter.

[0017]

In one embodiment of the disclosed invention, the DC-DC converter includes a

coil, a diode, and a transistor including an oxide semiconductor film including a channel

formation region.

[0018]

In one embodiment of the disclosed invention, the comparator, the adder circuit,

the adder-subtractor circuit, the count comparison circuit, the latch circuit, and the pulse

width modulation output driver each include a transistor including an oxide

semiconductor film including a channel formation region, a source electrode, a drain

electrode, a gate electrode, and a gate insulating film.

[0019]

In one embodiment of the disclosed invention, the transistor is a top-gate

transistor and a top surface of the oxide semiconductor film is in contact with the source

electrode and the drain electrode.



[0020]

In one embodiment of the disclosed invention, the transistor is a top-gate

transistor and a bottom surface of the oxide semiconductor film is in contact with the

source electrode and the drain electrode.

[0021]

In one embodiment of the disclosed invention, the transistor is a bottom-gate

transistor and a top surface of the oxide semiconductor film is in contact with the source

electrode and the drain electrode.

[0022]

In one embodiment of the disclosed invention, the transistor is a bottom-gate

transistor and a bottom surface of the oxide semiconductor film is in contact with the

source electrode and the drain electrode.

[0023]

In one embodiment of the disclosed invention, the smoothing circuit is a low

pass filter.

[0024]

By using a digital control circuit in the power source circuit, degradation of

circuit operation of the power source circuit can be reduced even when characteristics of

transistors vary.

[0025]

By using a digital control circuit in the power source circuit, the area of the

power source circuit can be reduced.

[0026]

By reducing the area of the power source circuit, the cost of the power source

circuit can be reduced.

BRIEF DESCRIPTION OF DRAWINGS

[0027]

FIG 1 illustrates a circuit structure of a power source circuit.

FIGS. 2A to 2C illustrate a method of a digital pulse width modulation process.

FIGS. 3A and 3B are a top view and a cross-sectional view of a transistor in

which a channel formation region is provided in an oxide semiconductor film.



FIGS. 4A to 4E are cross-sectional views of a manufacturing process of a

transistor in which a channel formation region is provided in an oxide semiconductor

film.

FIGS. 5A to 5C are cross-sectional views of transistors in which a channel

formation region is provided in an oxide semiconductor film.

FIG. 6 is a circuit diagram illustrating an adder circuit.

FIG. 7 is a circuit diagram illustrating an adder.

FIG 8 is a circuit diagram illustrating an adder-subtractor circuit, a count

comparison circuit, and a latch circuit.

FIG. 9 is a circuit diagram illustrating an adder-subtractor circuit.

FIG. 10 is a circuit diagram illustrating an adder.

FIG. 11 is a circuit diagram illustrating a count comparison circuit.

FIG. 12 is a circuit diagram illustrating a latch circuit.

BEST MODE FOR CARRYING OUT THE INVENTION

[0028]

Embodiments of the invention disclosed in this specification will be hereinafter

described with reference to the drawings. Note that the invention disclosed in this

specification can be carried out in a variety of different modes and it will be readily

appreciated by those skilled in the art that modes and details can be modified in various

ways without departing from the spirit and the scope of the invention disclosed in this

specification. Accordingly, the present invention should not be construed as being

limited to the description of the embodiments. Note that in the drawings shown below,

like portions or portions having a similar function are denoted by like reference

numerals, and the description thereof is omitted.

[0029]

[Embodiment 1]

FIG. 1 illustrates an example of a power source circuit 101. The power source

circuit 101 includes a voltage converter circuit 102 and a control circuit 103 for

controlling the voltage converter circuit 102. The voltage converter circuit 102 is a

DC-DC converter including a transistor 111, a coil 112, a diode 113, and a capacitor 114.

The control circuit 103 includes a triangle wave generator circuit 121, a digital control



circuit 150, a pulse width modulation output driver 123, a resistor 124, and a resistor

125. In addition, a dotted arrow 127 indicates a loop of a feedback circuit. A

feedback voltage Vfb, which is an output voltage of the resistor 124, is input to the

digital control circuit 150.

[0030]

A DC-DC converter is a circuit which converts a direct current voltage to

another direct current voltage. Typical conversion modes of a DC-DC converter

include a linear mode and a switching mode. A switching mode DC-DC converter has

excellent conversion efficiency. In this embodiment, a switching mode DC-DC

converter, particularly a chopper-type DC-DC converter including a transistor, a coil, a

diode, and a capacitor is used as the voltage converter circuit 102.

[0031]

The digital control circuit 150 includes a comparator 151, a digital arithmetic

process circuit 152, a pulse width modulation output driver 153, and a low pass filter

(LPF) 154.

[0032]

When an error amplifier circuit is replaced with the digital control circuit 150,

variation in characteristics of elements in the circuit 150 does not pose a problem. In

the digital control circuit 150, the digital arithmetic process circuit 152 and the pulse

width modulation output driver 153 are digital circuits. The digital circuit determines

whether the signal is 1 or 0 (zero) according to whether the level of a signal in the

circuit is higher or lower than a reference, and therefore performs data processing

properly even when the elements in the digital circuit vary in characteristics.

[0033]

In addition, in the digital control circuit 150, the use of passive elements having

a large area (e.g., a capacitor and a resistor) is reduced; therefore, the digital control

circuit 150 is preferable in that the area of the circuit can be reduced.

[0034]

The comparator 151 compares a reference voltage Vref which is input from an

inverted input terminal REF and a feedback voltage Vfb, and outputs a digital signal of

H (high level) or L (low level), that is, a digital signal 1 or 0 (zero).

[0035]



The digital arithmetic process circuit 152 includes a digital average-integrator

152a and a digital pulse width modulator 152b. The digital average-integrator 152a

includes a digital averaging circuit 152a_l and a digital integrator 152a_2. To the

digital arithmetic process circuit 152, an external clock divider 155 is connected, and a

clock signal is input from the clock divider 155.

[0036]

The digital arithmetic process circuit 152 performs an averaging process, an

integration process, and a digital pulse width modulation process of the digital signal

output from the comparator 151. In the digital average-integrator 152a, the digital

averaging circuit 152a_l performs an averaging process and the digital integrator

152a_2 performs an integration process. The digital pulse width modulator 152b

performs a digital pulse width modulation process.

[0037]

The digital arithmetic process circuit 152 holds N bits of data on the digital

signal (which is either H (high level) or L (low level)) output from the comparator 151,

compares the frequency of appearance of H signal and L signal, and outputs either one

with a higher frequency. Thus, the digital signal is averaged.

[0038]

FIGS. 6 and 7 illustrate specific circuit structures of the digital averaging

circuit 152a_l which is in the digital average-integrator 152a in FIG. 1 and which

performs an averaging process. An adder circuit 201 in FIG. 6 is an example of the

digital averaging circuit 152a_l.

[0039]

The adder circuit 201 detects the value of a signal COMP from the comparator

151 every count and holds H (high level) if the value of the signal COMP is H (high

level). For example, the adder circuit 201 outputs an averaged digital signal

DIG AVE every 7 counts. In this embodiment, if the signal COMP of H (high level)

is input 4 or more times, the digital signal DIG AVE of H (high level) is output and if

the signal COMP of H (high level) is input 3 or less times, the digital signal DIG AVE

of L (low level) is output. In addition, the stored signal COMP is reset every 8 counts

by a reset signal RST.



[0040]

The adder circuit 201 includes an adder 251, an adder 252, and an adder 253.

[0041]

To a first terminal of the adder 251, a first terminal of the adder 252 and a first

terminal of the adder 253 are connected, and a control reset signal CNT RST is input.

The control reset signal CNT RST is a signal which resets data in the adder circuit 201.

To a second terminal of the adder 251, the signal COMP is input from the comparator

151. To a third terminal of the adder 251, a third terminal of the adder 252 and a third

terminal of the adder 253 are connected, and a clock signal CLK is input. To a fourth

terminal of the adder 251, a fourth terminal of the adder 252 and a fourth terminal of the

adder 253 are connected, and the reset signal RST is input. The reset signal RST is a

signal which resets data in the flip flop 214 described below. To a fifth terminal of the

adder 251, a second terminal of the adder 252 is connected. The fifth terminal of the

adder 251 outputs an output signal COUT.

[0042]

To the first terminal of the adder 252, the first terminal of the adder 251 and the

first terminal of the adder 253 are connected, and the control reset signal CNT RST is

input. To the second terminal of the adder 252, the fifth terminal of the adder 251 is

connected. The output signal COUT output from the fifth terminal of the adder 251 is

input to the second terminal of the adder 252 as an input signal CIN. To the third

terminal of the adder 252, the third terminal of the adder 251 and the third terminal of

the adder 253 are connected, and the clock signal CLK is input. To the fourth terminal

of the adder 252, the fourth termmal of the adder 251 and the fourth terminal of the

adder 253 are connected, and the reset signal RST is input. To the fifth terminal of the

adder 252, a second terminal of the adder 253 is connected. The fifth terminal of the

adder 252 outputs the output signal COUT.

[0043]

To the first terminal of the adder 253, the first terminal of the adder 251 and the

first terminal of the adder 252 are connected, and the control reset signal CNT RST is

input. To the second terminal of the adder 253, the fifth terminal of the adder 252 is

connected. The output signal COUT output from the fifth terminal of the adder 252 is



input to the second terminal of the adder 253 as the input signal CIN. To the third

terminal of the adder 253, the third terminal of the adder 251 and the third terminal of

the adder 252 are connected, and the clock signal CLK is input. To the fourth terminal

of the adder 253, the fourth termmal of the adder 251 and the fourth terminal of the

adder 252 are connected, and the reset signal RST is input. The fifth terminal of the

adder 253 outputs the averaged digital signal DIG AVE.

[0044]

FIG. 7 illustrates a circuit diagram of each of the adders 251 to 253. Each of

the adders 251 to 253 includes an AND gate 211, an AND gate 212, an XOR gate 213,

and a flip flop (FF) 214.

[0045]

To a first input terminal of the AND gate 211, a first input terminal of the XOR

gate 213 is connected and the input signal CIN is input. To a second input terminal of

the AND gate 211, a second input terminal of the XOR gate 213 and a fourth terminal of

the flip flop 214 are connected. An output terminal of the AND gate 211 outputs an

output signal COUT.

[0046]

To a first input terminal of the AND gate 212, the control reset signal

CNT RST is input. To a second input terminal of the AND gate 212, an output

terminal of the XOR gate 213 is connected. To an output terminal of the AND gate

212, a first terminal of the flip flop 214 is connected.

[0047]

To the first input terminal of the XOR gate 213, the first input terminal of the

AND gate 211 is connected and the input signal CIN is input. To the second input

terminal of the XOR gate 213, the second input terminal of the AND gate 211 and the

fourth terminal of the flip flop 214 are connected. To the output terminal of the XOR

gate 213, the second input terminal of the AND gate 212 is connected.

[0048]

To the first terminal of the flip flop 214, the output terminal of the AND gate

212 is connected. To a second terminal of the flip flop 214, the reset signal RST is

input. To a third terminal of the flip flop 214, the clock signal CLK is input. To the



fourth terminal of the flip flop 214, the second input terminal of the AND gate 211 and

the second input terminal of the XOR gate 213 are connected.

[0049]

Then, the digital integrator 152a_2 adds "-1" or "+1" depending on the

averaged digital signal DIG AVE and performs integration. Note that when the

averaged digital signal DIG AVE is an H (high level) signal, "-1" is added, while when

the averaged digital signal DIG AVE is an L (low level) signal, "+1" is added. Thus,

the averaged digital signal DIG AVE is integrated.

[0050]

FIG 8 illustrates a circuit structure of the digital integrator 152a_2 (an

adder-subtractor circuit 202) which is a specific circuit in the digital average-integrator

152a in FIG. 1 and performs integration. FIG. 8 also illustrates a circuit structure (a

count comparison circuit 203 and a latch circuit 204) of the digital pulse width

modulator 152b in FIG. 1.

[0051]

To a first terminal of the adder-subtractor circuit 202, a first terminal of the

latch circuit 204 is connected and the reset signal RST is input. To a second terminal

of the adder-subtractor circuit 202, the clock signal CLK is input. To a third terminal

of the adder-subtractor circuit 202, the averaged digital signal DIG AVE is input. To a

fourth terminal of the adder-subtractor circuit 202, a first terminal of the count

comparison circuit 203 is connected. The fourth terminal of the adder-subtractor

circuit 202 outputs a signal SET-CNT0. To a fifth terminal of the adder-subtractor

circuit 202, a second terminal of the count comparison circuit 203 is connected. The

fifth terminal of the adder-subtractor circuit 202 outputs a signal SET-CNT1. To a

sixth terminal of the adder-subtractor circuit 202, a third terminal of the count

comparison circuit 203 is connected. The sixth terminal of the adder-subtractor circuit

202 outputs a signal SET-CNT2. To a seventh terminal of the adder-subtractor circuit

202, a fourth terminal of the count comparison circuit 203 is connected. The seventh

terminal of the adder-subtractor circuit 202 outputs a signal SET-CNT3. To an eighth

terminal of the adder-subtractor circuit 202, a fifth terminal of the count comparison

circuit 203 is connected. The eighth terminal of the adder-subtractor circuit 202



outputs a signal SET-CNT4. To a ninth terminal of the adder-subtractor circuit 202, a

sixth terminal of the count comparison circuit 203 is connected. The ninth terminal of

the adder-subtractor circuit 202 outputs a signal SET-CNT5. To a tenth terminal of the

adder-subtractor circuit 202, a seventh terminal of the count comparison circuit 203 is

connected. The tenth terminal of the adder-subtractor circuit 202 outputs a limit signal

LIMIT.

[0052]

To the signals SET-CNT0 to SET-CNT5, "-1" or "+1" is added every time the

clock signal CLK is input: when the input averaged digital signal DIG AVE is an H

(high level) signal, "-1" is added, while when the input averaged digital signal

DIG_AVE is an L (low level) signal, is added. The signals SET-CNT0 to

SET-CNT5 are then output.

[0053]

The signals SET-CNT0 to SET-CNT5 are needed for generating a pulse signal

PULSE having a pulse width described below. In this embodiment, with the signals

SET-CNT0 to SET-CNT5, 2 -phase i.e., 64-phase signal PULSE can be generated.

[0054]

The limit signal LIMIT is a signal which limits a phase in a process of

generating the pulse signal PULSE having a pulse width W described below. In this

embodiment, by the limit signal LIMIT, for example, the signals SET-CNT0 to

SET-CNT5 are limited to 8 to 56. Thus, the proximity of the maximum value of the

pulse width W of the pulse signal PULSE to the period of the pulse signal PULSE and

the proximity of the minimum value of the pulse width W 0 (zero) is prevented.

[0055]

To the first terminal of the count comparison circuit 203, the fourth terminal of

the adder-subtractor circuit 202 is connected and the signal SET-CNT0 is input. To the

second terminal of the count comparison circuit 203, the fifth terminal of the

adder-subtractor circuit 202 is connected and the signal SET-CNT1 is input. To the

third terminal of the count comparison circuit 203, the sixth terminal of the

adder-subtractor circuit 202 is connected and the signal SET-CNT2 is input. To the

fourth terminal of the count comparison circuit 203, the seventh terminal of the



adder-subtractor circuit 202 is connected and the signal SET-CNT3 is input. To the

fifth terminal of the count comparison circuit 203, the eighth terminal of the

adder-subtractor circuit 202 is connected and the signal SET-CNT4 is input. To the

sixth terminal of the count comparison circuit 203, the ninth terminal of the

adder-subtractor circuit 202 is connected and the signal SET-CNT5 is input. To the

seventh terminal of the count comparison circuit 203, the tenth terminal of the

adder-subtractor circuit 202 is connected. The seventh terminal of the count

comparison circuit 203 outputs the limit signal LIMIT. To an eighth terminal of the

count comparison circuit 203, a signal CNT0 is input. To a ninth terminal of the count

comparison circuit 203, a signal CNT1 is input. To a tenth terminal of the count

comparison circuit 203, a signal CNT2 is input. To an eleventh terminal of the count

comparison circuit 203, a signal CNT3 is input. To a twelfth terminal of the count

comparison circuit 203, a signal CNT4 is input. To a thirteenth terminal of the count

comparison circuit 203, a signal CNT5 is input. A fourteenth terminal of the count

comparison circuit 203 outputs a signal HIGH-SET. A fifteenth terminal of the count

comparison circuit 203 outputs a signal LOW-SET.

[0056]

The signals CNT0 to CNT5 are count signals. In this embodiment, input of

the signals CNT0 to CNT5 can count from 0 to 63.

[0057]

The signal HIGH-SET and the signal LOW-SET determine whether the pulse

width modulation output signal PWM is an H (high level) signal or an L (low level)

signal. When the signal HIGH-SET is input, the pulse width modulation output signal

PWM becomes an H (high level) signal. When the signal LOW-SET is input, the

pulse width modulation output signal PWM becomes an L (low level) signal.

[0058]

To the first terminal of the latch circuit 204, the first terminal of the

adder-subtractor circuit 202 is connected and the reset signal RST is input. To a

second terminal of the latch circuit 204, the fourteenth terminal of the count comparison

circuit 203 is connected and the signal HIGH-SET is input. To a third terminal of the

latch circuit 204, the fifteenth terminal of the count comparison circuit 203 is connected

and the signal LOW-SET is input. From a fourth terminal of the latch circuit 204, the



pulse width modulation output signal PWM is output. To a fifth terminal of the latch

circuit 204, the clock signal CLK is input.

[0059]

FIG. 9 illustrates a specific circuit structure of the adder-subtractor circuit 202.

[0060]

The adder-subtractor circuit 202 in FIG. 9 includes an inverter 261, an inverter

262, a NOR gate 263, an adder 254, an adder 255, an adder 256, an adder 257, an adder

258, and an adder 259.

[0061]

To an input terminal of the inverter 261, the averaged digital signal DIG_AVE

is input. An output terminal of the inverter 261 is connected to a first input terminal of

the NOR gate 263.

[0062]

To an input terminal of the inverter 262, a second input terminal of the NOR

gate 263 is connected and the limit signal LIMIT is input. To an output terminal of the

inverter 262, a first terminal of the adder 254 is connected.

[0063]

To the first input terminal of the NOR gate 263, the output terminal of the

inverter 261 is connected. To the second input terminal of the NOR gate 263, the input

terminal of the inverter 262 is connected and the limit signal LIMIT is input.

[0064]

To the first terminal of the adder 254, the output terminal of the inverter 262 is

connected. To a second terminal of the adder 254, a second terminal of the adder 255,

a second terminal of the adder 256, a second terminal of the adder 257, a second

terminal of the adder 258, and a second terminal of the adder 259 are connected, and the

clock signal CLK is input. To a third terminal of the adder 254, a third terminal of the

adder 255, a third terminal of the adder 256, a third terminal of the adder 257, a third

terminal of the adder 258, and a third terminal of the adder 259 are connected, and the

reset signal RST is input. To a fourth terminal of the adder 254, an output terminal of

the NOR gate 263, a fourth terminal of the adder 255, a fourth terminal of the adder 256,

a fourth terminal of the adder 257, a fourth terminal of the adder 258, and a fourth

terminal of the adder 259 are connected. To a fifth terminal of the adder 254, a first



terminal of the adder 255 is connected and the fifth terminal of the adder 254 outputs

the signal SET_CNT0.

[0065]

To the first terminal of the adder 255, the fifth terminal of the adder 254 is

connected and the signal SET CNTO is input. To the second terminal of the adder 255,

the second terminal of the adder 254, the second terminal of the adder 256, the second

terminal of the adder 257, the second terminal of the adder 258, and the second terminal

of the adder 259 are connected, and the clock signal CLK is input. To the third

terminal of the adder 255, the third terminal of the adder 254, the third terminal of the

adder 256, the third terminal of the adder 257, the third terminal of the adder 258, and

the third terminal of the adder 259 are connected, and the reset signal RST is input. To

the fourth terminal of the adder 255, the output terminal of the NOR gate 263, the fourth

terminal of the adder 254, the fourth terminal of the adder 256, the fourth terminal of the

adder 257, the fourth terminal of the adder 258, and the fourth terminal of the adder 259

are connected. To a fifth terminal of the adder 255, a first termmal of the adder 256 is

connected and the fifth terminal of the adder 255 outputs a signal SET CNTl.

[0066]

To the first terminal of the adder 256, the fifth terminal of the adder 255 is

connected and the signal SET CNTl is input. To the second terminal of the adder 256,

the second terminal of the adder 254, the second terminal of the adder 255, the second

terminal of the adder 257, the second terminal of the adder 258, and the second terminal

of the adder 259 are connected, and the clock signal CLK is input. To the third

terminal of the adder 256, the third terminal of the adder 254, the third terminal of the

adder 255, the third terminal of the adder 257, the third terminal of the adder 258, and

the third terminal of the adder 259 are connected, and the reset signal RST is input. To

the fourth terminal of the adder 256, the output terminal of the NOR gate 263, the fourth

terminal of the adder 254, the fourth terminal of the adder 255, the fourth terminal of the

adder 257, the fourth terminal of the adder 258, and the fourth terminal of the adder 259

are connected. To a fifth terminal of the adder 256, a first terminal of the adder 257 is

connected and the fifth terminal of the adder 256 outputs a signal SET CNT2.

[0067]



To the first terminal of the adder 257, the fifth terminal of the adder 256 is

connected and the signal SET CNT2 is input. To the second terminal of the adder 257,

the second terminal of the adder 254, the second terminal of the adder 255, the second

terminal of the adder 256, the second terminal of the adder 258, and the second terminal

of the adder 259 are connected, and the clock signal CLK is input. To the third

terminal of the adder 257, the third terminal of the adder 254, the third terminal of the

adder 255, the third terminal of the adder 256, the third terminal of the adder 258, and

the third terminal of the adder 259 are connected, and the reset signal RST is input. To

the fourth terminal of the adder 257, the output terminal of the NOR gate 263, the fourth

terminal of the adder 254, the fourth terminal of the adder 255, the fourth terminal of the

adder 256, the fourth terminal of the adder 258, and the fourth terminal of the adder 259

are connected. To a fifth terminal of the adder 257, a first terminal of the adder 258 is

connected and the fifth terminal of the adder 257 outputs a signal SET CNT3.

[0068]

To the first terminal of the adder 258, the fifth terminal of the adder 257 is

connected and the signal SET_CNT3 is input. To the second terminal of the adder 258,

the second terminal of the adder 254, the second terminal of the adder 255, the second

terminal of the adder 256, the second terminal of the adder 257, and the second terminal

of the adder 259 are connected, and the clock signal CLK is input. To the third

terminal of the adder 258, the third terminal of the adder 254, the third terminal of the

adder 255, the third terminal of the adder 256, the third terminal of the adder 257, and

the third terminal of the adder 259 are connected, and the reset signal RST is input. To

the fourth terminal of the adder 258, the output terminal of the NOR gate 263, the fourth

terminal of the adder 254, the fourth terminal of the adder 255, the fourth terminal of the

adder 256, the fourth terminal of the adder 257, and the fourth terminal of the adder 259

are connected. To a fifth terminal of the adder 258, a first terminal of the adder 259 is

connected and the fifth terminal of the adder 258 outputs a signal SET CNT4.

[0069]

To the first terminal of the adder 259, the fifth terminal of the adder 258 is

connected and the signal SET CNT4 is input. To the second terminal of the adder 259,

the second terminal of the adder 254, the second terminal of the adder 255, the second



terminal of the adder 256, the second terminal of the adder 257, and the second terminal

of the adder 258 are connected, and the clock signal CLK is input. To the third

terminal of the adder 259, the third terminal of the adder 254, the third terminal of the

adder 255, the third terminal of the adder 256, the third terminal of the adder 257, and

the third terminal of the adder 258 are connected, and the reset signal RST is input. To

the fourth terminal of the adder 259, the output terminal of the NOR gate 263, the fourth

terminal of the adder 254, the fourth terminal of the adder 255, the fourth terminal of the

adder 256, the fourth terminal of the adder 257, and the fourth terminal of the adder 258

are connected. A fifth terminal of the adder 259 outputs a signal SET CNT5.

[0070]

FIG. 10 illustrates a circuit diagram of each of the adders 254 to 259. Each of

the adders 254 to 259 includes an AND gate 221, an AND gate 222, an OR gate 224, an

XOR gate 225, an XOR gate 226, and a flip flop 227.

[0071]

To a first input terminal of the AND gate 221, a first input terminal of the XOR

gate 225 is connected and a control signal CONT is input. The control signal CONT is

a signal which indicates the adder at the subsequent stage that either addition or

subtraction is to be performed. To a second input terminal of the AND gate 221, a

second input terminal of the XOR gate 225 and a fourth terminal of the flip flop 227 are

connected. To an output terminal of the AND gate 221, a first input terminal of the OR

gate 224 is connected.

[0072]

To a first input terminal of the AND gate 222, a first input terminal of the XOR

gate 226 is connected and the input signal CIN is input. To a second input terminal of

the AND gate 222, an output terminal of the XOR gate 225 and a second input terminal

of the XOR gate 226 are connected. To an output terminal of the AND gate 222, a

second input terminal of the OR gate 224 is connected.

[0073]

To the first input terminal of the OR gate 224, the output terminal of the AND

gate 221 is connected. To the second input terminal of the OR gate 224, the output

terminal of the AND gate 222 is connected. An output terminal of the OR gate 224

outputs an output signal COUT.



[0074]

To the first input terminal of the XOR gate 225, the first input terminal of the

AND gate 221 is connected and the control signal CONT is input. To the second input

terminal of the XOR gate 225, the second input terminal of the AND gate 221 and the

fourth terminal of the flip flop 227 are connected. To the output terminal of the XOR

gate 225, the second input terminal of the AND gate 222 and the second input terminal

of the XOR gate 226 are connected.

[0075]

To the first input terminal of the XOR gate 226, the first input terminal of the

AND gate 222 is connected and the input signal CIN is input. To the second input

terminal of the XOR gate 226, the second input terminal of the AND gate 222 and the

output terminal of the XOR gate 225 are connected. To an output terminal of the XOR

gate 226, a first terminal the flip flop 227 is connected.

[0076]

To the first terminal of the flip flop 227, the output terminal of the XOR gate

226 is connected. To a second terminal of the flip flop 227, the reset signal RST is

input. To a third terminal of the flip flop 227, the clock signal CLK is input. To the

fourth terminal of the flip flop 227, the second input terminal of the AND gate 221 and

the second input terminal of the XOR gate 225 is connected.

[0077]

The digital pulse width modulator 152b sets the pulse width of the pulse width

modulation in accordance with an integrated digital signal. Thus, a digital pulse width

modulation process is performed. The pulse width modulation output signal PWM

which has been subjected to digital pulse width modulation is input to the pulse width

modulation output driver 153.

[0078]

FIG. 11 and FIG. 12 illustrate specific circuit structures of the digital pulse

width modulator 152b. The count comparison circuit 203 in FIG. 11 and the latch

circuit 204 in FIG. 12 are specific examples of the digital pulse width modulator 152b.

The count comparison circuit 203 compares the predetermined value of the duty ratio

determined by the signals SET-CNT0 to SET-CNT5 and the value of the signals CNT0

to CNT5, and generates the pulse width modulation output signal PWM when they



much.

[0079]

FIG. 11 illustrates a circuit diagram of the count comparison circuit 203.

[0080]

The count comparison circuit 203 includes an XOR gate 271, an XOR gate 272,

an XOR gate 273, an XOR gate 274, an XOR gate 275, an XOR gate 276, a NAND gate

277, an AND gate 278, an OR gate 279, a NAND gate 281, and a NAND gate 282.

[0081] \

To a first input terminal of the XOR gate 271, a first input terminal of the

NAND gate 281 is connected, and the signal CNT0 is input. To a second input

terminal of the XOR gate 271, the signal SET CNT0 is input. To an output terminal

of the XOR gate 271, a first input terminal of the NAND gate 282 is connected.

[0082]

To a first input terminal of the XOR gate 272, a second input terminal of the

NAND gate 281 is connected, and the signal CNT1 is input. To a second input

terminal of the XOR gate 272, the signal SET CNTl is input. To an output terminal

of the XOR gate 272, a second input terminal of the NAND gate 282 is connected.

[0083]

To a first input terminal of the XOR gate 273, a third input terminal of the

NAND gate 281 is connected, and the signal CNT2 is input. To a second input

terminal of the XOR gate 273, the signal SET CNT2 is input. To an output terminal

of the XOR gate 273, a third input terminal of the NAND gate 282 is connected.

[0084]

To a first input terminal of the XOR gate 274, a fourth input terminal of the

NAND gate 281 is connected, and the signal CNT3 is input. To a second input

terminal of the XOR gate 274, a first input terminal of the NAND gate 277 and a first

input terminal of the AND gate 278 are connected, and the signal SET CNT3 is input.

To an output terminal of the XOR gate 274, a fourth input terminal of the NAND gate

282 is connected.

[0085]

To a first input terminal of the XOR gate 275, a fifth input terminal of the



NAND gate 281 is connected, and the signal CNT4 is input. To a second input

terminal of the XOR gate 275, a second input terminal of the NAND gate 277 and a

second input terminal of the AND gate 278 are connected, and the signal SET CNT4 is

input. To an output terminal of the XOR gate 275, a fifth input terminal of the NAND

gate 282 is connected.

[0086]

To a first input terminal of the XOR gate 276, a sixth input terminal of the

NAND gate 281 is connected, and the signal CNT5 is input. To a second input

terminal of the XOR gate 276, a third input terminal of the NAND gate 277 and a third

input terminal of the AND gate 278 are connected, and the signal SET CNT5 is input.

To an output terminal of the XOR gate 276, a sixth input terminal of the NAND gate

282 is connected.

[0087]

To the first input terminal of the NAND gate 277, the second input terminal of

the XOR gate 274 and the first input terminal of the AND gate 278 are connected, and

the signal SET CNT3 is input. To the second input terminal of the NAND gate 277,

the second input terminal of the XOR gate 275 and the second input terminal of the

AND gate 278 are connected, and the signal SET CNT4 is input. To the third input

terminal of the NAND gate 277, the second input terminal of the XOR gate 276 and the

third input terminal of the AND gate 278 are connected, and the signal SET CNT5 is

input. To an output terminal of the NAND gate 277, a first input terminal of the OR

gate 279 is connected.

[0088]

To the first input terminal of the AND gate 278, the second input terminal of

the XOR gate 274 and the first input terminal of the NAND gate 277 are connected, and

the signal SET CNT3 is input. To the second input terminal of the AND gate 278, the

second input terminal of the XOR gate 275 and the second input terminal of the NAND

gate 277 are connected, and the signal SET CNT4 is input. To the third input terminal

of the AND gate 278, the second input terminal of the XOR gate 276 and the third input

terminal of the NAND gate 277 are connected, and the signal SET CNT5 is input. To

an output terminal of the AND gate 278, a second input terminal of the OR gate 279 is



connected.

[0089]

To the first input terminal of the OR gate 279, the output terminal of the NAND

gate 277 is connected. To the second input terminal of the OR gate 279, the output

terminal of the AND gate 278 is connected. An output terminal of the OR gate 279

outputs the limit signal LIMIT.

[0090]

To the first input terminal of the NAND gate 281, the first input terminal of the

XOR gate 271 is connected, and the signal CNT0 is input. To the second input

terminal of the NAND gate 281, the first input terminal of the XOR gate 272 is

connected, and the signal CNT1 is input. To the third input terminal of the NAND

gate 281, the first input terminal of the XOR gate 273 is connected, and the signal

CNT2 is input. To the fourth input terminal of the NAND gate 281, the first input

terminal of the XOR gate 274 is connected, and the signal CNT3 is input. To the fifth

input terminal of the NAND gate 281, the first input terminal of the XOR gate 275 is

connected, and the signal CNT4 is input. To the sixth input terminal of the NAND

gate 281, the first input terminal of the XOR gate 276 is connected, and the signal

CNT5 is input. A output terminal of the NAND gate 281 outputs the signal

LOW-SET.

[0091]

To the first input terminal of the NAND gate 282, the output terminal of the

XOR gate 271 is connected. To the second input terminal of the NAND gate 282, the

output terminal of the XOR gate 272 is connected. To the third input terminal of the

NAND gate 282, the output terminal of the XOR gate 273 is connected. To the fourth

input terminal of the NAND gate 282, the output terminal of the XOR gate 274 is

connected. To the fifth input terminal of the NAND gate 282, the output terminal of

the XOR gate 275 is connected. To the sixth input terminal of the NAND gate 282, the

output terminal of the XOR gate 276 is connected. An output terminal of the NAND

gate 282 outputs the signal HIGH-SET.

[0092]

FIG. 12 is a circuit diagram of the latch circuit 204. The latch circuit 204

includes a flip flop 241, a flip flop 242, a NOR gate 243, and a NOR gate 244.



[0093]

To a first terminal of the flip flop 241, the signal LOW-SET is input. To a

second terminal of the flip flop 241, a second terminal of the flip flop 242, a second

input terminal of the NOR gate 243, and a second input terminal of the NOR gate 244

are connected, and the reset signal RST is input. To a third terminal of the flip flop

241, a third terminal of the flip flop 242 is connected, and the clock signal CLK is input.

To a fourth terminal of the flip flop 241, a first input terminal of the NOR gate 243 is

connected.

[0094]

To a first terminal of the flip flop 242, the signal HIGH-SET is input. To the

second terminal of the flip flop 242, the second terminal of the flip flop 241, the second

input terminal of the NOR gate 243, and the second input terminal of the NOR gate 244

are connected, and the reset signal RST is input. To the third terminal of the flip flop

242, the third terminal of the flip flop 241 is connected, and the clock signal CLK is

input. To a fourth terminal of the flip flop 242, a first input terminal of the NOR gate

244 is connected.

[0095]

To the first input terminal of the NOR gate 243, the fourth terminal of the flip

flop 241 is connected. To the second input terminal of the NOR gate 243, the second

terminal of the flip flop 241, the second terminal of the flip flop 242, and the second

input terminal of the NOR gate 244 are connected, and the reset signal RST is input.

To a third input terminal of the NOR gate 243, an output terminal of the NOR gate 244

is connected. To an output terminal of the NOR gate 243, a third input terminal of the

NOR gate 244 is connected.

[0096]

To the first input terminal of the NOR gate 244, the fourth terminal of the flip

flop 242 is connected. To the second input terminal of the NOR gate 244, the second

terminal of the flip flop 241, the second terminal of the flip flop 242, and the second

input terminal of the NOR gate 243 are connected, and the reset signal RST is input.

To the third input terminal of the NOR gate 244, the output terminal of the NOR gate

243 is connected. To the output terminal of the NOR gate 244, the third input terminal

of the NOR gate 243 is connected. The output terminal of the NOR gate 244 outputs



the pulse width modulation output signal PWM.

[0097]

A digital pulse width modulation will now be described with reference to FIGS.

2Ato 2C.

[0098]

A pulse width of the digital pulse signal PULSE is referred to as W and a pulse

period thereof is referred to as T (see FIG. 2A). The pulse signal PULSE is generated

based on a clock from the clock divider 155 and the phase which is controlled by the

signals SET CNT0 to SET_CNT5. The pulse signal PULSE corresponds to the pulse

width modulation output signal PWM. The duty ratio D i is given by the following

FORMULA 1.

[0099]

[FORMULA 1]

Di=(W/T)=(i/2 ) (i=l, 2, ) (FORMULA 1)

[0100]

FIG. 2A shows the pulse signals PULSE of the case where n=6 and i=32 in

FORMULA 1, FIG. 2B shows the pulse signals PULSE of the case where n=6 and i=48

in FORMULA 1, and FIG. 2C shows the pulse signals PULSE of the case where n=6

and i=16 in FORMULA 1.

[0101]

When i is 32, the duty ratio D32 is 0.5; when i is 48, the duty ratio D48 is 0.75;

and when i is 16, the duty ratio D16 is 0.25. A power source voltage Vdd described

below is generated according to the duty ratio. A digital signal is thus converted into

an analog signal, whereby a process similar to a process by a DA converter is

performed.

[0102]

By way of example, a method of outputting a 15.525-kHz pulse width

modulation output signal which is pulse width modulated using a 1-MHz clock will be

described.

[0103]

When a 15.525-kHz (64- ) pulse width modulation output signal is generated



using a 1 MHz (1 µ clock, 64-phase pulse width modulation output signal can be

output.

[0104]

The pulse width modulation output signal which undergoes digital pulse width

modulation is input to the pulse width modulation output driver 153. The pulse width

modulation output signal is increased in intensity by the pulse width modulation output

driver 153. In other words, the pulse width modulation output signal is amplified by

the pulse width modulation output driver 153.

[0105]

The pulse width modulation output signal with increased signal intensity is

input to the low pass filter 154 which is a smoothing circuit.

[0106]

The low pass filter 154 blocks a high-frequency component of the pulse width

modulation output signal and the pulse width modulation output signal is smoothed.

Using the pulse width modulation output signal input to the low pass filter 154, voltage

corresponding to the duty ratio is output. The output voltage Verr is expressed as

follows: Output voltage Verr=(duty ratio)x(power source voltage of the pulse width

modulation output driver 153).

[0107]

In other words, a digital signal becomes an analog signal; thus, a process

similar to a process by a DA converter is performed. In addition, frequency response

is performed by the low pass filter 154.

[0108]

I this embodiment, by using the digital control circuit 150, degradation of

circuit operation of the power source circuit 101 can be reduced.

[0109]

In addition, by using the digital control circuit 150 in the power source circuit

101, the area of the power source circuit can be reduced.

[0110]

Another element in the control circuit 103 will be described below.

[0111]



The triangle wave generator circuit 121 generates a triangle wave Vosc which

is needed for a pulse width modulation signal.

[0112]

To an inverted input terminal of the pulse width modulation output driver 123,

the output voltage Verr of the digital control circuit 150 is input, while to a non-inverted

input terminal, the triangle wave Vosc generated by the triangle wave generator circuit

121 is input.

[0113]

The pulse width modulation output driver 123 compares the output voltage

Verr of the digital control circuit 150 with a signal level of the triangle wave Vosc.

When the signal level of the triangle wave Vosc is higher than the signal level of the

output voltage Verr of the digital control circuit 150, the pulse width modulation output

driver 123 outputs H (high level) as the pulse width modulation signal to the transistor

111. When the signal level of the triangle wave Vosc is lower than the signal level of

the output voltage Verr of the digital control circuit 150, the pulse width modulation

output driver 123 outputs L (low level) as the pulse width modulation signal to the

transistor 111.

[0114]

By reducing analog circuits, even when characteristics of the elements in the

circuit are varied, degradation of circuit operation can be reduced.

[0115]

In addition, suppression of degradation of circuit operation can reduce causes

of malfunction of electrical elements including the power source circuit and electrical

appliances including the electrical element.

[0116]

By reducing analog circuits, provision of analog circuits with a large area can

be reduced.

[0117]

By reducing provision of analog circuits with a large area, the area of an

integrated circuit and the area of an electrical appliance including the integrated circuit

can be reduced. Accordingly, the cost of the integrated circuit and the cost of the

electrical appliance including the integrated circuit can be reduced.



[0118]

In addition, since the digital circuit outputs only either 1 or 0 (zero), all the

transistors in the digital circuit can be of the same conductivity type, e.g., n-type. A

complicated analog signal processing is very difficult for an analog circuit transistors of

which have the same conductivity type. Thus, a digital circuit can be formed using

transistors which have the same conductivity type in this embodiment.

[0119]

[Embodiment 2]

In this embodiment, the transistor 111 and a transistor in each of the

comparator 151, the digital arithmetic process circuit 152, and the pulse width

modulation output driver 153 in Embodiment 1 will be described.

[0120]

This embodiment will be described with reference FIGS. 3A and 3B and FIGS.

4Ato 4E.

[0121]

FIGS. 3A and 3B show an example of a top-surface structure and

cross-sectional structure of a transistor. FIG. 3A is a top view of a top-gate transistor

410, while FIG. 3B is a cross-sectional view taken along line A-A' in FIG. 3A.

[0122]

The transistor 410 includes an oxide semiconductor film 412, a first electrode

(one of a source electrode and a drain electrode) 415a, a second electrode (the other of

the source electrode and the drain electrode) 415b, a gate insulating film 402, and a gate

electrode 411. A first wiring 414a and a second wiring 414b are in contact with and

electrically connected to the first electrode 415a and the second electrode 415b,

respectively. In the transistor 410, the first electrode 415a and the second electrode

415b, which are the source electrode and the drain electrode, are in contact with a top

surface of the oxide semiconductor film 412 including a channel formation region;

therefore, the transistor 410 can be referred to as a top-contact transistor.

[0123]

Note that although the transistor 410 in FIG. 3A is a single-gate transistor, one

embodiment of the disclosed invention is not limited to this structure. The transistor

may be a multi-gate transistor including gate electrodes and channel formation regions.



[0124]

Note that while the transistor in FIGS. 3A and 3B includes the first electrode

(the one of the source electrode and the drain electrode) 415a and the second electrode

(the other of the source electrode and the drain electrode) 415b formed over the oxide

semiconductor film 412 including the channel formation region, one embodiment of the

disclosed invention is not limited thereto. The oxide semiconductor film 412 including

the channel formation region may be formed over the first electrode (the one of the

source electrode and the drain electrode) 415a and the second electrode (the other of the

source electrode and the drain electrode) 415b.

[0125]

Further, while the transistor in FIGS. 3A and 3B is a top-gate transistor, one

embodiment of the disclosed invention is not limited to this structure. The transistor

410 may be a bottom-gate transistor. Further, when the transistor 410 is a bottom-gate

transistor, either the source electrode and the drain electrode or the oxide semiconductor

film including the channel formation region may lie over the other. In other words, the

source electrode and the drain electrode may be formed over the oxide semiconductor

film including a channel formation region; alternatively, the oxide semiconductor film

including a channel formation region may be formed over the source electrode and the

drain electrode.

[0126]

When a high-purity oxide semiconductor film is used as the oxide

semiconductor film 412 of the transistor 410, characteristics of the transistor 410 are

improved. Characteristics of such a high-purity oxide semiconductor film and

characteristics of a transistor including the high-purity oxide semiconductor film will be

described below in detail.

[0127]

In the high-purity oxide semiconductor film, impurities that adversely affect

the electrical characteristics of the transistor including the oxide semiconductor film are

reduced to a very low level. A typical example of impurities which adversely affect

the electric characteristics is hydrogen. Hydrogen is an impurity which may be a

supplier (a donor) of carriers in an oxide semiconductor film. When the oxide

semiconductor includes a large amount of hydrogen, the oxide semiconductor film



might have n-type conductivity. Thus, a transistor including an oxide semiconductor

which includes a large amount of hydrogen may be a normally-on transistor, and the

on/off ratio of the transistor cannot be sufficiently high. In this specification, a

"high-purity oxide semiconductor" is an intrinsic or substantially intrinsic oxide

semiconductor from which hydrogen is reduced as much as possible. As an example

of a high-purity oxide semiconductor, there is an oxide semiconductor in which carrier

concentration is lower than 1 x 10 14 /cm3, preferably lower than 1 x 1012 /cm3, more

1preferably lower than 1 x 10 /cm or lower than 6.0 x 10 /cm . A transistor

including a high-purity oxide semiconductor which is obtained by drastic removal of

hydrogen in an oxide semiconductor film for a channel formation region has much

lower off-state current than a transistor including silicon for a channel formation region,

for example. Further, in this embodiment, a transistor including a high-purity oxide

semiconductor is an n-channel transistor in the following description.

[0128]

Note that in this specification, off-current (also referred to as leakage current)

refers to current flowing between a source and a drain of an n-channel transistor having

a positive threshold voltage Vth, when a given gate voltage in the range of equal to or

greater than -20 V and equal to or less than - 5 V is applied at room temperature. Note

that the room temperature is equal to or higher than 15 °C and equal to or lower than 25

°C. The current value per micrometer of channel width (w) of a transistor using an

oxide semiconductor disclosed in this specification is 100 zA or less, and preferably 10

zA or less at room temperature.

[0129]

Note that the resistance at the time when the transistor is off (off-state

resistance R) can be calculated using Ohm's law when the off-state current and the drain

voltage are obtained. Further, the off-state resistivity p can be calculated using the

formula p = RAIL (where R is the off-state resistance), when the cross-sectional area A

of the channel formation region and the channel length L are obtained. The off-state

resistivity is preferably higher than or equal to lxlO 9 Ω -m (or higher than or equal to 1

x 1010 Ω -m). The cross-section area A can be obtained in accordance with the formula

A = dW where d is the thickness of the channel formation region and W is the channel



width.

[0130]

In addition, the energy gap of the oxide semiconductor film is 2 eV or more,

preferably 2.5 eV or more, more preferably 3 eV or more.

[0131]

Moreover, a transistor including a high-purity oxide semiconductor has

favorable temperature characteristics. Specifically, in the temperature range of from

-25 °C to 150 °C, the current-voltage characteristics of the transistor, such as on-state

current, off-state current, field-effect mobility, a subthreshold value (an S value), and

threshold voltage, hardly change. This means that the current-voltage characteristics

are hardly deteriorated by the temperature.

[0132]

Next, hot-carrier degradation of a transistor including an oxide semiconductor

will be described.

[0133]

The hot-carrier degradation refers to a phenomenon in which electrons that are

accelerated to high speed become fixed charges by being injected into a gate insulating

film from a channel in the vicinity of drain or form a trap level at the interface between

the gate insulating film and the oxide semiconductor film, and thereby causing

deterioration such as change in threshold voltage or gate leakage current. The causes

of the hot-carrier degradation are channel-hot-electron injection (CHE injection) and

drain-avalanche-hot-carrier injection (DAHC injection).

[0134]

Since the band gap of silicon is as small as 1.12 eV, electrons are likely to be

generated like an avalanche because of avalanche breakdown, and the number of

electrons that are accelerated to high speed and go over a barrier to the gate insulating

film is increased. In contrast, the oxide semiconductor described in this embodiment

has a wide band gap of 3.15 eV; therefore, the avalanche breakdown is unlikely to occur

and resistance to hot-carrier degradation is higher than that of silicon.

[0135]

Note that the band gap of silicon carbide, which is one of the materials having

a high breakdown voltage, and the band gap of the oxide semiconductor are



approximately the same. However, electrons are less likely to be accelerated in an

oxide semiconductor because the mobility of an oxide semiconductor is smaller than

that of silicon carbide by approximately two orders of magnitude. Further, since a

barrier between an oxide semiconductor and an oxide film that is a gate insulating film

is larger than a barrier between silicon carbide, gallium nitride, or silicon and the oxide

film; therefore, in an oxide semiconductor, the number of electrons injected to the oxide

film is extremely small. Because the number of electrons injected to the oxide film is

extremely small, an oxide semiconductor has less hot carrier degradation and higher

drain breakdown voltage than silicon carbide, gallium nitride, or silicon. Therefore, it

is not necessary to intentionally form low-concentration impurity regions between an

oxide semiconductor functioning as a channel and a source and drain electrodes; thus,

the structure of the transistor can be significantly simplified and the number of

manufacturing steps can be reduced.

[0136]

From the above, a transistor including an oxide semiconductor has high drain

breakdown voltage of, specifically, 100 V or more, preferably 500 V, more preferably 1

kV or more.

[0137]

Next, a manufacturing process of the transistor 410 will be described with

reference to FIGS . 4A to 4E.

[0138]

First, an insulating layer 407 serving as a base film is formed over a substrate

400.

[0139]

Although there is no particular limitation on a substrate that can be used as the

substrate 400, the substrate needs to have heat resistance high enough to withstand at

least heat treatment to be performed later. In the case where the temperature of the

heat treatment to be performed later is high, a substrate having a strain point of 730 °C

or higher is preferably used. Specific examples of the substrate 400 include a glass

substrate, a crystalline glass substrate, a ceramic substrate, a quartz substrate, a sapphire

substrate, and a plastic substrate. Further, specific examples of a material of the glass

substrate include aluminosilicate glass, aluminoborosilicate glass, and barium



borosilicate glass.

[0140]

As the insulating layer 407, an oxide insulating layer such as a silicon oxide

layer, a silicon oxynitride layer, an aluminum oxide layer, or an aluminum oxynitride

layer is preferably used. The insulating layer 407 can be formed by a plasma CVD

method, a sputtering method, or the like. In order to prevent the insulating layer 407

from including a large amount of hydrogen, the insulating layer 407 is preferably

formed by a sputtering method. In this embodiment, a silicon oxide layer is formed as

the insulating layer 407 by a sputtering method. Specifically, the substrate 400 is

transferred to a process chamber and a sputtering gas including high-purity oxygen from

which hydrogen and moisture are removed is introduced, and a target of silicon or

silicon oxide is used, whereby a silicon oxide layer is formed as the insulating layer 407

over the substrate 400. Note that the substrate 400 may be kept at room temperature or

may be heated during deposition.

[0141]

A specific example of a deposition condition for a silicon oxide layer is as

follows: quartz (preferably, synthetic quartz) is used as the target; the substrate

temperature is 108 °C; the distance between a target and the substrate 400 (T-S distance)

is 60 mm; the pressure is 0.4 Pa; the high-frequency power is 1.5 kW; the atmosphere is

oxygen and argon (the oxygen flow rate 25 seem : the argon flow rate 25 seem = 1:1);

and an RF sputtering method is used. The thickness of the film is 100 nm. Note that

a silicon target may be used as the target instead of the quartz (preferably, synthetic

quartz) target. Further, an oxygen gas may be used as a sputtering gas instead of a

mixed gas of oxygen and argon. Here, a sputtering gas for forming the insulating layer

407 is a high-purity gas in which impurities such as hydrogen, water, hydroxyl, or

hydride are reduced to such a level that the concentration thereof can be expressed in

ppm or ppb.

[0142]

Further, it is preferable that the insulating layer 407 be formed while moisture

remaining in the process chamber is removed so that the insulating layer 407 may be

prevented from including hydrogen, hydroxyl, moisture, or the like.



[0143]

In order to remove moisture remaining in the process chamber, an entrapment

vacuum pump may be used. For example, a cryopump, an ion pump, or a titanium

sublimation pump can be used. Further, as an evacuation means, a turbo pump is

preferably used in combination with a cold trap. A process chamber which is

evacuated with a cryopump is preferable because hydrogen atoms, compounds

including a hydrogen atom such as water (H20), or the like are exhausted from the

process chamber and thus hydrogen atoms are hardly included in the insulating layer

407 formed in the process chamber.

[0144]

Examples of a sputtering method include an RF sputtering method in which a

high-frequency power source is used for a sputtering power supply, a DC sputtering

method, and a pulsed DC sputtering method in which a bias is applied in a pulsed

manner. An RF sputtering method is mainly used in the case where an insulating film

is formed, and a DC sputtering method is mainly used in the case where a metal film is

formed.

[0145]

In addition, there is also a multi-source sputtering apparatus in which a

plurality of targets of different materials can be set. With the multi-source sputtering

apparatus, films of different materials can be formed to be stacked in one chamber, or a

film can be formed by electric discharge of plural kinds of materials at the same time in

one chamber.

[0146]

Further, a sputtering apparatus provided with a magnet system inside the

chamber and used for a magnetron sputtering method, or a sputtering apparatus used for

an ECR sputtering method in which plasma generated with the use of microwaves is

used without using glow discharge can be used.

[0147]

Further, as a deposition method using a sputtering method, there are also a

reactive sputtering method in which a target substance and a sputtering gas component

are chemically reacted with each other during the deposition to form a thin compound

film thereof, and a bias sputtering method in which voltage is also applied to a substrate



during the deposition.

[0148]

The structure of the insulating layer 407 is not limited to a single-layer

structure and may be a stacked-layer structure. For example, the insulating layer 407

may have a stacked-layer structure in which a nitride insulating layer such as a silicon

nitride layer, a silicon nitride oxide layer, an aluminum nitride layer, or an aluminum

nitride oxide layer and the above oxide insulating layer are stacked in this order over the

substrate 400.

[0149]

For example, a sputtering gas including high-purity nitrogen is introduced and

a silicon nitride layer is formed using a silicon target, and then the sputtering gas is

changed to a gas including high-purity oxygen and a silicon oxide layer is formed. In

this case also, it is preferable that the silicon nitride layer or a silicon oxide layer be

formed while moisture remaining in the process chamber is removed as in the above

case. Further, the substrate may be heated during deposition.

[0150]

Then, an oxide semiconductor film is formed over the insulating layer 407 by a

sputtering method.

[0151]

Further, in order that hydrogen, hydroxyl, and moisture be contained in the

oxide semiconductor film as little as possible, it is preferable that the substrate 400 over

which the insulating layer 407 is formed be preheated in a preheating chamber of a

sputtering apparatus as pretreatment for the deposition so that impurities such as

hydrogen and moisture adsorbed to the substrate 400 may be removed and evacuated.

Note that an evacuation means in the preheating chamber is preferably a cryopump so as

to evacuate hydrogen atoms, compounds containing hydrogen atoms like water (H20),

and the like. Further, this preheating is preferably performed on the substrate 400

before the formation of the gate insulating film 402, which is formed later. Further,

this preheating is preferably performed similarly on the substrate 400 over which

components up to the first electrode 415a and the second electrode 415b are formed.

Note that this preheating treatment may be omitted.

[0152]



Note that before the oxide semiconductor film is formed by a sputtering

method, dust attached to a surface of the insulating layer 407 is preferably removed by

reverse sputtering in which an argon gas is introduced and plasma is generated. The

reverse sputtering refers to a method in which an RF power source is used for

application of voltage to a substrate in an argon atmosphere and plasma is generated in

the vicinity of the substrate to modify the surface. Note that instead of an argon

atmosphere, nitrogen, helium, oxygen, or the like may be used.

[0153]

As a target for forming the oxide semiconductor film, a metal oxide target

including zinc oxide as its main component can be used. As the target, a target having

a composition ratio in which In20 3:Ga20 3:ZnO=l:l:l (molar ratio) a target having a

composition ratio in which In20 3:Ga 0 3:ZnO=l:l:2 (molar ratio), or a target having a

composition ratio in which In20 3:Ga20 3:ZnO=l:l:4 (molar ratio) can be used. The

filling factor of the target including In, Ga, and Zn is 90 % or higher and 100 % or lower,

and preferably 95 % or higher and lower than 100 %. With the use of a target with

high filling factor, the resulting oxide semiconductor film has high density.

[0154]

Note that the oxide semiconductor film may be formed in a rare gas (typically,

argon) atmosphere, an oxygen atmosphere, or a mixed atmosphere of a rare gas and

oxygen. Here, a sputtering gas for forming the oxide semiconductor film is a

high-purity gas in which impurities such as hydrogen, water, hydroxyl, or hydride are

reduced to such a level that the concentration thereof can be expressed in ppm Or ppb.

[0155]

The oxide semiconductor film is formed over the substrate 400 in such a

manner that the substrate is held in a process chamber under reduced pressure, a

sputtering gas from which hydrogen and moisture are removed is introduced while

moisture remaining in the process chamber is removed, and metal oxide is used as a

target. In order to remove moisture remaining in the process chamber, an entrapment

vacuum pump is preferably used. For example, a cryopump, an ion pump, or a

titanium sublimation pump is preferably used. Further, as an evacuation means, a

turbo pump provided with a cold trap may be used. In a deposition chamber which is



evacuated with a cryopump, hydrogen atoms, compounds and the like including

hydrogen atoms like water (H 0 ) (and preferably, a compound including a carbon atom)

are exhausted. Accordingly, the concentration of impurities in the oxide

semiconductor film formed in this deposition chamber can be reduced. Further, the

substrate temperature may be kept at room temperature or may be increased to a

temperature lower than 400 °C during the deposition of the oxide semiconductor film.

[0156]

As an example of the deposition condition of the oxide semiconductor film, the

following condition can be given: the temperature of the substrate is room temperature;

the distance between the substrate and the target is 110 mm; the pressure is 0.4 Pa; the

direct current (DC) power supply is 0.5 kW; and the atmosphere is oxygen and argon

(the Oxygen flow rate 15 seem : the argon flow rate 30 seem = 1:2). Note that a pulse

direct current (DC) power supply is preferable because dust can be reduced and the film

thickness can be uniform. The thickness of the oxide semiconductor film is preferably

2 nm or more and 200 nm or less, preferably 5 nm or more and 30 n or less. Note

that an appropriate thickness of the oxide semiconductor film is different depending on

the material; therefore, the thickness may be determined as appropriate depending on

the material.

[0157]

Although an In-Ga-Zn-O-based oxide that is a three-component metal oxide is

used as the oxide semiconductor in the above example, the following oxide

semiconductors can also be used: In-Sn-Ga-Zn-O-based oxide that is a four-component

metal oxide; In-Sn-Zn-O-based oxide, In-Al-Zn-O-based oxide, Sn-Ga-Zn-O-based

oxide, Al-Ga-Zn-O-based oxide, or Sn-Al-Zn-O-based oxide that is a three-component

metal oxide; In-Zn-O-based oxide, Sn-Zn-O-based oxide, Al-Zn-O-based oxide,

Zn-Mg-O-based oxide, Sn-Mg-O-based oxide, or In-Mg-O-based oxide that is a

two-component metal oxide; In-O-based oxide; Sn-O-based oxide; Zn-O-based oxide;

and the like. An oxide semiconductor layer may include Si. The oxide

semiconductor layer may be amorphous or crystalline. Further, the oxide

semiconductor layer may be non-single-crystal or single crystal.

[0158]



Note that in this specification, a three-component metal oxide refers to a

substance including three kinds of metal elements in addition to oxygen (O). Similarly,

a four-component metal oxide refers to a substance including four kinds of metal

elements in addition to oxygen (O), and a two-component metal oxide refers to a

substance including two kinds of metal elements in addition to oxygen (O).

[0159]

Note that as the oxide semiconductor film, a thin film expressed by

InM0 3(ZnO) (m > 0) can be used. Here, M represents one or more metal elements

selected from Ga, Al, Mn, and Co. For example, M can be Ga, Ga and Al, Ga and Mn,

or Ga and Co.

[0160]

Then, an oxide semiconductor film is processed into the island-shaped oxide

semiconductor film 412 by a first photolithography step (see FIG 4A). Note that a

resist mask for forming the island-shaped oxide semiconductor film 412 may be formed

using an ink jetting method. Formation of the resist mask by an ink jetting method

does not need a photomask; thus, manufacturing cost can be reduced.

[0161]

Note that the etching of the oxide semiconductor film may be dry etching, wet

etching, or both wet etching and dry etching.

[0162]

In the case of dry etching, a parallel plate reactive ion etching (RIE) method or

an inductively coupled plasma (ICP) etching method can be used. In order to etch the

film to form a desired shape, the etching conditions (the amount of electric power

applied to a coil-shaped electrode, the amount of electric power applied to an electrode

on a substrate side, the temperature of the electrode on the substrate side, or the like) are

adjusted as appropriate.

[0163]

As an etching gas for dry etching, a gas including chlorine (a chlorine-based

gas such as chlorine (Cl2), boron trichloride (BC13), silicon tetrachloride (SiCl4), or

carbon tetrachloride (CC14)) is preferable but a gas including fluorine (a fluorine-based

gas such as carbon tetrafluoride (CF4), sulfur hexafluoride (SF ), nitrogen trifluoride

(NF3), or trifluoromethane (CHF3)), hydrogen bromide (HBr), oxygen (0 2), any of these



gases to which a rare gas such as helium (He) or argon (Ar) is added, or the like can be

used.

[0164]

As an etchant used for wet etching, for example, a solution obtained by mixing

phosphoric acid, acetic acid, and nitric acid, and an ammonia peroxide mixture (31 wt%

hydrogen peroxide water: 28 wt% ammonia water: water=5:2:2), or the like can be used.

Further, ITO07N (produced by KANTO CHEMICAL CO., INC.) may be used. The

etching conditions (e.g., an etchant, an etching period, and a temperature) may be

adjusted as appropriate in accordance with a material of the oxide semiconductor.

[0165]

In the case of wet etching, an etchant is removed together with the material

which is etched off by cleaning. The waste liquid including the etchant and the

material which is etched off may be purified and the material may be reused. When a

material (e.g., a rare metal such as indium) included in the oxide semiconductor film is

collected from the waste liquid after the etching and reused, the resources can be

efficiently used.

[0166]

In this embodiment, the oxide semiconductor film is processed into the

island-shaped oxide semiconductor film 412 by a wet etching method using a mixed

solution of phosphoric acid, acetic acid, and nitric acid as an etchant.

[0167]

Then, first heat treatment is performed on the oxide semiconductor film 412.

The temperature of the first heat treatment is 400 °C or higher and 750 °C or lower,

preferably 400 °C or higher and lower than the strain point of the substrate. Here, the

substrate is put in an electric furnace which is one type of heat treatment apparatus and

heat treatment is performed on the oxide semiconductor film in a nitrogen atmosphere at

450 °C for one hour. After that, oxide semiconductor film is prevented from being

exposed to air and so as not to include water or hydrogen. Thus, an oxide

semiconductor film is obtained. By this first heat treatment, hydrogen, water, hydroxyl,

and the like can be removed from the oxide semiconductor film 412.

[0168]



Note that the heat treatment apparatus is not limited to an electric furnace, and

an apparatus may be provided with a device for heating an object by heat conduction or

thermal radiation from a heater such as a resistance heater. For example, a rapid

thermal annealing (RTA) apparatus such as a gas rapid thermal annealing (GRTA)

apparatus or a lamp rapid thermal annealing (LRTA) apparatus can be used. An LRTA

apparatus is an apparatus for heating an object by radiation of light (an electromagnetic

wave) emitted from a lamp such as a halogen lamp, a metal halide lamp, a xenon arc

lamp, a carbon arc lamp, a high-pressure sodium lamp, or a high-pressure mercury lamp.

A GRTA apparatus is an apparatus which performs heat treatment using a

high-temperature gas. As the gas, an inert gas (typically, a rare gas such as argon) or a

nitrogen gas can be used.

[0169]

For example, the first heat treatment can employ GRTA, in which the substrate

is transferred into an inert gas heated to a high temperature of 650 °C to 700 °C, and

heated for several minutes there, and then the substrate is transferred out of the inert gas

heated to a high temperature. With GRTA, high-temperature heat treatment for a short

period of time can be achieved.

[0170]

In the first heat treatment, it is preferable that water, hydrogen, and the like be

not contained in the atmosphere. In addition, a gas such as nitrogen, helium, neon, or

argon which is introduced into a heat treatment apparatus preferably has a purity of 6N

(99.9999 %) or higher, more preferably 7N (99.99999 %) or higher (that is, the

concentration of impurities is 1 ppm or lower, preferably 0.1 ppm or lower).

[0171]

Note that depending on the conditions of the first heat treatment or a material

of the oxide semiconductor film, the oxide semiconductor film 412 may be crystallized

to be microcrystal or polycrystal. For example, the oxide semiconductor film may

crystallize to become a microcrystalline oxide semiconductor film having a crystallinity

of 80 % or more. Note that the island-shaped oxide semiconductor film 412 may be an

amorphous oxide semiconductor film without crystallization after the first heat

treatment. The oxide semiconductor film may become an oxide semiconductor film in



which a macrocrystalline portion (with a grain diameter of 1 n or more and 20 nm or

less, typically 2 nm or more and 4 nm or less) is mixed into an amorphous oxide

semiconductor film.

[0172]

The first heat treatment on the oxide semiconductor film may be performed on

the oxide semiconductor film before being processed into the island-shaped oxide

semiconductor film. In that case, after the first heat treatment, the substrate is taken

out of the heat treatment apparatus and subjected to the first photolithography step. In

addition, the first heat treatment can be performed either after the source electrode and

the drain electrode are stacked over the oxide semiconductor film, or after the gate

insulating layer is formed over the source electrode and the drain electrode.

[0173]

Although the first heat treatment is performed mainly for the purpose of

removing impurities such as hydrogen, water, and hydroxyl from the oxide

semiconductor film, it may generate oxygen defects in the oxide semiconductor film.

Therefore, the first heat treatment is preferably followed by treatment for supplying

oxygen. Specifically, heat treatment in an oxygen atmosphere or an atmosphere

including nitrogen and oxygen (e.g., nitrogen to oxygen is 4 to 1 in volume ratio) may

be performed after the first heat treatment, for example. Further, plasma treatment in

an oxygen atmosphere may be employed.

[0174]

The first heat treatment has an effect of dehydration or dehydrogenation on the

oxide semiconductor film.

[0175]

Then, a conductive film is formed over the insulating layer 407 and the oxide

semiconductor film 412. The conductive film may be formed by a sputtering method

or a vacuum evaporation method. As a material of the conductive film, a metal

material such as Al, Cu, Cr, Ta, Ti, Mo, W, or Y, an alloy material including any of the

metal materials, a conductive metal oxide, and the like can be given. Further, in order

to prevent hillocks or whiskers, an Al material to which an element such as Si, Ti, Ta, W,

Mo, Cr, Nd, Sc, or Y, or the like is added may be used. In this case, heat resistance can

be improved. The conductive metal oxide can be indium oxide (ln20 3), tin oxide



(SnO?), zinc oxide (ZnO), an indium oxide-tin oxide alloy (In20 3-Sn0 2, abbreviated as

ITO), an indium oxide-zinc oxide alloy (In20 3-ZnO), or any of these metal oxide

materials including silicon or silicon oxide.

[0176]

Further, the conductive film may have a single-layer structure or a

stacked-layer structure of two or more layers. For example, a single-layer structure of

an aluminum film including silicon; a two-layer structure of an aluminum film and a

titanium film stacked thereover; and a three-layer structure of a Ti film, an aluminum

film stacked thereover, and a Ti film stacked thereover can be given. Further, a

stacked-layer structure in which a metal layer of Al, Cu, or the like and a refractory

metal layer of Cr, Ta, Ti, Mo, W, or the like are stacked may be employed. In this

embodiment, as the conductive film, a 150-nm-thick titanium film is formed by

sputtering.

[0177]

Then, a resist mask is formed over the conductive film by a second

photolithography step and selective etching is performed, whereby the first electrode

415a and the second electrode 415b are formed, and then, the resist mask is removed

(see FIG. 4B). The first electrode 415a serves as one of a source electrode and a drain

electrode while the second electrode 415b serves as the other of the source electrode and

the drain electrode. Here, the first electrode 415a and the second electrode 415b are

preferably etched so as to have tapered ends because coverage with the gate insulating

film formed thereon will be improved. Note that resist mask for forming the first

electrode 415a and the second electrode 415b may be formed by an ink jetting method.

Formation of the resist mask by an ink jetting method does not needs a photomask; thus,

manufacturing cost can be reduced.

[0178]

Note that in the etching of the conductive film, in order to prevent the oxide

semiconductor film 412 from being removed and the insulating layer 407 thereunder

from being exposed, their materials and etching conditions of the conductive film need

to be adjusted as appropriate. Therefore, in this embodiment, an In-Ga-Zn-O-based

oxide semiconductor is used as the oxide semiconductor film 412, a titanium fim is used

as the conductive film, and an ammonium hydrogen peroxide mixture (a mixture of



ammonia, water, and a hydrogen peroxide solution) is used as an etchant so that part of

the oxide semiconductor film 412 is not etched. However, the present invention is not

limited thereto. In other words, part of the oxide semiconductor film 412 may be

etched by the second photolithography step to form an oxide semiconductor film having

a groove (a depression portion).

[0179]

Ultraviolet, KrF laser light, or ArF laser light is used for light exposure for

forming the resist mask in the second photolithography step. A channel length L of the

transistor to be formed later depends on the width of an interval between a lower end of

the first electrode 415a and a lower end of the second electrode 415b which are adjacent

to each other over the oxide semiconductor film 412. Note that when light exposure is

performed to provide the channel length L of less than 25 nm, the light exposure for the

formation of the resist mask in the second photolithography step is performed using

extreme ultraviolet light having an extremely short wavelength of several nanometers to

several tens of nanometers. In the light exposure by extreme ultraviolet light, the

resolution is high and the focus depth is large. Accordingly, the channel length L of

the transistor to be formed later can be 10 nm or more and 1000 nm or less. In this

case, an increase in operation speed of the transistor can be achieved, and further, a

reduction in power consumption of the transistor can be achieved due to extremely

small off-state current.

[0180]

Then, the gate insulating film 402 is formed over the insulating layer 407, the

oxide semiconductor film 412, the first electrode 415a, and the second electrode 415b

(see FIG. 4C).

[0181]

The gate insulating film 402 can be formed to have a single-layer structure or a

stacked-layer structure including any of a silicon oxide layer, a silicon nitride layer, a

silicon oxynitride layer, a silicon nitride oxide layer, and an aluminum oxide layer by a

plasma CVD method, a sputtering method, or the like.

[0182]

The gate insulating film 402 is preferably formed in a manner such that

hydrogen is not included in the gate insulating film 402. Thus, the gate insulating film



402 is preferably formed by a sputtering method, in which hydrogen in an atmosphere

used for the deposition can be reduced to a very low level. In the case of forming a

silicon oxide film by a sputtering method, a silicon target or a quartz target is used as a

target, and oxygen or a mixed gas of oxygen and argon is used as a sputtering gas.

[0183]

The gate insulating film 402 can have a structure in which a silicon oxide layer

and a silicon nitride layer are stacked in this order over the substrate 400. For example,

a silicon oxide layer (SiO^ (x > 0)) with a thickness of 5 nm or more and 300 nm or less

may be formed as a first gate insulating film and a silicon nitride layer (SiN (y > 0))

with a thickness of 50 nm or more and 200 nm or less may be formed as a second gate

insulating film over the first gate insulating film to provide a gate insulating film with a

thickness of 100 nm. In this embodiment, a silicon oxide layer with a thickness of 100

nm is formed by an RF sputtering method under a pressure of 0.4 Pa, a high-frequency

power of 1.5 kW, and an atmosphere of oxygen and argon (the oxygen flow rate 25

seem : the argon flow rate 25 seem = 1:1).

[0184]

Next, by a third photolithography step, a resist mask is formed, and selective

etching is performed, whereby part of the gate insulating film 402 is removed; thus,

openings 417a and 417b reaching the first electrode 415a and the second electrode 415b

are formed (see FIG. 4D). Formation of the resist mask by an ink jetting method does

not needs a photomask; thus, manufacturing cost can be reduced.

[0185]

Then, after a conductive film is formed over the gate insulating film 402 and in

the openings 417a and 417b, the gate electrode 411, the first wiring 414a and the second

wiring 414b are formed in a fourth photolithography step (see FIG. 4E).

[0186]

The gate electrode 411, the first wiring 414a, and the second wiring 414b can

be formed to have a single-layer structure or a stacked-layer structure using a metal

material such as molybdenum, titanium, chromium, tantalum, tungsten, aluminum,

copper, neodymium, or scandium, or an alloy material containing any of these materials

as the main component. Specific examples of a two-layer structure of the gate



electrode 411, the first wiring 414a, and the second wiring 414b include a structure

including an aluminum layer and a molybdenum layer thereover, a structure including a

copper layer and a molybdenum layer thereover, a structure including a copper layer

and a titanium nitride layer or a tantalum nitride layer thereover, and a structure

including a titanium nitride layer and a molybdenum layer thereover. Specific

examples of a three-layer structure include a structure in which a tungsten layer or a

tungsten nitride layer, an alloy layer of aluminum and silicon or aluminum and titanium,

and a titanium nitride layer or a titanium layer are stacked. Note that the gate electrode

can be formed using a light-transmitting conductive film. A specific example of the

light-transmitting conductive film, a light-transmitting conductive oxide can be given.

[0187]

In this embodiment, as the gate electrode 411, the first wiring 414a, and the

second wiring 414b, a 150-nm-thick titanium film formed by a sputtering method is

used.

[0188]

Then, second heat treatment (preferably, at 200 °C or higher and 400 °C or

lower, for example, at 250 °C or higher and 350 °C or lower) is performed in an inert

gas atmosphere or in an oxygen gas atmosphere. In this embodiment, the second heat

treatment is performed in a nitrogen atmosphere at 250 °C for one hour. Note that the

second heat treatment may be performed after a protective insulating layer or a

planarization insulating layer is formed over the transistor 410.

[0189]

Heat treatment may be further performed at 100 °C or higher and 200 °C or

lower in air for 1 hour or more and 30 hours or less. This heat treatment may be

performed at a fixed heating temperature or the temperature may be increased from

room temperature to a heating temperature of 100 °C or higher and 200 °C or lower and

decreased from the heating temperature to room temperature, plural times repeatedly.

[0190]

Through the above process, the transistor 410 including the high-purity oxide

semiconductor film 412 in which the concentration of hydrogen, moisture, hydride, and

hydroxide is reduced can be formed.



[0191]

The transistor 410 in this embodiment can be used as the transistor 111 and a

transistor in each of the comparator 151, the digital arithmetic process circuit 152, and

the pulse width modulation output driver 153 in Embodiment 1.

[0192]

A protective insulating layer or a planarization insulating layer for planarization

may be provided over the transistor 410. The protective insulating layer can be formed

to have a single-layer structure or a stacked-layer structure including any of a silicon

oxide layer, a silicon nitride layer, a silicon oxynitride layer, a silicon nitride oxide layer,

and an aluminum oxide layer. The planarization insulating layer can be formed of a

heat-resistant organic material, such as polyimide, acrylic, benzocyclobutene,

polyamide, or epoxy. As an alternative to such organic materials, it is also possible to

use a low-dielectric constant material (a low-k material), a siloxane-based resin,

phosphosilicate glass (PSG), borophosphosilicate glass (BPSG), or the like. The

planarization insulating layer may be formed by stacking a plurality of insulating films

formed of any of these materials.

[0193]

Here, a siloxane-based resin corresponds to a resin including a Si-O-Si bond

which is formed using a siloxane-based material as a starting material. The

siloxane-based resin may include an organic group (e.g., an alkyl group or an aryl

group) or a fluoro group as a substituent. The organic group may include a fluoro

group.

[0194]

The method for forming the planarization insulating layer is not particularly

limited. Depending on the material, the planarization insulating layer can be formed

by a method such as sputtering method, an SOG method, a spin coating method, a

dipping method, a spray coating method, or a droplet discharge method (e.g., an ink

jetting method, screen printing, or offset printing), or by using a tool (an apparatus) such

as a doctor knife, a roll coater, a curtain coater, or a knife coater.

[0195]

As described above, by removing moisture remaining in the reaction

atmosphere in the formation of the oxide semiconductor film, the concentration of



hydrogen and hydride in the oxide semiconductor film can be reduced.

[0196]

FIGS. 5A to 5C illustrate other examples of a structure of a transistor including

high-purity oxide semiconductor which is different from the transistor in FIG. 3B.

[0197]

A transistor 420 in FIG. 5A is a bottom-gate transistor. The transistor 420

includes a gate electrode 421 over the substrate 400, a gate insulating film 422 over the

gate electrode 421, an oxide semiconductor film 423 which is over the gate insulating

film 422 and overlaps with the gate electrode 421, a channel protective film 424 which

is over the oxide semiconductor film 423 and overlaps with the gate electrode 421, and

a conductive film 425 and a conductive film 426 over the oxide semiconductor film 423.

The transistor 420 may include the insulating film 427 over the oxide semiconductor

film 423, as its component. In the transistor 420, the conductive film 425 and the

conductive film 426, which are the source electrode and the drain electrode, are in

contact with a top surface of the oxide semiconductor film 423 including a channel

formation region; therefore, the transistor 420 can be referred to as a top-contact

transistor.

[0198]

The channel protective film 424 is provided to prevent damage (for example,

film thickness reduction due to plasma or an etchant in etching) of a portion of the oxide

semiconductor film 423 which serves as a channel formation region, in a later step.

This can improve the reliability of the transistor.

[0199]

The channel protective film 424 can be formed using an inorganic material

containing oxygen (e.g., silicon oxide, silicon nitride oxide, silicon oxynitride,

aluminum oxide, or aluminum oxynitride). The channel protective film 424 can be

formed by a vapor deposition method such as a plasma CVD method or a thermal CVD

method, or a sputtering method. After the channel protective film 424 is formed, the

shape thereof is processed by etching. Here, the channel protective film 424 is formed

in such a manner that a silicon oxide film is formed by a sputtering method and

processed by etching using a mask formed by photolithography.

[0200]



In addition, when the channel protective film 424 is formed in contact with the

island-shaped oxide semiconductor film 423, a region in the island-shaped oxide

semiconductor film 423 which is in contact with the channel protective film 424 is

increased in resistance and thereby becomes a high-resistance oxide semiconductor

region. By forming the channel protective film 424, the oxide semiconductor film 423

can have the high-resistance oxide semiconductor region in the vicinity of the interface

with the channel protective film 424.

[0201]

Note that the transistor 420 may further include a back gate electrode over the

insulating film 427. The back gate electrode is formed to overlap with a channel

formation region in the oxide semiconductor film 423. The back gate electrode may

be electrically insulated and in a floating state, or may be in a state where the back gate

electrode is supplied with a potential. In the latter case, the back gate electrode may be

supplied with a potential at the same level as the gate electrode 421, or may be supplied

with a fixed potential such as a ground potential. By controlling the level of the

potential supplied to the back gate electrode, it is possible to control the threshold

voltage of the transistor 420.

[0202]

A transistor 430 in FIG. 5B is a bottom-gate transistor. The transistor 430

includes a gate electrode 431 over the substrate 400, a gate insulating film 432 over the

gate electrode 431, a conductive film 433 and a conductive film 434 over the gate

insulating film 432, and an oxide semiconductor film 435 over the gate electrode 431.

The transistor 430 may include an insulating film 437 over the oxide semiconductor

film 435, as its component. In the transistor 430, the conductive film 433 and the

conductive film 434, which are the source electrode and the drain electrode, are in

contact with a bottom surface of the oxide semiconductor film 435 including a channel

formation region; therefore, the transistor can be referred to as a bottom-contact

transistor.

[0203]

In addition, in the case of the bottom-contact transistor 430, the thickness of the

conductive film 433 and the conductive film 434 is preferably small in order to prevent

a break of the oxide semiconductor film 435 formed later. Specifically, the thickness



of the conductive film 433 and the conductive film 434 are 10 nm to 200 nm, preferably

50 nm to 75 nm.

[0204]

Note that the transistor 430 may further include a back gate electrode over the

insulating film 437. The back gate electrode is formed to overlap with a channel

formation region in the oxide semiconductor film 435. The back gate electrode may

be electrically insulated and in a floating state, or may be in a state where the back gate

electrode is supplied with a potential. In the latter case, the back gate electrode may be

supplied with a potential at the same level as the gate electrode 431, or may be supplied

with a fixed potential such as a ground potential. By controlling the level of the

potential supplied to the back gate electrode, it is possible to control the threshold

voltage of the transistor 430.

[0205]

A transistor 440 in FIG. 5C is a top-gate transistor. The transistor 440

includes a conductive film 441 and a conductive film 442 over the substrate 400, an

oxide semiconductor film 443 over the conductive film 441 and the conductive film 442,

a gate insulating film 444 over the oxide semiconductor film 443, and a gate electrode

445 which is over the gate insulating film 444 and overlaps with the oxide

semiconductor film 443. The transistor 440 may include an insulating film 447 over

the gate electrode 445, as its component. In the transistor 440, the conductive film 441

and the conductive film 442 which are the source electrode and the drain electrode are

in contact with a bottom surface of the oxide semiconductor film 443 including a

channel formation region; therefore, the transistor can be referred to as a bottom-contact

transistor.

[0206]

In addition, in the case of the top-gate transistor 440, the thickness of the

conductive film 441 and the conductive film 442 is preferably small in order to prevent

a break of the oxide semiconductor film 443 formed later. Specifically, the thickness

of the conductive film 441 and the conductive film 442 are 10 nm to 200 nm, preferably

50 nm to 75 nm.

[0207]

In this embodiment, the transistor 410, the transistor 420, the transistor 430,



and the transistor 440 are n-channel transistors. As described in Embodiment 1, since

a digital circuit outputs only either 1 or 0 (zero), transistors in the digital circuit can all

be n-channel transistors which are described in this embodiment.

[0208]

In particular, since the output voltage of the voltage converter circuit 102 is

high, a transistor with high breakdown voltage is preferably used as the transistor 111.

As a transistor with high breakdown voltage, a transistor which includes a channel

formation region in an oxide semiconductor film which has a larger energy gap than a

silicon semiconductor is suitable.

[0209]

In the power source circuit including the transistor in this embodiment, by

using a digital control circuit in the power source circuit, degradation of circuit

operation of the power source circuit can be reduced even when characteristics of

transistors vary.

[0210]

In the power source circuit including the transistor in this embodiment, by

using a digital control circuit in the power source circuit, the area of the power source

circuit can be reduced.

[0211]

In the power source circuit including the transistor in this embodiment, by

reducing the area of the power source circuit, the cost of the power source circuit can be

reduced.

This application is based on Japanese Patent Application serial no.

2010-095197 filed with Japan Patent Office on April 16, 2010, the entire contents of

which are hereby incorporated by reference.



CLAIMS

1. A power source circuit comprising:

a comparator configured to compare a first voltage and a second voltage:

a digital arithmetic process circuit configured to average, integrate, and digital

pulse width modulate a digital signal output from the comparator;

a pulse width modulation output driver configured to amplify the digital signal

output from the digital arithmetic process circuit; and

a smoothing circuit configured to smooth the digital signal output from the

pulse width modulation output driver.

2. The power source circuit according to Claim 1, further comprising a DC-DC

converter.

3. The power source circuit according to Claim 1, further comprising a DC-DC

converter,

wherein the DC-DC converter comprises a coil, a diode, and a transistor

including an oxide semiconductor film including a channel formation region.

4. The power source circuit according to Claim 3,

wherein the transistor includes a source electrode and a drain electrode, and

wherein the transistor is a top-gate transistor and a top surface of the oxide

semiconductor film is in contact with the source electrode and the drain electrode.

5. The power source circuit according to Claim 3,

wherein the transistor includes a source electrode and a drain electrode, and

wherein the transistor is a top-gate transistor and a bottom surface of the oxide

semiconductor film is in contact with the source electrode and the drain electrode.

6. The power source circuit according to Claim 3,

wherein the transistor includes a source electrode and a drain electrode, and

wherein the transistor is a bottom-gate transistor and a top surface of the oxide

semiconductor film is in contact with the source electrode and the drain electrode.



7. The power source circuit according to Claim 3,

wherein the transistor includes a source electrode and a drain electrode, and

wherein the transistor is a bottom-gate transistor and a bottom surface of the

oxide semiconductor film is in contact with the source electrode and the drain electrode.

8. The power source circuit according to Claim 1,

wherein the comparator, the digital arithmetic process circuit, and the pulse

width modulation output driver each comprise a transistor comprising an oxide

semiconductor film including a channel formation region, a source electrode, a drain

electrode, a gate electrode, and a gate insulating film.

9. The power source circuit according to Claim 8,

wherein the transistor is a top-gate transistor and a top surface of the oxide

semiconductor film is i contact with the source electrode and the drain electrode.

10. The power source circuit according to Claim 8,

wherein the transistor is a top-gate transistor and a bottom surface of the oxide

semiconductor film is in contact with the source electrode and the drain electrode.

11. The power source circuit according to Claim 8,

wherein the transistor is a bottom-gate transistor and a top surface of the oxide

semiconductor film is in contact with the source electrode and the drain electrode.

12. The power source circuit according to Claim 8,

wherein the transistor is a bottom-gate transistor and a bottom surface of the

oxide semiconductor film is in contact with the source electrode and the drain electrode.

13. The power source circuit according to Claim 1,

wherein the smoothing circuit is a low pass filter.

14. A power source circuit comprising:



a comparator configured to compare a first voltage and a second voltage;

an adder circuit configured to average a digital signal output from the

comparator;

an adder-subtractor circuit configured to integrate the digital signal;

a count comparison circuit;

a latch circuit;

a pulse width modulation output driver configured to amplify the digital signal

output from the latch circuit; and

a smoothing circuit configured to smooth the digital signal output from the

pulse width modulation output driver,

wherein the count comparison circuit and the latch circuit are configured to

digital pulse width modulate the digital signal output from the adder-subtractor circuit.

15. The power source circuit according to Claim 14, further comprising a

DC-DC converter.

16. The power source circuit according to Claim 14, further comprising a

DC-DC converter,

wherein the DC-DC converter comprises a coil, a diode, and a transistor

including an oxide semiconductor film including a channel formation region.

17. The power source circuit according to Claim 16,

wherein the transistor includes a source electrode and a drain electrode, and

wherein the transistor is a top-gate transistor and a top surface of the oxide

semiconductor film is in contact with the source electrode and the drain electrode.

18. The power source circuit according to Claim 16,

wherein the transistor includes a source electrode and a drain electrode, and

wherein the transistor is a top-gate transistor and a bottom surface of the oxide

semiconductor film is in contact with the source electrode and the drain electrode.

19. The power source circuit according to Claim 16,



wherein the transistor includes a source electrode and a drain electrode, and

wherein the transistor is a bottom-gate transistor and a top surface of the oxide

semiconductor film is in contact with the source electrode and the drain electrode.

20. The power source circuit according to Claim 16,

wherein the transistor includes a source electrode and a drain electrode, and

wherein the transistor is a bottom-gate transistor and a bottom surface of the

oxide semiconductor film is in contact with the source electrode and the drain electrode.

21. The power source circuit according to Claim 14,

wherein the comparator, the adder circuit, the adder-subtractor circuit, the

count comparison circuit, the latch circuit, and the pulse width modulation output driver

each comprise a transistor comprising an oxide semiconductor film including a channel

formation region, a source electrode, a drain electrode, a gate electrode, and a gate

insulating film.

22. The power source circuit according to Claim 21,

wherein the transistor is a top-gate transistor and a top surface of the oxide

semiconductor film is in contact with the source electrode and the drain electrode.

23. The power source circuit according to Claim 21,

wherein the transistor is a top-gate transistor and a bottom surface of the oxide

semiconductor film is in contact with the source electrode and the drain electrode.

24. The power source circuit according to Claim 21,

wherein the transistor is a bottom-gate transistor and a top surface of the oxide

semiconductor film is in contact with the source electrode and the drain electrode.

25. The power source circuit according to Claim 21,

wherein the transistor is a bottom-gate transistor and a bottom surface of the

oxide semiconductor film is in contact with the source electrode and the drain electrode.



26. The power source circuit according to Claim 14,

wherein the smoothing circuit is a low pass filter.
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