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DESCRIPTION

DC/DC CONVERTER, POWER SUPPLY CIRCUIT, AND

SEMICONDUCTOR DEVICE

TECHNICAL FIELD

[0001]

The present invention relates to a DC-DC converter (direct current-direct

current converter), a power supply circuit, and a semiconductor device, which include

thin semiconductor films.

BACKGROUND ART

[0002]

In recent years, a metal oxide having semiconductor characteristics, which is

called an oxide semiconductor, has attracted attention as a novel semiconductor material

having high mobility as polysilicon or microcrystalline silicon and having uniform

element characteristics as amorphous silicon. A metal oxide is used for various

applications. For example, indium oxide which is a well-known metal oxide is used as

a material of a transparent electrode included in a liquid crystal display device or the

like. Examples of such metal oxides having semiconductor characteristics include

tungsten oxide, tin oxide, indium oxide, and zinc oxide. Transistors each of which

includes a channel formation region formed using such a metal oxide having

semiconductor characteristics have been known (Patent Documents 1 and 2).

[Reference]

[0003]

[Patent Document 1] Japanese Published Patent Application No. 2007-123861

[Patent Document 2] Japanese Published Patent Application No. 2007-096055

DISCLOSURE OF INVENTION

[0004]

A DC-DC converter is a constant-voltage circuit with which a constant output



voltage can be obtained regardless of the value of an input voltage, and the DC-DC

converter is used for a power supply circuit together with a rectification circuit or the

like. In particular, a power supply circuit including a switching type DC-DC converter

is referred to as a switching power source or a switching regulator.

[0005]

The switching type DC-DC converter outputs a voltage of a predetermined

level in such a manner that voltage with a pulse waveform is formed using an input

voltage by a switching element and the voltage is smoothed or held in a coil, a capacitor,

or the like. With a switching type DC-DC converter, internal power loss can be lower

theorically, whereby power conversion efficiency can be high and heat radiation due to

power loss can be suppressed in comparison with a linear type DC-DC converter

utilizing voltage drop due to resistance. Therefore, in a semiconductor device which

needs a high output voltage, such as a microprocessor, a power supply circuit including

the switching type DC-DC converter is often used.

[0006]

However, although the switching type DC-DC converter has high power

conversion efficiency in comparison with the linear type one, it is necessary to further

increase power conversion efficiency in order to achieve reduction in power

consumption of a semiconductor device. In particular, in the case of a portable

electronic device using power accumulated in a capacitor or a battery such as a primary

battery or a secondly battery, the DC-DC converter is necessarily used for converting

voltage output from the battery, the capacitor, or the like into a voltage of an optimal

level. Improvement of power conversion efficiency of the DC-DC converter leads to

lower power consumption of a semiconductor device and a long continuous use time of

a portable electronic device including the semiconductor device.

[0007]

In view of the above problems, an object of the present invention is to provide

a DC-DC converter achieving improvement of power conversion efficiency and a power

supply circuit including the DC-DC converter. Further, an object of the present

invention is to reduce power consumption of a semiconductor device including a

DC-DC converter.

[0008]



The present inventors focus on the fact that the power conversion efficiency of

the DC-DC converter depends on the on-state resistance or the off-state current of a

transistor functioning as a switching element for controlling output power. Further, the

present inventors consider that in the case where the output power of the DC-DC

converter is low, power loss due to the off-state current of a transistor, rather than power

loss due to the on-state resistance of the transistor, leads to lower power conversion

efficiency. Moreover, the present inventors also consider that in the case of the output

power of the DC-DC converter is high, the power loss due to the on-state resistance of

the transistor, rather than power loss due to the off-state current of a transistor, leads to

lower power conversion efficiency.

[0009]

In a DC-DC converter according to an embodiment of the present invention, a

transistor functioning as a switching element includes a back gate electrode, which

controls the threshold voltage and which faces a general gate electrode, in addition to

the general gate electrode. Further, the DC-DC converter includes a back gate control

circuit for controlling a potential applied to the back gate electrode in accordance with

the output power output from the DC-DC converter. The potential applied to the back

gate electrode is controlled by the back gate control circuit, so that the threshold voltage

can be adjusted to lower the on-state resistance when the output power is high (i.e.,

when the output power exceeds a predetermined value) and to lower the off-state

current when the output power is low (i.e., when the output power is equal or smaller

than the predetermined value).

[0010]

Further, in a DC-DC converter according to an embodiment of the present

invention, a transistor functioning as a switching element is an

insulating-gate-field-effect transistor with an extremely low off-state current (hereinafter,

simply referred to as a transistor). A channel formation region of the transistor

includes a semiconductor material whose band gap is wider than that of a silicon

semiconductor and whose intrinsic carrier density is lower than that of silicon. The

semiconductor material having such characteristics is included in the channel formation

region, so that a transistor with an extremely low off-state current and high withstand

voltage can be realized. As examples of such a semiconductor material, an oxide



semiconductor having a band gap which is approximately three times as large as that of

silicon can be given. The transistor with such a structure is used as a switching

element, so that deterioration of the switching element due to application of high

voltage can be prevented in the case of high output power, and an off-state current can

be suppressed to be extremely low in the case of low output power.

[0011]

An oxide semiconductor highly-purified by reduction in impurities such as

moisture or hydrogen which serves as an electron donor (a purified OS) is an i-type

semiconductor (an intrinsic semiconductor) or a substantially i-type semiconductor.

Therefore, a transistor including the oxide semiconductor has a characteristic of very

low off-state current. Specifically, the hydrogen concentration in the highly-purified

oxide semiconductor which is measured by secondary ion mass spectrometry (SIMS) is

less than or equal to 5 x 101 /cm3, preferably less than or equal to 5 x 10 /cm3, more

preferably less than or equal to 5 x 101 /cm3, still more preferably less than or equal to

1 x 10 /cm . In addition, the carrier density of the oxide semiconductor film, which

is measured by Hall effect measurement, is less than 1 x 1014/cm , preferably less than 1

12 3 11 3x 10 7cm , more preferably less than 1 x 10 /cm . Furthermore, the band gap of the

oxide semiconductor is 2 eV or more, preferably 2.5 eV or more, more preferably 3 eV

or more. With the use of the oxide semiconductor film which is highly purified by

sufficiently reducing the concentration of impurities such as moisture or hydrogen, an

off-state current of the transistor can be reduced.

[0012]

The analysis of the concentration of hydrogen in the oxide semiconductor film

is described here. The hydrogen concentrations in the oxide semiconductor film and

the conductive film are measured by SIMS. It is known that it is difficult to obtain

data in the proximity of a surface of a sample or in the proximity of an interface

between stacked films formed using different materials by the SIMS because of its

principle. Thus, in the case where distributions of the hydrogen concentration of the

films in thickness directions are analyzed by SIMS, an average value in a region where

the films are provided, the value is not greatly changed, and almost the same value can

be obtained are employed as the hydrogen concentration. Further, in the case where



the thickness of the film is small, a region where almost the same value can be obtained

cannot be found in some cases due to the influence of the hydrogen concentration of the

films adjacent to each other. In this case, the maximum value or the minimum value of

the hydrogen concentration of a region where the films are provided is employed as the

hydrogen concentration of the film. Furthermore, in the case where a maximum peak

and a minimum valley do not exist in the region where the film is provided, the value of

the inflection point is employed as the hydrogen concentration.

[0013]

Various experiments can actually prove a low off-state current of the transistor

including the highly-purified oxide semiconductor film as an active layer. For

example, even with an element with a channel width of 1 x 106 µ and a channel length

of 10 µ , in a range of from 1 V to 10 V of voltage (drain voltage) between a source

electrode and a drain electrode, it is possible that an off-state current (which is drain

current in the case where voltage between a gate electrode and the source electrode is 0

V or lower) is less than or equal to the measurement limit of a semiconductor parameter

analyzer, that is, less than or equal to 1 x 10 A. In this case, an off-state current

density corresponding to a value obtained by dividing the off-state current by the

channel width of the transistor is less than or equal to 100 ζΑ µχη . As mentioned

below, a capacitor and a transistor were connected to each ther and an off-state current

density was measured by using a circuit in which electric charge flowing to or out from

the capacitor was controlled by the transistor. In the measurement, the highly-purified

oxide semiconductor film was used as a channel formation region in the transistor, and

the off-state current density of the transistor was measured on the basis of change in the

amount of electric charge of the capacitor per unit time. As a result, in the case where

the voltage between the source electrode and the drain electrode of the transistor was 3V,

a lower off-state current density of several tens yoctoampere per micrometer (yA/µπ )

was obtained. Therefore, in the semiconductor device relating to an embodiment of

the present invention, the off-state current density of the transistor including the

highly-purified oxide semiconductor film as an active layer can be less than or equal to

100 yA/µπι, preferably less than or equal to 10 yA/µπι, or more preferably less than or

equal to 1 yA µπ , depending on the voltage between the source electrode and drain



electrode. Accordingly, a transistor including the highly purified oxide semiconductor

film as an active layer has extremely low off-state current density compared with that of

a transistor including crystalline silicon.

[0014]

As the oxide semiconductor, a four-component metal oxide such as an

In-Sn-Ga-Zn-O-based oxide semiconductor; a three-component metal oxide such as an

In-Ga-Zn-O-based oxide semiconductor, an In-Sn-Zn-O-based oxide semiconductor, an

In-Al-Zn-O-based oxide semiconductor, a Sn-Ga-Zn-O-based oxide semiconductor, an

Al-Ga-Zn-O-based oxide semiconductor, and a Sn-Al-Zn-O-based oxide

semiconductor; a two-component metal oxide such as an In-Zn-O-based oxide

semiconductor, a Sn-Zn-O-based oxide semiconductor, an Al-Zn-O-based oxide

semiconductor, a Zn-Mg-O-based oxide semiconductor, a Sn-Mg-O-based oxide

semiconductor, an In-Mg-O-based oxide semiconductor, an In-Ga-O-based oxide

semiconductor; an In-O-based oxide semiconductor; a Sn-O-based oxide

semiconductor; or a Zn-O-based oxide semiconductor can be used. Note that in this

specification, for example, an In-Sn-Ga-Zn-O-based oxide semiconductor means a

metal oxide including indium (In), tin (Sn), gallium (Ga), and zinc (Zn). There is no

particular limitation on the stoichiometric proportion. The above oxide semiconductor

may include silicon.

[0015]

Alternatively, the oxide semiconductor can be represented by the chemical

formula, InM0 3(ZnO)m (m > 0, m is not necessarily a natural number). Here, M

represents one or more metal elements selected from Zn, Ga, Al, Mn, and Co. For

example, M can be Ga, Ga and Al, Ga and Mn, Ga and Co, or the like.

[0016]

In an embodiment of the present invention, with the aforementioned structure,

the on-state resistance of a transistor is lowered in the case of high output power and the

off-state current of the transistor is lowered in the case of low output power.

Accordingly, anticipation of a countermeasure against the power loss taking into

account the fact that a main factor of power loss depends on the magnitude of the output

power allows the improvement in the power conversion efficiency of a DC-DC

converter and a power supply circuit including the DC-DC converter. In addition, the



power conversion efficiency of the DC-DC converter can be improved, so that power

consumption of a semiconductor device including the DC-DC converter can be reduced.

BRIEF DESCRIPTION OF DRAWINGS

[0017]

FIG. 1A is a diagram illustrating a structure of a DC-DC converter and FIG. I B

is a diagram illustrating a cross-sectional structure of a transistor.

FIGS. 2A and 2B are diagrams each illustrating an example of a structure of a

DC-DC converter.

FIGS. 3A to 3D are timing diagrams illustrating operation of a DC-DC

converter.

FIGS. 4A and 4B are timing diagrams illustrating operation of a DC-DC

converter.

FIG. 5A is a top view of a transistor and FIG. 5B is a cross-sectional view of the

transistor.

FIG. 6 is a magnified view of part of the top view of the transistor.

FIG. 7 is a graph illustrating measurement values of drain current Id (A) versus

gate voltage Vgs (V).

FIG. 8 is a graph illustrating a relation of output power Wout (W) and power

conversion efficiency ( ).

FIG. 9 is a diagram illustrating an example of a structure of an output voltage

control circuit.

FIG. 10 is a diagram illustrating an example of a structure of a back gate

control circuit.

FIGS. 11A and 11B are diagrams each illustrating an example of a structure of

a DC-DC converter.

FIG. 12 is a diagram illustrating a structure of a lighting device.

FIG. 13 is a diagram illustrating a structure of a solar cell.

FIGS. 14A to 14D are diagrams illustrating a method for fabricating a

semiconductor device.

FIGS. 15A and 15B are diagrams each illustrating a structure of a transistor.

FIG 16 is a circuit diagram of a characteristics evaluation circuit.



FIG. 17 is a timing diagram of the characteristics evaluation circuit.

FIG. 18 is a graph illustrating a relation between elapsed time Time and a

potential Vout of an output signal in the characteristics evaluation circuit.

FIG. 19 is a graph illustrating a relation between elapsed time Time and leakage

current measured in the characteristics evaluation circuit.

FIG. 20 is a graph illustrating a relation between a potential of a node A and

leakage current in the characteristics evaluation circuit.

FIGS. 21A to 21D are diagrams each illustrating an electronic device.

BEST MODE FOR CARRYING OUT THE INVENTION

[0018]

Hereinafter, embodiments of the present invention will be described in detail

with reference to the accompanying drawings. However, the present invention is not

limited to the following description and it is easily understood by those skilled in the art

that the mode and details can be variously changed without departing from the scope

and spirit of the present invention. Accordingly, the invention should not be construed

as being limited to the description of the embodiments below.

[0019]

Note that the present invention includes, in its category, all the semiconductor

devices in which a DC-DC converter or a power supply circuit can be used: for example,

integrated circuits such as microprocessors and image processing circuits, RF tags,

memory media, solar cells, lighting devices including light-emitting elements, and

semiconductor display devices. Further, the semiconductor display devices include

semiconductor display devices including the DC-DC converter and the power supply

circuit, such as liquid crystal display devices, lighting devices in which a light-emitting

element typified by an organic light-emitting element (OLED) is provided for each pixel,

electronic paper, digital micromirror devices (DMD), plasma display panels (PDP), field

emission displays (FED), and the like, in its category.

[0020]

(Embodiment 1)

FIG. 1A illustrates an example of a structure of a DC-DC converter according

to an embodiment of the present invention.



[0021]

A DC-DC converter 100 illustrated in FIG. 1A includes a power conversion

circuit 101 which generates a constant voltage (output voltage) by the use of voltage

applied to an input terminal IN (input voltage) and outputs the constant voltage from an

output terminal OUT. The power conversion circuit 101 includes a constant-voltage

generation portion 103 and a transistor 102 functioning as a switching element.

[0022]

When the transistor 102 is on, the input voltage is supplied to the

constant-voltage generation portion 103. When the transistor 102 is off, the input

voltage is not supplied to the constant-voltage generation portion 103. When the

transistor 102 is turned off, a fixed voltage such as a ground potential is supplied to the

constant-voltage generation portion 103. Therefore, in response to switching of the

transistor 102, a pulsed signal in which the input voltage and a fixed voltage are

alternated is supplied to the constant-voltage generation portion 103.

[0023]

The constant-voltage generation portion 103 includes any one or more of a coil,

a capacitor, and a diode. The constant-voltage generation portion 103 generates a

constant-output voltage by smoothing or holding the voltage of the signal when a pulsed

signal is supplied.

[0024]

Further, the DC-DC converter 100 illustrated in FIG. 1A includes an output

voltage control circuit 104 for controlling the ratio of on time to off time of the

transistor 102. The output voltage control circuit 104 controls the ratio of on time to

off time of the transistor 102, so that a percentage of periods in which pulses are

generated, that is, a duty ratio, in a pulsed signal supplied to the constant-voltage

generation portion 103 can be controlled.

[0025]

Switching of the transistor 102 can be controlled by a voltage Vgs between a

gate electrode and a source electrode of the transistor 102. The output voltage control

circuit 104 controls a variation in the voltage Vgs over time to control the ratio of on

time to off time of the transistor 102.

[0026]



When the duty ratio varies, the output voltage varies. Specifically, the

increase in percentage of periods in which pulses of the input voltage are generated

results in the increase in difference between the output voltage and a fixed voltage. In

contrast, the decreases in percentage of periods in which pulses of the input voltage are

generated leads to the decrease in difference between the output voltage and a fixed

voltage.

[0027]

Note that in an embodiment of the present invention, the transistor 102 includes

a back gate electrode for controlling the threshold voltage of the transistor 102 in

addition to a general gate electrode. Specifically, the transistor 102 includes a

semiconductor film functioning as an active layer, the gate electrode, and the back gate

electrode overlapping with the gate electrode with the semiconductor film therebetween.

Further, the transistor 102 includes an insulating film formed between the gate electrode

and the semiconductor film, an insulating film formed between the back gate electrode

and the semiconductor film, and a source electrode and a drain electrode which are in

contact with the semiconductor film.

[0028]

In addition, the DC-DC converter illustrated in FIG. 1A includes a back gate

control circuit 105 for controlling the potential applied to the back gate electrode of the

transistor 102. The threshold voltage of the transistor 102 can be controlled by

adjusting the back gate voltage Vbgs between the back gate electrode and the source

electrode. Further, the back gate control circuit 105 adjusts the back gate voltage Vbgs

by controlling the potential applied to the back gate electrode in accordance with power

(output power) output from the DC-DC converter 100, thereby controlling the threshold

voltage of the transistor 102 in accordance with the output power.

[0029]

Specifically, in the case of high output power (i.e., when the output power of

the DC-DC converter exceeds over the predetermined value), the back gate control

circuit 105 makes the back gate voltage Vbgs high to shift the threshold voltage in a

negative direction to reduce the on-state resistance of the transistor 102. On the other

hand, in the case of low output power (i.e., when the output power of the DC-DC

converter is equal to or smaller than a predetermined value), the back gate control



circuit 105 makes the back gate voltage Vbgs low to shift the threshold voltage in a

positive direction to reduce the on-state resistance of the transistor 102.

[0030]

With the above structure, in the case of low output power of the DC-DC

converter 100, the power loss due to the off-state current of the transistor 102 is

preferentially suppressed to be low over the reduction in power loss due to the on-state

resistance of the transistor 102, whereby reduction in power conversion efficiency can

be prevented. On the other hand, in the case of high output power of the DC-DC

converter 100, the power loss due to the on-state resistance of the transistor 102 is

preferentially suppressed to be low over the power loss due to the off-state current of

the transistor 102, whereby reduction in power conversion efficiency can be prevented.

[0031]

Unless otherwise specified, in this specification, the off-state current of an

n-channel transistor is current which flows between a source electrode and a drain

electrode when the potential of the gate electrode is less than or equal to zero, in the

case where a potential of the drain electrode is higher than that of the source electrode

and that of a gate electrode, and a reference potential is the potential of the source

electrode. Alternatively, in this specification, the off-state current of a p-channel

transistor is current which flows between a source electrode and a drain electrode when

the potential of the gate electrode is greater than or equal to zero in the case where a

potential of the drain electrode is lower than that of the source electrode or that of a gate

electrode, and a reference potential is the potential of the source electrode.

[0032]

In the DC-DC converter 100 according to an embodiment of the present

invention, the semiconductor film of the transistor 102 includes a wide gap

semiconductor material with a wider band gap than that of a silicon semiconductor and

a lower intrinsic carrier density than that of silicon. Note that as examples of a

wide-gap semiconductor, a compound semiconductor such as silicon carbide (SiC) or

gallium nitride (GaN), an oxide semiconductor including a metal oxide such as zinc

oxide (ZnO), and the like can be given. However, compound semiconductors such as

silicon carbide and gallium nitride are required to be single crystal, and it is difficult to

meet the fabricating condition to obtain a single crystal material; for example, crystal



growth at a temperature extremely higher than a process temperature of the oxide

semiconductor is needed or epitaxial growth over a special substrate is needed. In

addition, it is difficult to form such compound semiconductors over a silicon wafer or a

glass substrate with low heat resistance, which can be obtained easily. On the other

hand, the oxide semiconductor is advantageous in that it can be formed by a sputtering

method or a wet method (such as a printing method) and has high mass productivity.

Thus, an oxide semiconductor film can be formed at a room temperature; accordingly,

the oxide semiconductor film can be formed over a glass substrate or over an integrated

circuit including a semiconductor element, and moreover, such a substrate can be large.

Accordingly, among the semiconductors with wide band gaps, the oxide semiconductor

particularly has an advantage of high mass productivity. Further, in the case where an

oxide semiconductor with high crystallinity is to be obtained in order to improve the

property of a transistor (e.g., field-effect mobility), the oxide semiconductor with

crystallinity can be obtained by heat treatment at 200 °C to 800 °C.

[0033]

In the following description, the case where an oxide semiconductor having the

above advantages is used as the semiconductor having a wide band gap is given as an

example.

[0034]

With a channel formation region including a semiconductor material having the

above characteristics, the transistor 102 with an extremely low off-state current and high

withstand voltage can be realized. Further, the transistor 102 with the

above-mentioned structure is used as a switching element, deterioration of the switching

element due to application of high voltage can be prevented in the case of high output

power, and an off-state current can be suppressed to be extremely low in the case of low

output power.

[0035]

A cross-sectional view of FIG. IB illustrates an example of a structure of the

transistor 102 which is a top-gate transistor and has a channel-etched structure.

[0036]

The transistor 102 illustrated in FIG. I B includes, over a substrate 120 having

an insulating surface, a gate electrode 110, an insulating film 111 which is formed over



the gate electrode 110, a semiconductor film 112 which overlaps with the gate electrode

110 with the insulating film 111 therebetween, a source electrode 113 and a drain

electrode 114 which are formed over the semiconductor film 112, an insulating film 115

which is formed over the semiconductor film 112, the source electrode 113, and the

drain electrode 114, and a back gate electrode 116 which is formed so as to overlap with

the semiconductor film 112 with the insulating film 115 therebetween. Moreover, the

back gate electrode 116 may be covered with an insulating film 117 and the transistor

102 may be regarded as including the insulating film 117 as its component.

[0037]

As an example, the transistor 102 in FIG. I B illustrates the case where the

transistor 102 is a bottom-gate transistor and has a channel-etched structure. Part of

the semiconductor film 112 which is between the source electrode 113 and the drain

electrode 114, that is, part of the semiconductor film 112 with which neither the source

electrode 113 nor the drain electrode 114 overlaps, is etched.

[0038]

Although FIG. I B illustrates an example of the case where the transistor 102 is

a single-gate structure, the transistor 102 may be a multi-gate transistor in which a

plurality of gate electrodes 110 electrically connected to each other are included so that

a plurality of channel formation regions are included.

[0039]

By using an oxygen-containing inorganic material such as silicon oxide and

silicon oxynitride for the insulating film 115 which is in contact with the semiconductor

film 112, even if oxygen deficiency in the semiconductor film 112 is generated due to

heat treatment for reduction in moisture and hydrogen, oxygen can be supplied from the

insulating film 115 to the semiconductor film 112, thereby reducing the oxygen

deficiency as a donor to satisfy the stoichiometric composition of the semiconductor

material. It is preferred that the semiconductor film 112 contains oxygen whose

composition exceeds the stoichiometric one. As a result, the semiconductor film 112

can be made to be substantially i-type and a variation in electric characteristics of the

transistor 102 due to oxygen deficiency can be reduced, which results in improvement

of the electric characteristics.

[0040]



Alternatively, heat treatment may be performed on the semiconductor film 112

in an oxygen atmosphere to add oxygen to the oxide semiconductor so that the oxygen

deficiency that serves as a donor in the semiconductor film 112 is reduced. The heat

treatment is performed at a temperature of, for example, higher than or equal to 100 °C

and lower than 350 °C, preferably higher than or equal to 150 °C and lower than 250 °C.

It is preferable that an oxygen gas used for the heat treatment under an oxygen

atmosphere do not include water, hydrogen, or the like. Alternatively, the purity of the

oxygen gas which is introduced into the heat treatment apparatus is preferably greater

than or equal to 6N (99.9999 %) or more preferably greater than or equal to 7N

(99.99999 %) (that is, the impurity concentration in the oxygen is less than or equal to 1

ppm, or preferably less than or equal to 0.1 ppm).

[0041]

Alternatively, an ion implantation method, an ion doping method, or the like

may be employed to add oxygen to the semiconductor film 112 so that oxygen

deficiency as a donor is reduced. For example, oxygen made to be plasma with a

microwave of 2.45 GHz may be added to the semiconductor film 112.

[0042]

Note that, in this specification, an oxynitride compound contains a higher

amount of oxygen than that of nitrogen, and a nitride oxide compound contains a higher

amount of nitrogen than that of oxygen.

[0043]

Next, an example of a specific structure of the power conversion circuit 101

will be described.

[0044]

Note that the term "connection" in this specification refers to electrical

connection: the state in which current, a potential, or voltage can be supplied or

transmitted. Accordingly, connection means not only direct connection but also

indirect connection through a circuit element such as a wiring, a resistor, a diode, or a

transistor so that current, a potential, or voltage can be supplied or transmitted.

[0045]

In addition, even when different components are connected to each other in a



circuit diagram, there is actually a case where one conductive film has functions of a

plurality of components such as a case where part of a wiring serves as an electrode.

The term "connection" also means such a case where one conductive film has functions

of a plurality of components.

[0046]

The names of the "source electrode" and the "drain electrode" included in the

transistor interchange with each other depending on the polarity of the transistor or

difference between the potentials applied to the respective electrodes. In general, in an

n-channel transistor, an electrode to which a lower potential is applied is called a source

electrode, and an electrode to which a higher potential is applied is called a drain

electrode. Further, in a p-channel transistor, an electrode to which a lower potential is

applied is called a drain electrode, and an electrode to which a higher potential is

applied is called a source electrode. Hereinafter, one of a source electrode and a drain

electrode is a first terminal and the other is a second terminal. A structure of the

DC-DC converter will be described below.

[0047]

The DC-DC converter according to an embodiment of the present invention

may be a step-up DC-DC converter which outputs the output voltage higher than an

input voltage or a step-down DC-DC converter which outputs the output voltage lower

than the input voltage. FIG. 2A illustrates a structure of a step-down DC-DC

converter.

[0048]

In the DC-DC converter illustrated in FIG. 2A, the constant-voltage generation

portion 103 includes a diode 130, a coil 131, and a capacitor 132. Further, the DC-DC

converter in FIG 2A includes an input terminal INI supplied with the input voltage, an

input terminal IN2 supplied with a fixed voltage, an output terminal OUT1, and an

output terminal OUT2.

[0049]

The transistor 102 controls connection between the input terminal EN1 and a

cathode of the diode 130. Specifically, a first terminal of the transistor 102 is

connected to the input terminal INI and a second terminal of the transistor 102 is

connected to the cathode of the diode 130. One of terminals of the coil 131 is



connected to the cathode of the diode 130 and the other of the terminals of the coil 131

is connected to the output terminal OUTl of the DC-DC converter. The input terminal

IN2 is connected to an anode of the diode 130 and the output terminal OUT2. One of

electrodes of the capacitor 132 is connected to the output terminal OUTl and the other

of the electrodes of the capacitor 132 is connected to the output terminal OUT2.

[0050]

In the DC-DC converter in FIG. 2A, when the transistor 102 is turned on, a

potential difference between the input terminal INI and the output terminal OUTl is

generated; thus, current flows through the coil 131. The coil 131 is magnetized by the

current flow, and electromotive force in a direction opposite to that of the current flow is

generated by self induction. Therefore, voltage which is obtained by decrease in the

input voltage supplied to the input terminal ΓΝ 1 is supplied to the output terminal OUTl.

In other words, between the pair of electrodes of the capacitor 132, voltage

corresponding to a difference between a fixed voltage supplied from the input terminal

IN2 and the voltage obtained by decrease in the input voltage is provided.

[0051]

When the transistor 102 is turned off, a current path formed between the input

terminal INI and the output terminal OUTl is blocked. In the coil 131, the

electromotive force in the direction preventing the change of the current, that is, in the

direction opposite to that of electromotive force generated when the transistor 102 is on

is generated. Therefore, the current that flows to the coil 131 is kept by voltage

generated by the electromotive force. In other words, when the transistor 102 is off, a

current path is formed between the output terminal OUTl and the input terminal IN2 or

the output terminal OUT2 through the coil 131 and/or the diode 130. Accordingly,

voltage applied between the pair of electrodes of the capacitor 132 is held to some

extent.

[0052]

Note that voltage held in the capacitor 132 corresponds to the voltage output

from the output terminal OUTl. In the above operation, as a percentage of on time of

the transistor 102 is higher, voltage held in the capacitor 132 becomes close to a

difference between the fixed voltage and the input voltage. Accordingly, the voltage

can be decreased so that the output voltage close to that of the input voltage is obtained.



In contrast, as a percentage of off time of the transistor 102 is higher, a difference

between the fixed voltage and the voltage held in the capacitor 132 becomes smaller.

Accordingly, the voltage can be decreased so that the output voltage close to that of the

fixed voltage is obtained.

[0053]

Next, FIG. 2B illustrates a structure of the step-up DC-DC converter.

[0054]

In the DC-DC converter illustrated in FIG. 2B, the constant-voltage generation

portion 103 includes the diode 130, the coil 131, and the capacitor 132. Further, the

DC-DC converter in FIG. 2B includes the input terminal INI supplied with the input

voltage, the input terminal IN2 supplied with a fixed voltage, the output terminal OUT1,

and the output terminal OUT2.

[0055]

The one of the terminals of the coil 131 is connected to the input terminal INI

and the other of the terminals of the coil 131 is connected to the anode of the diode 130.

The transistor 102 controls connection between the input terminal IN2 or the output

terminal OUT2 and a node between the coil 131 and the diode 130. Specifically, the

first terminal of the transistor 102 is connected to the node between the coil 131 and the

diode 130, and the second terminal of the transistor 102 is connected to the input

terminal IN2 and the output terminal OUT2. The cathode of the diode 130 is

connected to the output terminal OUT1. The one of the pair of electrodes of the

capacitor 132 is connected to the output terminal OUT1 and the other of the electrodes

of the capacitor 132 is connected to the output terminal OUT2.

[0056]

In the DC-DC converter illustrated in FIG. 2B, when the transistor 102 is

turned on, current flows to the coil 131 because of a potential difference between the

input terminal INI and the input terminal IN2. The coil 131 is magnetized because the

current flows thereto. Note that in the coil 131, electromotive force in an opposite

direction to that of the current flow is generated by self induction, so that the current is

gradually increased.

[0057]

Next, when the transistor 102 is turned off, a current path formed between the
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input terminal INI and the input terminal IN2 is blocked. In the coil 131, the

electromotive force in the direction preventing the change of the current, that is, in the

direction opposite to that of electromotive force generated when the transistor 102 is on

is generated. Therefore, voltage corresponding to the current flowing to the coil 131

when the transistor 102 is on is generated between the pair of the terminals of the coil

131. Then, current flowing through the coil 131 is held by voltage generated between

the terminals. In other words, when the transistor 102 is off, a current path is formed

between the input terminal INI and the output terminal OUTl through the coil 131 and

the diode 130. At this time, voltage which is the sum of the input voltage applied to

the input terminal INI and the voltage generated between the terminals of the coil 131 is

supplied to the output terminal OUTl, and the voltage is output from the DC-DC

converter. Voltage corresponding to a difference between the voltage of the output

terminal OUTl and the fixed voltage is held between the electrodes of the capacitor

132.

[0058]

In the above operation, when a percentage of on time of the transistor 102 is

high, current flowing through the coil 131 is large . Therefore, voltage between the

terminals of the coil 131 is high when the transistor 102 is turned off, which allows the

boosting in voltage so that a difference between the output voltage and the input voltage

is increased. In contrast, as a percentage of off time of the transistor 102 is higher,

current flowing to the coil 131 is small. Therefore, voltage between the terminals of

the coil 131 is low when the transistor 102 is turned off, which allows the boosting in

voltage so that a difference between the output voltage and the input voltage is reduced.

[0059]

Note that although FIGS. 1A and I B and FIGS. 2A and 2B show a structure in

which the constant-voltage generation portion 103 includes one transistor 102

functioning as a switching element, the present invention is not limited to this structure.

In this embodiment of the present invention, a plurality of transistors may function as

one switching element. In the case where the plurality of transistors functioning as one

switching element is provided, the plurality of transistors may be connected to each

other in parallel, in series, or in combination of a parallel connection and a series

connection. In any case, in one or more of the plurality of transistors, a potential



applied to the back gate electrode is controlled, and an off-state current or an on-state

resistance of the switching element is adjusted in accordance with the output power,

whereby power conversion efficiency can be enhanced.

[0060]

Note that in this specification, the state where the transistors are connected to

each other in series means a state where only one of a first terminal and a second

terminal of a first transistor is connected to only one of a first terminal and a second

terminal of a second transistor. Further, the state in which the transistors are connected

to each other in parallel refers to the state in which the first terminal of the first

transistor is connected to the first terminal of the second transistor and the second

terminal of the first transistor is connected to the second terminal of the second

transistor.

[0061]

Note that switching of the transistor 102 may be performed by pulse width

control (PWM) or pulse frequency control (PFM).

[0062]

FIG. 3A illustrates an example of a change over time of the gate voltage Vgs of

the transistor 102 in the case of using pulse width control. In FIG. 3A, the gate voltage

Vgs is pulsed voltage, and a pulse width Ton becomes gradually wider as time passes.

In the case of the pulse width control, the time interval Tp between timings at which

pulses are generated is constant and the pulse width Ton is variable.

[0063]

FIG. 3B illustrates a change over time of output power Wout obtained when the

switching of the transistor 102 is performed in accordance with the change of the gate

voltage Vgs illustrated in FIG 3A. As illustrated in FIG. 3B, as the pulse width Ton is

increased, higher output power Wout can be obtained.

[0064]

Note that in an embodiment of the present invention, the potential applied to

the back gate electrode is controlled in accordance with the strength of the output power

Wout, so that the back gate voltage Vbgs between the back gate electrode and the source

electrode is adjusted. As an example, FIG. 3C illustrates a change over time of the

back gate voltage Vbgs in the case where the output power Wout varies over time as



illustrated in FIG. 3B.

[0065]

In FIG. 3C, the back gate voltage Vbgs is increased stepwise. In other words,

the back gate voltage Vbgs is low in the case where the output power Wout is low, and

the back gate voltage Vbgs is high in the case where the output power Wout is high.

Accordingly, in the case of low output power Wout, power loss due to the off-state

current of the transistor 102 is preferentially suppressed to be low by decreasing the

back gate voltage Vdgs to shift the threshold voltage of the transistor 102 in a positive

direction, whereby reduction in power conversion efficiency can be prevented. In

addition, in the case of high output power Wout, the power loss of the on-state

resistance of the transistor 102 is preferentially suppressed to be low by increasing the

back gate voltage Vbgs to shift the threshold voltage of the transistor 102, whereby

reduction in power conversion efficiency can be prevented.

[0066]

Note that although in FIG. 3C, the back gate voltage Vbgs has seven levels, an

embodiment of the present invention is not limited thereto. As long as the back gate

voltage Vbgs can be changed stepwise, the above-described effect can be realized.

[0067]

As another example, FIG. 3D illustrates a change over time of the back gate

voltage Vbgs in the case where the output power Wout varies over time as illustrated in

FIG. 3B. In FIG. 3D, the back gate voltage Vbgs is increased linearly over time.

[0068]

Alternatively, the back gate voltage Vbgs may be varied in a pulsed manner as

the gate voltage Vgs of the transistor 102. In this case, it is preferable that the back

gate voltage Vbgs be controlled so that a period in which a pulse of the gate voltage Vgs

appears and a period in which a pulse of the back gate voltage Vbgs appears overlap

with each other.

[0069]

FIG. 4A illustrates an example of a change over time of the gate voltage Vgs of

the transistor 102 in the case of employing the pulse frequency control. In FIG. 4A,

pulsed voltage is applied to the gate voltage Vgs and the time interval Tp between

timings at which pulses are generated is smaller as time passes. In the case of the



pulse frequency control, the pulse width Ton is kept constant and the time interval Tp

between timings at which pulses are generated is variable.

[0070]

FIG. 4B illustrates a change over time of the output power Wout obtained when

switching of the transistor 102 is performed in accordance with the gate voltage Vgs

illustrated in FIG. 4A. As illustrated in FIG. 4B, as the time interval Tp between

timings at which pulses are generated is smaller as time passes, output power Wout is

increased.

[0071]

Note that in an embodiment of the present invention, the output power may be

adjusted by a combination of the pulse width control and the pulse frequency control

which are utilized for switching of the transistor 102. In the case of low output power,

the frequency of switching of the transistor 102 can be suppressed to be low by the

pulse frequency control rather than by the pulse width control; accordingly, the power

loss due to switching of the transistor 102 is suppressed to be low. In contrast, in the

case of high output power, the frequency of switching of the transistor 102 can be

suppressed to be low by the pulse width control rather than by the pulse frequency

control; accordingly, power loss due to the switching of the transistor 102 is suppressed

to be low. Therefore, the pulse width control and the pulse frequency control may be

switched depending on the amount of the output power, whereby power conversion

efficiency can be enhanced.

[0072]

(Embodiment 2)

In this embodiment, a structure and characteristics of a transistor included in

the DC-DC converter of this embodiment of the present invention, and the measurement

of the power conversion efficiency of the DC-DC converter including the transistor will

be described.

[0073]

FIG. 5A is an example of a top view of a transistor included in the DC-DC

converter according to an embodiment of the present invention. FIG 5B illustrates a

cross-sectional view taken along dashed line A1-A2 in the top view of FIG. 5A.

[0074]



A transistor in FIGS. 5A and 5B includes the following over a glass substrate

500: an insulating film 501, a back gate electrode 502 which is over the insulating film

501, an insulating film 503 which is over the back gate electrode 502, a semiconductor

film 504 which overlaps with the back gate electrode 502 with the insulating film 503

provided therebetween, a source electrode 505 and a drain electrode 506 which are over

the semiconductor film 504, an insulating film 507 which covers the semiconductor film

504, the source electrode 505, and the drain electrode 506, a gate electrode 508 which is

over the insulating film 507 and which overlaps with the back gate electrode 502 and

the semiconductor film 504.

[0075]

Note that in FIG. 5A, the insulating film 501, the insulating film 503, and the

insulating film 507 are omitted to illustrate the structure of the transistor clearly.

[0076]

Specifically, the insulating film 501 contains silicon oxynitride and has a

thickness of approximately 100 nm. The back gate electrode 502 contains tungsten

and has a thickness of 150 nm. The insulating film 503 contains silicon oxide and has

a thickness of 100 nm. The semiconductor film 504 contains an In-Ga-Zn-O-based

oxide semiconductor and has a thickness of 50 nm. The source electrode 505 and the

drain electrode 506 each contain titanium and have a thickness of 150 nm. The

insulating film 507 contains silicon oxide and has a thickness of 300 nm. The gate

electrode 508 contains indium tin oxide including silicon oxide (ITSO) and has a

thickness of 150 nm.

[0077]

Note that as illustrated in FIG. 5B, a channel formation region is a region 510

in the semiconductor film 504, which overlaps with the gate electrode 508 and which

presents between the source electrode 505 and the drain electrode 506. FIG. 6

illustrates a magnified view of the vicinity of the channel formation region of the

transistor in FIG. 5A. Note that in FIG 6, the back gate electrode 502 is omitted.

[0078]

As illustrated in FIG. 6, in the transistor described in this embodiment, the

shapes of the source electrode 505 and the drain electrode 506, which are viewed from

above, each have a comb shape with projections and depressions. Further, the source



electrode 505 and the drain electrode 506 are provided so that projections and

depressions of the comb shapes, which are parallel to a surface of the substrate 500

engage with each other and a certain channel length L is kept. Furthermore, a channel

width W is the length of the channel formation region in a direction perpendicular to a

direction of carrier flow. In FIG. 6, the channel width W corresponds to the length of a

dashed line W1-W2.

[0079]

In this embodiment, the channel length L is 3 µπ and the channel width W is

10 cm.

[0080]

FIG. 7 illustrates measurement values of drain current Id (A) with respect to the

gate voltage Vgs (V) of the transistor with each of the structures in FIGS. 5A, FIG. 5B,

and FIG. 6. In measurement, the voltage Vds between the source electrode 505 and the

drain electrode 506 is 5 V. FIG. 7 illustrates measurement values in the case where the

back gate voltage Vbgs between the back gate electrode and the source electrode of the

transistor is -2.5 V, 0 V, and 5 V.

[0081]

As illustrated in FIG. 7, as the back gate voltage Vbgs becomes lower, the

threshold voltage of the transistor is shifted to the positive side and the off-state current

is reduced. Further, as the back gate voltage Vbgs becomes higher, the threshold

voltage of the transistor is shifted to the negative side and the off-state current is

increased, that is, on-state resistance is reduced.

[0082]

Then, the power conversion efficiency of a DC-DC converter including the

transistor as a switching element was measured. A power conversion circuit included

in the DC-DC converter and used for the measurement has the same structure as the

power conversion circuit 101 included in the DC-DC converter in FIG. 2B.

[0083]

Switching of the transistor 102 was controlled by setting the gate voltage Vgs

to 0 V or 5 V. A duty ratio was adjusted by the pulse width control and the frequency

of timings at which pulses are generated was set to 97 Hz. Note that the duty ratio
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corresponds to the percentage of a period in which the gate voltage Vgs of the transistor

102 is 5 V, that is, a period in which the transistor 102 is on, within a certain length of a

period. Moreover, the input voltage applied to the input terminal INI and the output

voltage applied to the output terminal OUT1 were fixed at 5 V and 10 V, respectively.

Then, the duty ratio was varied from 40 % to 68% and a relation between output power

Wout (W) and power conversion efficiency (%) was measurement.

[0084]

FIG. 8 illustrates the relation between output power Wout (W) and power

conversion efficiency (%), which was obtained by the measurement. As shown in FIG.

8, when the output power Wout is low, the decrease in the back gate voltage Vbgs

results in high power conversion efficiency. On the other hand, the power conversion

efficiency increases with increasing output power Wout regardless of the back gate

voltage Vbgs. However, in the case of low back gate voltage Vbgs, the increase in the

power conversion efficiency is saturated and then decreased with increasing output

power Wout. In contrast, when the back gate voltage Vbgs is as high as 5 V or 10 V,

such a saturation of the increase in power conversion efficiency is not observed,

resulting in high power conversion efficiency compared with the case of low back gate

voltage Vbgs such as -2.5 V or 0 V.

[0085]

Hence, in an embodiment of the present invention, as shown in the results

illustrated in FIG. 8, with the structure in which the back gate voltage Vbgs is increased

in the case of high output power and the back gate voltage Vbgs is decreased in the case

of low output power, a DC-DC converter or a power supply circuit having high power

conversion efficiency can be obtained.

[0086]

This embodiment can be implemented by being combined as appropriate with

any of the embodiments.

[0087]

(Embodiment 3)

In this embodiment, an example of a structure of an output voltage control

circuit in the case of employing the pulse width control will be described.
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[0088]

FIG. 9 schematically illustrates an example of a structure of an output voltage

control circuit. The output voltage control circuit 104 in FIG. 9 includes a resistor 200,

a resistor 201, an error amplifier 202, a phase compensation circuit 203, a comparator

204, a triangle wave generator 205, and a buffer 206.

[0089]

The resistor 200 and the resistor 201 are connected in series. One of terminals

of the resistor 200 is supplied with the output voltage from the output terminal OUTl of

the DC-DC converter. One of terminals of the resistor 201 is supplied with a fixed

potential such as a ground potential. A node in which the other of the terminals of the

resistor 200 and the other of the terminals of the resistor 201 are connected is connected

to an inverting input terminal (-) of the error amplifier 202. Therefore, the output

voltage from the output terminal OUTl is subjected to resistor division by the resistor

200 and the resistor 201, and is supplied to the inverting input terminal (-) of the error

amplifier 202.

[0090]

A non-inverting input terminal (+) of the error amplifier 202 is supplied with a

reference voltage Vrefl. In the error amplifier 202, the voltage applied to the inverting

input terminal (-) and the reference voltage Vrefl are compared and the difference is

amplified; then, the amplified difference is output from an output terminal of the error

amplifier 202.

[0091]

The voltage output from the error amplifier 202 is supplied to the phase

compensation circuit 203. The phase compensation circuit 203 controls a phase of

voltage output from the error amplifier 202. The phase of the voltage is controlled by

the phase compensation circuit 203, so that oscillation of the output voltage of an

amplifier such as the error amplifier 202 or the comparator 204 is prevented and the

operation of the DC-DC converter can be stabilized.

[0092]

The voltage output from the phase compensation circuit 203 is supplied to the

non-inverting input terminal (+) of the comparator 204. To the inverting input



terminal (-) of the comparator 204, a signal with a triangle wave or a sawtooth wave

which is output from the triangle wave generator 205 is supplied. The comparator 204

generates a signal with a rectangle wave which has a constant frequency and which has

a pulse width varying in accordance with the voltage applied to the non-inverting input

terminal (+). The signal with a rectangle wave output from the comparator 204 is

output from the output voltage control circuit 104 to a gate electrode of the transistor

102 through the buffer 206.

[0093]

This embodiment can be implemented by being combined as appropriate with

any of the embodiments.

[0094]

(Embodiment 4)

In this embodiment, an example of a structure of a back gate control circuit is

described.

[0095]

FIG 10 schematically illustrates an example of a structure of a back gate

control circuit. The back gate control circuit 105 in FIG. 10 includes a current

detection circuit 210 detecting the amount of current output from the output terminal

OUTl, and a power-voltage conversion circuit 216 which determines the potential of

the back gate electrode from the amount of the current detected by the current detection

circuit 210 and the output voltage from the output terminal OUTl.

[0096]

Specifically, FIG. 10 illustrates a case where the current detection circuit 210

includes a CT (current transformer) sensor 211, a rectifier 212, and an integrating circuit

213. The CT sensor 211 is provided in adjacent to a conductor such as a wiring which

supplies current to the output terminal OUTl. When magnetic flux is generated

around the conductor by current flow through the conductor, the current corresponding

to the amount of current is generated in the CT sensor 211, obeying the principle of the

transformer. For example, assuming that the current flowing to the output terminal

OUTl is I0 and the current generated in the CT sensor 211 is let, ¾: let = N: 1 (N » 1)

is satisfied. In other words, the CT sensor 211 can generate the extremely low current



let in proportion to the current I0.

[0097]

The rectifier 212 rectifies the current generated in the CT sensor 211 and sends

the current to the integrating circuit 213. The integrating circuit 213 includes a resistor

214 and a capacitor 215, which are connected in parallel and are provided between the

rectifier 212 and a node supplied with a fixed voltage, and functions as a low-pass filter.

Accordingly, the integrating circuit 213 converts current rectified by the rectifier 212

into voltage, and outputs the voltage after averaging it. The voltage Vet output from

the integrating circuit 213 is applied to the power-voltage conversion circuit 216.

[0098]

FIG. 10 illustrates a case where the power-voltage conversion circuit 216

includes a comparator 217, an inverter 220, a power source 221, and transistors 218 and

219 functioning as switching elements.

[0099]

The non-inverting input terminal (+) of the comparator 217 is supplied with the

voltage Vet output from the integrating circuit 213, and the inverting input terminal (-)

of the comparator 217 is supplied with the output voltage of the output terminal OUT1

or voltage corresponding to the voltage of the output terminal OUT1 as a reference

voltage Vref2. The comparator 217 compares the inputted voltage Vet and the

reference voltage Vref2, thereby outputting a high-level voltage in the case of the

voltage Vet > the reference voltage Vref2 and outputting a low-level voltage in the case

of the voltage Vet < the reference voltage Vref2.

[0100]

The voltage output from the comparator 217 is supplied to a gate electrode of

the transistor 219. Further, the voltage output from the comparator 217 is inverted in

the inverter 220 and is applied to a gate electrode of the transistor 218. Accordingly, in

the case where the voltage output from the comparator 217 is in a high level, the

transistor 218 is turned off and the transistor 219 is turned on; thus, the potential Vbgl

from the power source 221 is output from the power-voltage conversion circuit 216.

In the case where the voltage output from the comparator 217 is in a low level, the

transistor 218 is turned on and the transistor 219 is turned off; thus, a potential Vbg2



which is a ground potential is output from the power-voltage conversion circuit 216.

Note that although the potential Vbg2 is the ground potential in this embodiment, the

potential Vbg2 may be a potential other than the ground potential.

[0101]

The potential Vbgl or the potential Vbg2 output from the power-voltage

conversion circuit 216 is output from the back gate control circuit 105 and is supplied to

the back gate electrode of the transistor 102 in FIG. 1A, for example. In other words,

the potential supplied to the back gate electrode of the transistor 102 can vary by the

back gate control circuit 105 in accordance with the output power of the DC-DC

converter.

[0102]

In an embodiment of the present invention, a potential supplied to the back gate

electrode varies in accordance with the current and voltage of the output terminal OUTl,

whereby the threshold voltage can be adjusted to decrease the on-state resistance of the

transistor 102 in the case of high output power and to decrease the off-state current of

the transistor 102 in the case of low output power. Accordingly, the power conversion

efficiency of the DC-DC converter can be improved. As illustrated in an embodiment

of the present invention, the output power of the DC-DC converter is monitored and the

potential of the back gate electrode is controlled in accordance with the output power,

whereby the potential of the back gate electrode can be set to have a more appropriate

value in comparison with the case where only the output voltage of the DC-DC

converter is monitored. As a result, power conversion efficiency can be enhanced.

[0103]

Further, by using the DC-DC converter, the power conversion efficiency of a

power supply circuit can be improved. In addition, the power conversion efficiency of

the DC-DC converter is improved; therefore, power consumption of a semiconductor

device including the DC-DC converter can be suppressed.

[0104]

This embodiment can be implemented by being combined as appropriate with

any of the embodiments.

[0105]

(Embodiment 5)



In this embodiment, an example of a DC-DC converter having the power

conversion circuit 101 with a different structure from that in the DC-DC converter

illustrated in FIGS. 2A and 2B will be described.

[0106]

FIG. 11A illustrates a structure of a fly-back DC-DC converter. In the DC-DC

converter in FIG. 11A, the constant-voltage generation portion 103 includes the diode

130, the capacitor 132, and a transformer 133. Further, the DC-DC converter in FIG.

11A includes the input terminal INI supplied with an input voltage, the input terminal

IN2 supplied with a fixed voltage, the output terminal OUTl, and the output terminal

OUT2.

[0107]

The transformer 133 includes a first coil and a second coil in which a common

core is provided for each of the centers of the coils. The transistor 102 controls

connection between the input terminal ΓΝ 2 and one of terminals of the first coil of the

transformer 133. Specifically, a first terminal of the transistor 102 is connected to the

input terminal IN2, and a second terminal of the transistor 102 is connected to the one

of the terminals of the first coil of the transformer 133. The other of the terminals of

the first coil of the transformer 133 is connected to the input terminal INI.

[0108]

One of terminals the second coil of the transformer 133 is connected to the

anode of the diode 130 and the other of the terminals of the second coil is connected to

the output terminal OUT2. The cathode of the diode 130 is connected to the output

terminal OUTl. One of electrodes of the capacitor 132 is connected to the output

terminal OUTl and the other of the electrodes of the capacitor 132 is connected to the

output terminal OUT2.

[0109]

FIG. 11B illustrates a structure of a forward DC-DC converter. In the DC-DC

converter in FIG. 11B, the constant-voltage generation portion 103 includes the diode

130, a diode 134, the coil 131, the capacitor 132, and a transformer 135. Further, the

DC-DC converter in FIG. 11B includes the input terminal INI supplied with the input

voltage, the input terminal IN2 supplied with a fixed voltage, the output terminal OUTl,

and the output terminal OUT2.



[0110]

Like the transformer 133 in FIG. 11A, the transformer 135 includes a first coil

and a second coil in which a common core is provided for each of the centers of the

coils. Note that in the transformer 133, the start end of the first coil and the start end

of the second coil are on the opposite side to each other; on the other hand, the start end

of the first coil and the start end of the second coil are on the same side in the

transformer 135.

[0111]

The transistor 102 controls connection between the input terminal IN2 and one

of terminals of the first coil of the transformer 135. Specifically, the first terminal of

the transistor 102 is connected to the input terminal IN2, and the second terminal of the

transistor 102 is connected to the one of the terminals of the first coil of the transformer

135. The other of the terminals of the first coil of the transformer 135 is connected to

the input terminal INI.

[0112]

Further, one of terminals of the second coil of the transformer 135 is connected

to the anode of the diode 130 and the other of the terminals of the second coil is

connected to the output terminal OUT2. The cathode of the diode 130 is connected to

a cathode of the diode 134 and the one of the terminals of the coil 131. An anode of

the diode 134 is connected to the output terminal OUT2. The other of the terminals of

the coil 131 is connected to the output terminal OUT1. The one of electrodes of the

capacitor 132 is connected to the output terminal OUT1 and the other of the electrodes

of the capacitor 132 is connected to the output terminal OUT2.

[0113]

Note that although the structures of the fly-back DC-DC converter and the

forward DC-DC converter are described in this embodiment, the DC-DC converter

according to an embodiment of the present invention is not limited as long as a

switching method is employed in which the output voltage is adjusted by using the duty

ratio of a switching element.

[0114]

This embodiment can be implemented by being combined as appropriate with

any of the embodiments.



[0115]

(Embodiment 6)

In this embodiment, an example of a lighting device which is one of

semiconductor devices according to an embodiment of the present invention will be

described. FIG. 12 illustrates an example of a structure of a lighting device.

[0116]

The lighting device in FIG. 12 includes an AC power source 301, a switch 302,

a rectification circuit 303, the DC-DC converter 100, and a light-emitting element 304.

The rectification circuit 303 and the DC-DC converter 100 form a power supply circuit.

[0117]

The DC-DC converter 100 in FIG. 12 has the same structure as that of the

step-down DC-DC converter in FIG. 2A. A lighting device according to an

embodiment of the present invention does not necessarily include the DC-DC converter

100 in FIG. 2A, and can include a DC-DC converter according to an embodiment of the

present invention other than the DC-DC converter 100.

[0118]

Specifically, in the lighting device in FIG. 12, AC voltage from the AC power

source 301 is supplied to the rectification circuit 303 through the switch 302, and

rectified. DC voltage obtained by the rectification is input to the DC-DC converter

100 and output after the level is adjusted. Description in Embodiment 1 with reference

to FIG. 2A can be referred to for specific operation of the DC-DC converter 100. In

this embodiment, the inputted voltage is decreased by the DC-DC converter 100, and

output.

[0119]

The voltage output from the DC-DC converter 100 is supplied to the

light-emitting element 304, so that the light-emitting element 304 emits light. As the

light-emitting element 304, various light sources such as a light-emitting diode (LED)

and an organic light-emitting element (OLED) can be used.

[0120]

Although in FIG 12, a lighting device in which the AC power source 301 is

used as a power source is illustrated, the present invention is not limited thereto. As

the power source, a DC power source may be used instead of an AC power source.



Note that in the case of using a DC power source, the rectification circuit 303 is not

necessarily provided.

[0121]

In addition, although in FIG. 12, a structure of a lighting device in which the

AC power source 301 is used as a power source is illustrated, a lighting device

according to an embodiment of the present invention does not necessarily include a

power source as its component.

[0122]

This embodiment can be implemented by being combined as appropriate with

any of the embodiments.

[0123]

(Embodiment 7)

In this embodiment, an embodiment of a solar cell which is one of

semiconductor devices according to an embodiment of the present invention will be

described. FIG. 13 illustrates an example of a structure of a solar cell.

[0124]

The solar cell in FIG. 13 includes a photodiode 350, a switch 351, a capacitor

352, the DC-DC converter 100, a pulse width modulation circuit 353, an inverter 354,

and a band pass filter 355.

[0125]

The DC-DC converter 100 in FIG. 13 has the same structure as the step-up

DC-DC converter in FIG. 2B. A solar cell according to an embodiment of the present

invention does not necessarily include the DC-DC converter 100 in FIG. 2A and can use

a DC-DC converter according to an embodiment of the present invention other than the

DC-DC converter 100.

[0126]

Specifically, in the solar cell in FIG. 13, voltage is generated when light is

delivered to the photodiode 350. The voltage smoothed by the capacitor 352 is input

to the DC-DC converter 100 through the switch 351. Note that with the capacitor 352,

the pulsed current generated by switching of the switch 351 can be prevented from

flowing through the photodiode 350.

[0127]



Then, the voltage input to the DC-DC converter 100 is output after the voltage

is adjusted by the DC-DC converter 100. Description in Embodiment 1 with reference

to FIG. 2B can be referred to for specific operation of the DC-DC converter 100. In

this embodiment, the level of the inputted voltage is increased by the DC-DC converter

100, and output.

[0128]

The voltage output from the output terminal OUTl of the DC-DC converter

100 is DC voltage. The inverter 354 converts the DC voltage output from the DC-DC

converter 100 to AC voltage, and outputs. FIG. 13 illustrates an example of a structure

in which the inverter 354 includes four transistors 356 to 359 and four diodes 360 to

363.

[0129]

Specifically, a first terminal of the transistor 356 is connected to the output

terminal OUTl of the DC-DC converter 100 and a second terminal of the transistor 356

is connected to a first terminal of the transistor 357. A second terminal of the

transistor 357 is connected to the output terminal OUT2 of the DC-DC converter 100.

A first terminal of the transistor 358 is connected to the output terminal OUTl of the

DC-DC converter 100 and a second terminal of the transistor 358 is connected to a first

terminal of the transistor 359. A second terminal of the transistor 359 is connected to

the output terminal OUT2 of the DC-DC converter 100. The diodes 360 to 363 are

connected to the transistors 356 to 359 in parallel respectively. Specifically, the first

terminals of the transistors 356 to 359 are connected to anodes of the diodes 360 to 363,

respectively. The second terminals of the transistors 356 to 359 are connected to

cathodes of the diodes 360 to 363.

[0130]

To the pulse width modulation circuit 353, the voltage output from the DC-DC

converter 100 is supplied. The pulse width modulation circuit 353 is operated by

application of the voltage and generates a signal for controlling switching of the

transistors 356 to 359.

[0131]

The transistors 356 to 359 perform switching in accordance with the signal

from the pulse width modulation circuit 353, whereby AC voltage with a PWM



waveform is output from a node in which the second terminal of the transistor 356 and

the first terminal of the transistor 357 in the inverter 354 are connected and a node in

which the second terminal of the transistor 358 and the first terminal of the transistor

359 in the inverter 354 are connected.

[0132]

Then, a high-frequency component is removed from the AC voltage output

from the inverter 354 by using the band pass filter 355, whereby AC voltage with a sine

wave can be obtained.

[0133]

This embodiment can be implemented by being combined as appropriate with

any of the embodiments.

[0134]

(Embodiment 8)

In this embodiment, a method for fabricating a semiconductor device according

to an embodiment of the present invention will be described. The semiconductor

device includes a transistor including silicon and a transistor including an oxide

semiconductor.

[0135]

Note that in an embodiment of the present invention, it is only necessary that

an oxide semiconductor is used for a transistor functioning as a switching element for

controlling the output power of the DC-DC converter. The transistor other than the

transistor functioning as a switching element can be formed through a normal CMOS

process in which germanium, silicon, silicon germanium, single crystal silicon carbide,

or the like is used. For example, the transistor including silicon can be formed using a

single crystal semiconductor substrate such as a silicon wafer, a silicon thin film which

is formed by an SOI method, a silicon thin film which is formed by a vapor deposition

method, or the like.

[0136]

First, as illustrated in FIG. 14A, an n-channel transistor 704 and the p-channel

transistor 705 are formed over an insulating surface of a substrate 700 by a known

CMOS fabricating method. In this embodiment, the case where the n-channel

transistor 704 and the p-channel transistor 705 are formed using a single crystal



semiconductor film which is separated from a single crystal semiconductor substrate is

given as an example.

[0137]

A specific example of a fabricating method of a single crystal semiconductor

film is briefly described. First, an ion beam including ions which are accelerated by an

electric field enters the single crystal semiconductor substrate and a fragile layer which

is fragile because of local disorder of the crystal structure is formed in a region at a

certain depth from the surface of the semiconductor substrate. The depth at which the

fragile layer is formed can be adjusted by the acceleration energy of the ion beam and

the angle at which the ion beam enters. Then, the semiconductor substrate and the

substrate 700 over which the insulating film 701 is formed are attached to each other so

that the insulating film 701 is provided therebetween. After the semiconductor

substrate and the substrate 700 overlap with each other, a pressure of greater than or

equal to 1 N/cm2 and less than or equal to 500 N/cm2, preferably greater than or equal to

11 N/cm2 and less than or equal to 20 N/cm2 is applied to part of the semiconductor

substrate and the substrate 700 to attach both the substrates. When the pressure is

applied to a portion, bonding between the semiconductor substrate and the insulating

film 701 starts from the portion, which results in bonding of the entire surface where the

semiconductor substrate and the insulating film 701 are in contact with each other.

Subsequently, heat treatment is performed, whereby very small voids that exist in the

fragile layer are expanded and combined to form voids with a large volume. As a

result, the single crystal semiconductor film which is part of the semiconductor

substrate is separated from the semiconductor substrate along the fragile layer. The

heat treatment is performed at a temperature not exceeding the strain point of the

substrate 700. Then, the single crystal semiconductor film is processed into a desired

shape by etching or the like, so that an island-shaped semiconductor film 702 and an

island-shaped semiconductor film 703 can be formed.

[0138]

The n-channel transistor 704 is formed using the island-shaped semiconductor

film 702 over the insulating film 701, and the p-channel transistor 705 is formed using

the island-shaped semiconductor film 703 over the insulating film 701. The n-channel

transistor 704 includes a gate electrode 706, and the p-channel transistor 705 includes a



gate electrode 707. The n-channel transistor 704 includes an insulating film 708

between the island-shaped semiconductor film 702 and the gate electrode 706. The

p-channel transistor 705 includes the insulating film 708 between the island-shaped

semiconductor film 703 and the gate electrode 707.

[0139]

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

the substrate 700, it is necessary that the substrate have at least enough heat resistance to

heat treatment performed later. For example, a glass substrate fabricated by a fusion

method or a float method, a quartz substrate, a ceramic substrate, or the like can be used

as the substrate 700. Further, when the temperature of heat treatment performed later

is high, a substrate having a strain point of greater than or equal to 730 °C is preferably

used as the glass substrate. Further, a metal substrate such as a stainless-steel substrate

or a substrate in which an insulating film is formed on the surface of a silicon substrate

may be used as well. Although a substrate formed of a flexible synthetic resin such as

plastic generally has a lower resistance temperature than the aforementioned substrates,

it may be used as long as being resistant to a processing temperature during fabricating

steps.

[0140]

Note that although the case where the n-channel transistor 704 and the

p-channel transistor 705 are formed using the single crystal semiconductor film is

illustrated as an example in this embodiment, the present invention is not limited to this

structure. For example, a polycrystalline or microcrystalline semiconductor film

which is formed over the insulating film 701 by a vapor deposition method may be used.

Alternatively, the above semiconductor film may be formed by crystallization of

amorphous silicon with a known technique. As the known technique of crystallization,

a laser crystallization method using a laser beam and a crystallization method using a

catalytic element are given. Alternatively, a crystallization method using a catalytic

element and a laser crystallization method may be combined. When a heat-resistant

substrate such as a quartz substrate is used, a crystallization method combined with a

thermal crystallization method using an electrically heated oven, a lamp annealing

crystallization method using infrared light, a crystallization method using a catalytic



element, or a high-temperature annealing method at approximately 950 °C, may be

used.

[0141]

In FIG. 14A, after a conductive film is formed over the insulating film 708, the

conductive film is processed into a desired shape by etching or the like, whereby a

wiring 711 connected to the gate electrode 701 is formed together with the gate

electrode 709 and the gate electrode 710.

[0142]

Next, as illustrated in FIG. 14A, an insulating film 712 is formed so as to cover

the n-channel transistor 704, the p-channel transistor 705, and the wiring 711. Note

that although the case where the insulating film 712 is formed in a single layer is

illustrated as an example in this embodiment, the insulating film 712 is not necessarily a

single layer and insulating films of two or more layers may be stacked as the insulating

film 712.

[0143]

The insulating film 712 is formed using materials which can withstand a

temperature of heat treatment in a later fabricating step. Specifically, it is preferable to

use silicon oxide, silicon nitride, silicon nitride oxide, silicon oxynitride, aluminum

nitride, aluminum oxide, or the like for the insulating film 712.

[0144]

A surface of the insulating film 712 may be planarized by CMP or the like.

[0145]

Next, as illustrated in FIG. 14A, a gate electrode 713 is formed over the

insulating film 712.

[0146]

The gate electrode 713 can be formed to have a single-layer structure or a

stacked-layer structure using one or more conductive films including a metal such as

molybdenum, titanium, chromium, tantalum, tungsten, neodymium, or scandium or an

alloy which contains any of these metals as a main component, or a nitride of any of

these metals. Note that aluminum or copper can also be used as such metals if

aluminum or copper can withstand a temperature of heat treatment performed in a later

process. Aluminum or copper is preferably combined with a refractory metal material



so as to prevent a heat resistance problem and a corrosive problem. As the refractory

metal material, molybdenum, titanium, chromium, tantalum, tungsten, neodymium,

scandium, or the like can be used.

[0147]

For example, as a two-layer stacked structure of the gate electrode 713, the

following structures are preferable: a two-layer structure in which a molybdenum film is

stacked over an aluminum film; a two-layer structure in which a molybdenum film is

stacked over a copper film; a two-layer structure in which a titanium nitride film or a

tantalum nitride film is stacked over a copper film; and a two-layer structure in which a

titanium nitride film and a molybdenum film are stacked. As a three-layer structure of

the gate electrode 713, the following structure is preferable: a stacked structure

containing an aluminum film, an alloy film of aluminum and silicon, an alloy film of

aluminum and titanium, or an alloy film of aluminum and neodymium in a middle layer

and any of a tungsten film, a tungsten nitride film, a titanium nitride film, and a titanium

film in a top layer and a bottom layer.

[0148]

Further, a light-transmitting oxide conductive film of indium oxide, a mixed

oxide of indium oxide and tin oxide, a mixed oxide of indium oxide and zinc oxide, zinc

oxide, zinc aluminum oxide, zinc aluminum oxynitride, zinc gallium oxide, or the like

can also be used as the gate electrode 713.

[0149]

The thickness of the gate electrode 713 is in the range of 10 nm to 400 nm,

preferably 100 nm to 200 nm. In this embodiment, after the conductive film for the

gate electrode is formed to have a thickness of 150 nm by a sputtering method using a

tungsten target, the conductive film is processed (patterned) into a desired shape by

etching, whereby the gate electrode 713 is formed. Note that when end portions of the

formed gate electrode are tapered, coverage with a gate insulating film stacked

thereover is improved, which is preferable. Note that a resist mask may be formed by

an ink-jet method. Formation of the resist mask by an ink-jet method needs no

photomask; thus, fabricating cost can be reduced.

[0150]

Next, as illustrated in FIG. 14B, a gate insulating film 714 is formed over the



gate electrode 713. The gate insulating film 714 can be formed to have a single-layer

structure or a stacked-layer structure using one or more selected from a silicon oxide

film, a silicon nitride film, a silicon oxynitride film, a silicon nitride oxide film, an

aluminum oxide film, an aluminum nitride film, an aluminum oxynitride film, an

aluminum nitride oxide film, a hafnium oxide film, and a tantalum oxide film by a

plasma CVD method, a sputtering method, or the like. It is preferable that the gate

insulating film 714 contains as little impurities such as moisture and hydrogen as

possible. In the case where a silicon oxide film is formed 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.

[0151]

An oxide semiconductor that is made to be an intrinsic oxide semiconductor or

a substantially intrinsic oxide semiconductor (the oxide semiconductor that is highly

purified) by removal of impurities is extremely sensitive to an interface state and an

interface electric charge; thus, an interface between the highly purified oxide

semiconductor and the gate insulating film 714 is important. Therefore, the gate

insulating film (GI) that is in contact with the highly purified oxide semiconductor

needs to have higher quality.

[0152]

For example, high-density plasma CVD using microwaves (e.g., a frequency of

2.45 GHz) is preferable because a dense high-quality insulating film having high

withstand voltage can be formed. This is because when the highly purified oxide

semiconductor is in contact with the high-quality gate insulating film, the interface state

can be reduced and favorable interface characteristics can be obtained.

[0153]

Needless to say, a different film formation method such as a sputtering method

or a plasma CVD method can be used as long as a high-quality insulating film can be

formed as a gate insulating film. Moreover, it is possible to form an insulating film

whose quality and characteristics of an interface with the oxide semiconductor are

improved through heat treatment performed after the formation of the insulating film.

In any case, an insulating film that has favorable film quality as the gate insulating film

and can reduce interface state density with the oxide semiconductor to form a favorable



interface is formed.

[0154]

The gate insulating film 714 may be formed to have a structure in which an

insulating film formed using a material having a high barrier property and an insulating

film having lower proportion of nitrogen, such as a silicon oxide film or a silicon

oxynitride film, are stacked. In this case, the insulating film such as a silicon oxide

film or a silicon oxynitride film is formed between the insulating film having a high

barrier property and the oxide semiconductor film. As the insulating film having a

high barrier property, a silicon nitride film, a silicon nitride oxide film, an aluminum

nitride film, an aluminum nitride oxide film, or the like can be given, for example.

The insulating film having a high barrier property is used, so that impurities in an

atmosphere, such as moisture or hydrogen, or impurities in the substrate, such as an

alkali metal or a heavy metal, can be prevented from entering the oxide semiconductor

film, the gate insulating film 714, or the interface between the oxide semiconductor film

and another insulating film and the vicinity thereof. In addition, the insulating film

having lower proportion of nitrogen, such as a silicon oxide film or a silicon oxynitride

film, is formed so as to be in contact with the oxide semiconductor film, so that the

insulating film having a high barrier property can be prevented from being in direct

contact with the oxide semiconductor film.

[0155]

For example, a silicon nitride film (SiN ( > 0)) with a thickness of greater

than or equal to 50 nm and less than or equal to 200 nm is formed by a sputtering

method as a first gate insulating film, and a silicon oxide film (SiOx (x > 0)) with a

thickness of greater than or equal to 5 nm and less than or equal to 300 nm is stacked

over the first gate insulating film as a second gate insulating film; thus, these films may

be used as the gate insulating film 714 having a thickness of 100 nm The thickness of

the gate insulating film 714 may be set as appropriate depending on characteristics

needed for the transistors and may be approximately 350 nm to 400 nm.

[0156]

In this embodiment, the gate insulating film 714 having a structure in which a

silicon oxide film having a thickness of 100 nm formed by a sputtering method is



stacked over a silicon nitride film having a thickness of 50 nm formed by a sputtering

method is formed.

[0157]

Note that the gate insulating film is in contact with the oxide semiconductor

layer to be formed later. When hydrogen is contained in the oxide semiconductor,

characteristics of the transistor are adversely affected; therefore, it is preferable that the

gate insulating film do not contain hydrogen, a hydroxyl group, and moisture. In order

that the gate insulating film 714 contains as little hydrogen, a hydroxyl group, and

moisture as possible, it is preferable that an impurity adsorbed on the substrate 700,

such as moisture or hydrogen, be eliminated and removed by preheating the substrate

700, over which the gate electrode 713 is formed, in a preheating chamber of a

sputtering apparatus, as a pretreatment for film formation. The temperature for the

preheating is higher than or equal to 100 °C and lower than or equal to 400 °C,

preferably higher than or equal to 150 °C and lower than or equal to 300 °C. As an

exhaustion unit provided in the preheating chamber, a cryopump is preferable. Note

that this preheating treatment can be omitted.

[0158]

Next, over the gate insulating film 714, an oxide semiconductor film having a

thickness of greater than or equal to 2 nm and less than or equal to 200 nm, preferably

greater than or equal to 3 nm and less than or equal to 50 nm, or more preferably greater

than or equal to 3 nm and less than or equal to 20 nm is formed. The oxide

semiconductor film is formed by a sputtering method using an oxide semiconductor

target. Moreover, the oxide semiconductor film can be formed by a sputtering method

under a rare gas (e.g., argon) atmosphere, an oxygen atmosphere, or a mixed

atmosphere of a rare gas (e.g., argon) and oxygen.

[0159]

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

method, dust left over a surface of the gate insulating film 714 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, without application of voltage to a target

side, an RF power source is used for application of voltage to a substrate side under an



argon atmosphere to generate plasma in the vicinity of the substrate to modify a surface.

Note that instead of an argon atmosphere, a nitrogen atmosphere, a helium atmosphere,

or the like may be used. Alternatively, an argon atmosphere to which oxygen, nitrous

oxide, or the like is added may be used. Further alternatively, an argon atmosphere to

which chlorine, carbon tetrafluoride, or the like is added may be used.

[0160]

As described above, examples of the oxide semiconductor film include a

quaternary metal oxide such as an In-Sn-Ga-Zn-O-based oxide semiconductor; ternary

metal oxides such as an In-Ga-Zn-O-based oxide semiconductor, an In-Sn-Zn-O-based

oxide semiconductor, an In-Al-Zn-O-based oxide semiconductor, an Sn-Ga-Zn-O-based

oxide semiconductor, an Al-Ga-Zn-O-based oxide semiconductor, an Sn-Al-Zn-O-based

oxide semiconductor, an In-Hf-Zn-O-based oxide semiconductor, an In-La-Zn-O-based

oxide semiconductor, an In-Ce-Zn-O-based oxide semiconductor, an In-Pr-Zn-O-based

oxide semiconductor, an In-Nb-Zn-O-based oxide semiconductor, an In-Pm-Zn-O-based

oxide semiconductor, an In-Sm-Zn-O-based oxide semiconductor, an In-Eu-Zn-O-based

oxide semiconductor, an In-Gd-Zn-O-based oxide semiconductor, an In-Tb-Zn-O-based

oxide semiconductor, an In-Dy-Zn-O-based oxide semiconductor, an In-Ho-Zn-O-based

oxide semiconductor, an In-Er-Zn-O-based oxide semiconductor, an In-Tm-Zn-O-based

oxide semiconductor, an In-Yb-Zn-O-based oxide semiconductor, an In-Lu-Zn-O-based

oxide semiconductor; binary metal oxides such as an In-Zn-O-based oxide

semiconductor, an Sn-Zn-O-based oxide semiconductor, an Al-Zn-O-based oxide

semiconductor, a Zn-Mg-O-based oxide semiconductor, an Sn-Mg-O-based oxide

semiconductor, an In-Mg-O-based oxide semiconductor, and an In-Ga-O-based oxide

semiconductor; an In-O-based oxide semiconductor; an Sn-O-based oxide

semiconductor; and a Zn-O-based oxide semiconductor.

[0161]

In this embodiment, as the oxide semiconductor film, an In-Ga-Zn-O-based

oxide semiconductor thin film with a thickness of 30 nm, which is obtained by a

sputtering method using a target including indium (In), gallium (Ga), and zinc (Zn), is

used. As the above target, a target having a composition ratio of, for example,

In20 3:Ga20 3:ZnO = 1:1:1 [molar ratio] is used. Alternatively, a target having a



composition ratio of In20 3:Ga20 3:ZnO = 1:1:2 [molar ratio] or a target having a

composition ratio of In20 3:Ga 0 3:ZnO = 1:1:4 [molar ratio] can be used. The filling

rate of the target including In, Ga, and Zn is greater than or equal to 90 % and less than

or equal to 100 %, preferably greater than or equal to 95 % and less than 100 %. With

the use of the target with high filling rate, a dense oxide semiconductor film is formed.

[0162]

When an In-Zn-0 based material is used as the oxide semiconductor, a target to

be used has a composition ratio of In:Zn = 50:1 to 1:2 in an atomic ratio (In 0 3:ZnO =

25:1 to 1:4 in a molar ratio), preferably In:Zn = 20:1 to 1:1 in an atomic ratio

(In20 3:ZnO = 10:1 to 1:2 in a molar ratio), or more preferably In:Zn = 1.5:1 to 15:1 in

an atomic ratio (In20 3:ZnO = 3:4 to 15:2 in a molar ratio). For example, when a target

used for forming the In-Zn-O-based oxide semiconductor has a composition ratio of

In:Zn:0 = X Y Z in an atomic ratio, Z > (1.5X + Y) is satisfied. The mobility can be

improved by keeping the ratio of Zn within the above range.

[0163]

In this embodiment, the oxide semiconductor film is formed over the substrate

700 in such a manner that the substrate is held in the treatment chamber kept at reduced

pressure, a sputtering gas from which hydrogen and moisture have been removed is

introduced into the treatment chamber while residual moisture therein is removed, and

the above target is used. The substrate temperature in film formation may be higher

than or equal to 100 °C and lower than or equal to 600 °C, preferably higher than or

equal to 200 °C and lower than or equal to 400 °C. By forming the oxide

semiconductor film in a state where the substrate is heated, the concentration of

impurities included in the formed oxide semiconductor film can be reduced. In

addition, damage by sputtering can be reduced. In order to remove residual moisture

in the treatment chamber, an entrapment vacuum pump is preferably used. For

example, a cryopump, an ion pump, or a titanium sublimation pump is preferably used.

The exhaustion unit may be a turbo pump provided with a cold trap. In the film

formation chamber which is exhausted with the cryopump, for example, a hydrogen

atom, a compound containing a hydrogen atom, such as water (H 0), (more preferably,

also a compound containing a carbon atom), and the like are removed, whereby the



concentration of an impurity contained in the oxide semiconductor film formed in the

film formation chamber can be reduced.

[0164]

As one example of the film formation condition, the distance between the

substrate and the target is 100 mm, the pressure is 0.6 Pa, the direct-current (DC) power

source is 0.5 kW, and the atmosphere is an oxygen atmosphere (the proportion of the

oxygen flow rate is 100 ). Note that a pulsed direct-current (DC) power source is

preferable because dust generated in film formation can be reduced and the film

thickness can be made uniform.

[0165]

In order that the oxide semiconductor film contains as little hydrogen, a

hydroxyl group, and moisture as possible, it is preferable that an impurity adsorbed on

the substrate 700, such as moisture or hydrogen, be eliminated and removed by

preheating the substrate 700, over which films up to the gate insulating film 714 are

formed, in a preheating chamber of a sputtering apparatus, as a pretreatment for film

formation. The temperature for the preheating is higher than or equal to 100 °C and

lower than or equal to 400 °C, preferably higher than or equal to 150 °C and lower than

or equal to 300 °C. As an exhaustion unit provided in the preheating chamber, a

cryopump is preferable. Note that this preheating treatment can also be omitted.

This preheating may be similarly performed on the substrate 700 over which layers up

to and including an electrode 716, an electrode 717, and an electrode 718 are formed

before the formation of an insulating film 723 which will be formed later.

[0166]

Next, as illustrated in FIG. 14B, the oxide semiconductor film is processed

(patterned) into a desired shape by etching or the like, whereby an island-shaped oxide

semiconductor film 715 is formed over the gate insulating film 714 so that the

island-shaped oxide semiconductor film 715 overlaps with the gate electrode 713.

[0167]

A resist mask for forming the island-shaped oxide semiconductor film 715 may

be formed by an ink-jet method. Formation of the resist mask by an ink-jet method

needs no photomask; thus, fabricating cost can be reduced.



[0168]

Note that etching for forming the island-shaped oxide semiconductor film 715

may be wet etching, dry etching, or both dry etching and wet etching. As the etching

gas for dry etching, a gas containing chlorine (chlorine-based gas such as chlorine (Cl ),

boron trichloride (BC13), silicon tetrachloride (SiCl4), or carbon tetrachloride (CC14)) is

preferably used. Alternatively, a gas containing 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.

[0169]

As the dry etching method, a parallel plate RIE (reactive ion etching) method

or an ICP (inductively coupled plasma) etching method can be used. In order to etch

the film into a desired shape, the etching condition (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) is

adjusted as appropriate.

[0170]

As an etchant used for wet etching, ITO-07N (produced by KANTO

CHEMICAL CO., INC.) may be used. The etchant after the wet etching is removed by

cleaning together with the etched materials. The waste liquid including the etchant and

the material etched off may be purified and the material may be reused. When a

material 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 and the

cost can be reduced.

[0171]

Note that it is preferable that reverse sputtering be performed before the

formation of a conductive film in a subsequent step so that a resist residue or the like

that is attached to surfaces of the island-shaped oxide semiconductor film 715 and the

gate insulating film 714 is removed.

[0172]

Note that, in some cases, the oxide semiconductor film formed by sputtering or

the like includes a large amount of moisture or hydrogen as impurities. Moisture and



hydrogen easily form a donor level and thus serve as impurities in the oxide

semiconductor. Thus, in an embodiment of the present invention, in order to reduce an

impurity such as moisture or hydrogen in the oxide semiconductor film, heat treatment

is performed on the oxide semiconductor film 715 under a nitrogen atmosphere, an

oxygen atmosphere, an atmosphere of ultra-dry air, or a rare gas (e.g., argon and

helium) atmosphere. It is preferable that the content of water in the gas be 20 pp or

less, preferably 1 ppm or less, or more preferably 10 ppb or less.

[0173]

Heat treatment performed on the oxide semiconductor film 715 can eliminate

moisture or hydrogen in the oxide semiconductor film 715. Specifically, heat

treatment may be performed at a temperature higher than or equal to 300 °C and lower

than or equal to 700 °C, preferably higher than or equal to 300 °C and lower than or

equal to 500 °C. For example, heat treatment may be performed at 500 °C for longer

than or equal to three minutes and shorter than or equal to six minutes. When an RTA

method is used for the heat treatment, dehydration or dehydrogenation can be performed

in a short time; therefore, treatment can be performed even at a temperature higher than

the strain point of a glass substrate.

[0174]

In this embodiment, an electrical furnace that is one of heat treatment

apparatuses is used.

[0175]

Note that a heat treatment apparatus is not limited to an electrical furnace, and

may include a device for heating an object to be processed by heat conduction or heat

radiation from a heating element such as a resistance heating element. For example, an

RTA (rapid thermal anneal) apparatus such as a GRTA (gas rapid thermal anneal)

apparatus or an LRTA (lamp rapid thermal anneal) apparatus can be used. An LRTA

apparatus is an apparatus for heating an object to be processed 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 for heat treatment using a

high-temperature gas. As the gas, an inert gas which does not react with an object to



be processed by heat treatment, such as nitrogen or a rare gas such as argon, is used.

[0176]

Note that it is preferable that in the heat treatment, moisture, hydrogen, or the

like be not contained in nitrogen or a rare gas such as helium, neon, or argon. It is

preferable that the purity of nitrogen or the rare gas such as helium, neon, or argon

which is introduced into a heat treatment apparatus be set to be 6N (99.9999 ) or

higher, preferably 7N (99.99999 ) or higher (that is, the impurity concentration is 1

ppm or lower, preferably 0.1 ppm or lower).

[0177]

Through the above process, the concentration of hydrogen in the oxide

semiconductor film 715 can be reduced and the oxide semiconductor film 715 can be

highly purified. Thus, the characteristics of the oxide semiconductor film can be

stabilized. In addition, heat treatment at a temperature of lower than or equal to the

glass transition temperature makes it possible to form an oxide semiconductor film

whose band gap is wide and whose carrier density is extremely low. Therefore, the

transistor can be fabricated using a large-sized substrate, so that the productivity can be

increased. In addition, by using the highly purified oxide semiconductor film in which

the hydrogen concentration is reduced, it is possible to manufacture a transistor with

high withstand voltage and a high on-off ratio.

[0178]

Note that in the case where the oxide semiconductor film is heated, although

depending on a material of the oxide semiconductor film or heating conditions,

plate-shaped crystals are formed at the surface of the oxide semiconductor film in some

cases. The plane-like crystal is preferably a single crystal which is c-axis-aligned in a

direction perpendicular to a surface of the oxide semiconductor film. Even if the

plate-like crystals are not single crystal bodies, each crystal is preferably a

polycrystalline body which is c-axis-aligned in a direction substantially perpendicular to

the surface of the oxide semiconductor film. Further, it is preferable that the

polycrystalline bodies be c-axis-aligned and that the a-b planes of crystals correspond,

or the a-axis or the b-axis of the crystals be aligned with each other. Note that when a

base surface of the oxide semiconductor film is uneven, a plane-like crystal is a



polycrystal. Therefore, the surface of the base is preferably as even as possible.

[0179]

Next, the insulating film 708, the insulating film 712, and the gate insulating

film 714 are partly etched, whereby contact holes reaching the island-shaped

semiconductor film 702, the island-shaped semiconductor film 703, and the wiring 711

are formed.

[0180]

Then, a conductive film is formed so as to cover the oxide semiconductor film

715 by a sputtering method or a vacuum vapor deposition method. After that, the

conductive film is patterned by etching or the like, so that the electrodes 716 to 718

which each function as a source electrode, a drain electrode , or a wiring are formed as

illustrated in FIG. 14C.

[0181]

Note that the electrodes 716 and 717 are in contact with the island-shaped

semiconductor film 702. The electrodes 717 and 718 are in contact with the

island-shaped semiconductor film 703. An electrode 719 is in contact with the wiring

711 and the oxide semiconductor film 715, and an electrode 720 is in contact with the

oxide semiconductor film 715.

[0182]

As the material of the conductive film of the electrodes 716 to 718, any of the

following materials can be used: an element selected from aluminum, chromium, copper,

tantalum, titanium, molybdenum, or tungsten; an alloy including any of these elements;

an alloy film including the above elements in combination; or the like. Alternatively, a

structure may be employed in which a layer of a high-melting-point metal such as

chromium, tantalum, titanium, molybdenum, or tungsten is stacked over or below a

metal film of aluminum or copper. Aluminum or copper is preferably combined with a

refractory metal material so as to prevent a heat resistance problem and a corrosive

problem. As the refractory metal material, molybdenum, titanium, chromium,

tantalum, tungsten, neodymium, scandium, yttrium, or the like can be used.

[0183]

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 in which a titanium film is

stacked over an aluminum film, a three-layer structure in which a titanium film, an

aluminum film, and a titanium film are stacked in this order, and the like can be given.

[0184]

Alternatively, the conductive film for forming the electrodes 716 to 718 may be

formed using conductive metal oxide. As a conductive metal oxide, indium oxide, tin

oxide, zinc oxide, a mixed oxide of indium oxide and tin oxide, a mixed oxide of

indium oxide and zinc oxide, or the metal oxide material to which silicon or silicon

oxide is added can be used.

[0185]

In the case where heat treatment is performed after formation of the conductive

film, the conductive film preferably has heat resistance enough to withstand the heat

treatment.

[0186]

Note that each material and etching conditions are adjusted as appropriate so

that the oxide semiconductor film 715 is not removed in etching of the conductive film

as much as possible. Depending on etching conditions, an exposed portion of the

island-shaped oxide semiconductor film 715 may be partly etched, so that a groove (a

recessed portion) is formed in some cases.

[0187]

In this embodiment, a titanium film is used for the conductive film. Therefore,

wet etching can be selectively performed on the conductive film using a solution

(ammonia hydrogen peroxide mixture) containing ammonia and hydrogen peroxide

water; however, the oxide semiconductor film 715 is partly etched in some cases. As

the ammonia hydrogen peroxide mixture, specifically, a solution in which hydrogen

peroxide water of 31 wt , ammonia water of 28 wt , and water are mixed at a volume

ratio of 5:2:2 is used. Alternatively, dry etching may be performed on the conductive

film with the use of a gas containing chlorine (Cl2), boron trichloride (BC13), or the like.

[0188]

In order to reduce the number of photomasks and steps in a photolithography

step, etching may be performed with the use of a resist mask formed using a multi-tone

mask which is a light-exposure mask through which light is transmitted so as to have a



plurality of intensities. A resist mask formed with the use of a multi-tone mask has a

plurality of thicknesses and further can be changed in shape by etching; therefore, the

resist mask can be used in a plurality of etching steps for processing into different

patterns. Therefore, a resist mask corresponding to at least two kinds of different

patterns can be formed by one multi-tone mask. Thus, the number of light-exposure

masks can be reduced and the number of corresponding photolithography steps can also

be reduced, whereby simplification of a process can be realized.

[0189]

Next, plasma treatment is performed using a gas such as N20 , N2, or Ar. By

the plasma treatment, water or the like which is adsorbed to an exposed surface of the

oxide semiconductor film is removed. Plasma treatment may be performed using a

mixed gas of oxygen and argon as well.

[0190]

After the plasma treatment, as illustrated in FIG. 14D, the insulating film 723 is

formed so as to cover the electrodes 716 to 718 and the oxide semiconductor film 715.

The insulating film 723 preferably contains as little impurities such as moisture,

hydrogen, and oxygen as possible. An insulating film of a single layer or a plurality of

insulating films stacked may be employed for the insulating film 723. When hydrogen

is contained in the insulating film 723, entry of the hydrogen to the oxide semiconductor

film or extraction of oxygen in the oxide semiconductor film by the hydrogen occurs,

whereby a back channel portion of the oxide semiconductor film has lower resistance

(n-type conductivity); thus, a parasitic channel might be formed. Therefore, it is

important that a film formation method in which hydrogen is not used be employed in

order to form the insulating film 723 containing as little hydrogen as possible. A

material having a high barrier property is preferably used for the insulating film 723.

As the insulating film having a high barrier property, a silicon nitride film, a silicon

nitride oxide film, an aluminum nitride film, an aluminum nitride oxide film, or the like

can be used, for example. When a plurality of insulating films stacked are used, an

insulating film having lower proportion of nitrogen, such as a silicon oxide film or a

silicon oxynitride film, is formed on the side closer to the oxide semiconductor film 715

than the insulating film having a high barrier property. Then, the insulating film

having a high barrier property is formed so as to overlap with the electrodes 716 to 718



and the oxide semiconductor film 715 with the insulating film having lower proportion

of nitrogen provided between the insulating film having a barrier property, and the

electrodes 716 to 718 and the oxide semiconductor film 715. By using the insulating

film having a high barrier property, the impurities such as moisture or hydrogen can be

prevented from entering the oxide semiconductor film 715, the gate insulating film 714,

or the interface between the oxide semiconductor film 715 and another insulating film

and the vicinity thereof. In addition, the insulating film having lower proportion of

nitrogen, such as a silicon oxide film or a silicon oxynitride film, is formed so as to be

in contact with the oxide semiconductor film 715, so that the insulating film having a

high barrier property can be prevented from being in direct contact with the oxide

semiconductor film 715.

[0191]

In this embodiment, the insulating film 723 having a structure in which a

silicon nitride film having a thickness of 100 nm formed by a sputtering method is

stacked over a silicon oxide film having a thickness of 200 nm formed by a sputtering

method is formed. The substrate temperature in film formation may be higher than or

equal to room temperature and lower than or equal to 300 °C and in this embodiment, is

100 °C.

[0192]

After the insulating film 723 is formed, heat treatment may be performed.

The heat treatment is performed under a nitrogen atmosphere, an oxygen atmosphere, an

atmosphere of ultra-dry air (air in which the water content is less than or equal to 20

ppm, preferably less than or equal to 1 ppm, or more preferably less than or equal to 10

ppb), or a rare gas (e.g., argon and helium) atmosphere at preferably a temperature

higher than or equal to 200 °C and lower than or equal to 400 °C, for example, higher

than or equal to 250 °C and lower than or equal to 350 °C. In this embodiment, for

example, heat treatment at 250 °C under a nitrogen atmosphere for 1 hour is performed.

Alternatively, RTA treatment for a short time at a high temperature may be performed

before the formation of the electrodes 716 to 720 in a manner similar to that of the

previous heat treatment performed on the oxide semiconductor film. Even when

oxygen deficiency occurs in the oxide semiconductor film 715 due to the previous heat



treatment performed on the oxide semiconductor film, the insulating film 723

containing oxygen is provided and then heat treatment is performed, whereby oxygen is

supplied from the insulating film 723 to the oxide semiconductor film 715. Therefore,

when oxygen is supplied to the region of the oxide semiconductor film 715, oxygen

deficiency serving as a donor can be reduced and the stoichiometric composition ratio

can be satisfied in the oxide semiconductor film 715. As a result, the oxide

semiconductor film 715 can be made to be an i-type semiconductor film or a

substantially i-type semiconductor film. Accordingly, electric characteristics of the

transistor can be improved and variation in the electric characteristics thereof can be

reduced. The timing of this heat treatment is not particularly limited as long as it is

after the formation of the insulating film 723. When this heat treatment also serves as

heat treatment in another step (e.g., heat treatment at the time of formation of a resin

film or heat treatment for reducing the resistance of a transparent conductive film), the

oxide semiconductor film 715 can be intrinsic or substantially intrinsic without an

increase in the number of steps.

[0193]

Moreover, the oxygen deficiency that serves as a donor in the oxide

semiconductor film 715 may be reduced by subjecting the oxide semiconductor film

715 to heat treatment under an oxygen atmosphere so that oxygen is added to the oxide

semiconductor. The heat treatment is performed at a temperature of, for example,

higher than or equal to 100 °C and lower than 350 °C, preferably higher than or equal to

150 °C and lower than 250 °C. It is preferable that an oxygen gas used for the heat

treatment under an oxygen atmosphere do not include water, hydrogen, or the like.

Alternatively, the purity of the oxygen gas which is introduced into the heat treatment

apparatus is preferably greater than or equal to 6N (99.9999 ) or more preferably

greater than or equal to 7N (99.99999 ) (that is, the impurity concentration in the

oxygen is less than or equal to 1 ppm, or preferably less than or equal to 0.1 ppm).

[0194]

Alternatively, an ion implantation method, an ion doping method, or the like

may be employed to add oxygen to the oxide semiconductor film 715 so that oxygen

deficiency as a donor is reduced. For example, oxygen made to be plasma with a



microwave of 2.45 GHz may be added to the oxide semiconductor film 715.

[0195]

Next, as illustrated in FIG. 14D, after a conductive film is formed over the

insulating film 723, the conductive film is patterned, so that a back gate electrode 725 is

formed so that the back gate electrode overlaps with the oxide semiconductor film 715.

Then, after the back gate electrode 725 is formed, an insulating film 726 is formed so as

to cover the back gate electrode 725. The back gate electrode 725 can be formed using

a material and a structure similar to those of the gate electrode 713 or the electrodes 716

to 718.

[0196]

The thickness of the back gate electrode is in the range of 10 nm to 400 nm,

preferably 100 nm to 200 nm. For example, the back gate electrode 725 may be

formed in a such a manner that a conductive film in which a titanium film, an aluminum

film, and a titanium film are stacked is formed, a resist mask is formed by a

photolithography method or the like, and unnecessary portions are removed by etching

so that the conductive film is processed (patterned) into a desired shape.

[0197]

Through the above steps, a transistor 724 is formed.

[0198]

The transistor 724 includes the gate electrode 713, the gate insulating film 714

over the gate electrode 713, the oxide semiconductor film 715 which is over the gate

insulating film 714 and overlaps with the gate electrode 713, a pair of the electrode 719

and the electrode 720 formed over the oxide semiconductor film 715, the insulating film

723 which is formed over the oxide semiconductor film 715, and the back gate electrode

725 which is over the insulating film 723 and which overlaps with the oxide

semiconductor film 715. In addition, the insulating film 726 may be included as a

component of the transistor 724. The transistor 724 in FIG. 14D has a channel-etched

structure in which part of the oxide semiconductor film 715 is etched between the

electrode 719 and the electrode 720.

[0199]

Although description is given using a single-gate transistor as the transistor 724,

a multi-gate transistor including a plurality of channel formation regions by including



the plurality of gate electrodes 713 that are electrically connected to each other may be

formed as needed.

[0200]

This embodiment can be implemented by being combined as appropriate with

any of the embodiments.

[0201]

(Embodiment 9)

In this embodiment, a transistor having a structure different from that in

Embodiment 8 and including an oxide semiconductor film will be described.

[0202]

As in Embodiment 8, a semiconductor device illustrated in FIG. 15A includes

an n-channel transistor 704 and a p-channel transistor 705 each of which includes

crystalline silicon. In addition, a bottom-gate transistor 724 which has a

channel-protective structure and includes an oxide semiconductor film is formed over

the n-channel transistor 704 and the p-channel transistor 705 in FIG. 15A.

[0203]

The transistor 724 includes a gate electrode 730 which is formed over the

insulating film 712, a gate insulating film 731 which is over the gate electrode 730, an

oxide semiconductor film 732 which overlaps with the gate electrode 730 and which is

over the gate insulating film 731, a channel protective film 733 which overlaps with the

gate electrode 730 and which is over the island-shaped oxide semiconductor film 732,

an electrode 734 and an electrode 735 which are formed over the oxide semiconductor

film 732, an insulating film 736 which is formed over the electrode 734, the electrode

735, and the channel protective film 733, and a back gate electrode 737 which overlaps

with the oxide semiconductor film 732 and which is formed over the insulating film 736.

Further, an insulating film 738 formed over the back gate electrode 737 may be included

as a component of the transistor 724.

[0204]

The channel protective film 733 can prevent the portion of the oxide

semiconductor film 732 which serves as a channel formation region later, from being

damaged in a later step (for example, reduction in thickness due to plasma or an etchant

in etching). Thus, reliability of the transistor can be improved.



[0205]

An inorganic material containing oxygen (silicon oxide, silicon nitride oxide,

silicon oxynitride, aluminum oxide, aluminum oxynitride, or the like) can be used for

the channel protective film 733. The channel protective film 733 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 deposition of the channel protective film 733, the shape

thereof is processed by etching.

[0206]

An inorganic material containing oxygen is used for the channel protective film

733, whereby a structure can be provided, in which oxygen is supplied from the channel

protective film 733 to the oxide semiconductor film 732 and oxygen deficiency serving

as a donor is reduced to satisfy the stoichiometric composition even when the oxygen

deficiency occurs in the oxide semiconductor film 732 by heat treatment for reducing

moisture or hydrogen. Thus, the channel formation region can be made to be close to

i-type and a variation in electric characteristics of the transistor 724 due to oxygen

deficiency can be reduced; accordingly, the electric characteristics can be improved.

[0207]

As in Embodiment 8, a semiconductor device illustrated in FIG. 15B includes

the n-channel transistor 704 and the p-channel transistor 705 each of which includes

crystalline silicon. In addition, a bottom-contact transistor 724 including an oxide

semiconductor film is formed over the n-channel transistor 704 and the p-channel

transistor 705 in FIG 15B.

[0208]

The transistor 724 includes a gate electrode 741 which is formed over the

insulating film 712, a gate insulating film 742 which is over the gate electrode 741, an

electrode 743 and an electrode 744 which are over the gate insulating film 742, an oxide

semiconductor film 745 which overlaps with the gate electrode 741 with the gate

insulating film 742 therebetween, an insulating film 746 which is formed over the oxide

semiconductor film 745, and a back gate electrode 747 which overlaps with the oxide

semiconductor film 745 and which is formed over the insulating film 746. Further, an

insulating film 748 formed over the back gate electrode 747 may be included as a

component of the transistor 724.



[0209]

This embodiment can be implemented by being combined as appropriate with

any of the embodiments.

[0210]

(Embodiment 10)

In this embodiment, an example of how to calculate the off-state current of a

transistor will be described.

[0211]

First, the structure of a test element group (TEG) which was used for

calculating the off-state current is described with reference to FIG. 16. In this

embodiment, a plurality of measurement systems 801 in which the circuits for

evaluating characteristics are connected in parallel are provided. Specifically, FIG. 16

illustrates the test element group (TEG) in which eight measurement systems are

connected in parallel (only two measurement systems are illustrated in FIG. 16).

[0212]

The measurement system 801 includes a transistor 811, a transistor 812, a

capacitor 813, a transistor 814, and a transistor 815.

[0213]

The transistor 811 is a charge injection transistor. A first terminal of the

transistor 811 is connected to a node to which a potential VI is supplied, and a second

terminal of the transistor 811 is connected to a first terminal of the transistor 812. A

gate electrode of the transistor 811 is connected a node to which a potential Vext a is

supplied.

[0214]

The transistor 812 is a leakage current evaluating transistor. Note that in this

embodiment, leakage current also means the off-state current of a transistor. The first

terminal of the transistor 812 is connected to the second terminal of the transistor 811.

A second terminal of the transistor 812 is connected to a node to which the potential V2

is supplied. A gate electrode of the transistor 812 is connected to a node to which a

potential Vext b is supplied.

[0215]



A first electrode of the capacitor 813 is connected to the second terminal of the

transistor 811 and the first terminal of the transistor 812. A second electrode of the

capacitor 813 is connected to the node to which the potential V2 is supplied.

[0216]

A first terminal of the transistor 814 is connected to a node to which a potential

V3 is supplied. A second terminal of the transistor 814 is connected to a first terminal

of the transistor 815. A gate electrode of the transistor 814 is connected to the second

terminal of the transistor 811, the first terminal of the transistor 812, and the first

electrode of the capacitor 813. Note that a node to which the gate electrode of the

transistor 814 is connected is denoted by the node A.

[0217]

The first terminal of the transistor 815 is connected to the second terminal of

the transistor 814. A second terminal of the transistor 815 is connected to a node to

which a potential V4 is supplied. A gate electrode of the transistor 815 is connected to

a node to which a potential Vext c is supplied.

[0218]

Further, the measurement system 801 outputs the potential of a node in which

the second terminal of the transistor 814 and the first terminal of the transistor 815 are

connected as a potential Vout of an output signal.

[0219]

Furthermore, in this embodiment, a transistor in which an active layer includes

an oxide semiconductor and the channel formation region included in the active layer

has a channel length (L) of 10 µ ι and a channel width ) of 10 µ was used as the

transistor 811.

[0220]

Note that a channel formation region corresponds to a region of a

semiconductor film, which overlaps with a gate electrode with a gate insulating film

provided between the semiconductor film and the gate electrode and does not overlap

with a source electrode and a drain electrode.

[0221]

Furthermore, a transistor in which an active layer includes an oxide



semiconductor and the channel formation region included in the active layer has a

channel length (L) of 3 µ and a channel width (W) of 100 µπ was used as the

transistor 814 and the transistor 815.

[0222]

As the transistor 812, a bottom gate transistor which includes an oxide

semiconductor in the active layer was used. In the transistor 812, a source electrode

and a drain electrode are in contact with an upper part of the active layer, a region where

the source and drain electrodes overlapping with a gate electrode is not provided, and an

offset region with a width of 1 µ is provided. Providing the off set region can reduce

parasitic capacitance. Further, as the transistor 812, a transistor in which the channel

formation region included in the active layer was used. The active layer varies in size

in accordance with Conditions 1 to 6 illustrated in Table 1 below.

[0223]

[Table 1]

[0224]

Note that in the case where the charge injection transistor 811 is not provided

in the measurement system 801, the leakage current evaluating transistor 812 needs to

be turned on in charge injection to the capacitor 813. In this case, when the leakage

current evaluating transistor 812 is an element which is slowly turned from the on-state

into the steady off-state, the measurement would take a long time. When both a charge

injection transistor 811 and the leakage current evaluating transistor 812 are provided in

the measurement system 801 as illustrated in FIG. 16, the leakage current evaluating

transistor 812 can be kept off in charge injection. Consequently, time required for

measurement can be reduced.



[0225]

In addition, both a charge injection transistor 811 and the leakage current

evaluating transistor 812 are provided in the measurement system 801, so that each of

these transistors can be of the proper size. Further, by making the channel width Wof

the transistor 812 for evaluating leakage current larger than that of the transistor 811 for

injecting charge, the leakage current other than the leakage current of the evaluating

leakage current transistor 812 can be made relatively small in the circuit for

characteristic evaluation. As a result, the leakage current of the transistor 812 for

evaluating leakage current can be measured with high accuracy. In addition, the

transistor 812 for evaluating leakage current does not need to be turned on when charge

is injected; therefore, influence of change in the potential of the node A caused by part

of the charge in the channel formation region of the transistor 812 flowing into the node

A is prevented.

[0226]

On the other hand, by making the channel width W of the transistor 811 for

injecting charge smaller than that of the transistor 812 for evaluating leakage current,

the leakage current of the transistor 811 for injecting charge can be made relatively

small. Further, change in the potential of the node A, due to flow of part of the charge

in the channel formation region into the node A, has little influence at the time of

injection of charge.

[0227]

In addition, by connecting the measurement systems 801 in parallel as

illustrated in FIG. 16, the leakage current of the circuit for characteristic evaluation can

be calculated with a higher accuracy.

[0228]

Next, a specific method for calculating the off-state current of a transistor with

the use of the test element group (TEG) illustrated in FIG. 16 will be described.

[0229]

First, a method for calculating the leakage current of the TEG illustrated in FIG.

16 is described with referent to FIG. 17. FIG. 17 is a timing diagram used to describe

the method for calculating the leakage current of the TEG illustrated in FIG. 16.

[0230]



In the method for calculating the leakage current with the use of the TEG

illustrated in FIG. 16, a period is divided into a write period and a holding period.

Operations performed in these periods will be described below. Note that in both of

the writing period and the holding period, the potential V2 and the potential V4 was 0 V,

the potential V3 was 5 V, and the potential Vext c was 0.5 V.

[0231]

First, in a write period, the potential Vext b is set to a potential VL (-3 V)

which leads the transistor 812 to be turned off. In addition, after the potential VI is set

to a writing potential Vw, the potential Vext a is set to a potential VH (5 V) for a

predetermined time, the level of which leads the transistor 811 to be turned on.

Consequently, with the structure, charge is stored on the node A, so that the potential of

the node A becomes equivalent to the writing potential Vw. Next, the potential Vext a

is set to the potential VL which leads the transistor 811 to be turned off. After that, the

potential VI is set to a potential VSS (0 V).

[0232]

Then, in the holding period, an amount of change in the potential of the node A,

due to change in an amount of the charge held in the node A, is measured. From the

amount of variation in the potential, the value of the current flowing between the first

terminal and the second terminal of the transistor 812 can be calculated. In such a

manner, accumulation of charge in the node A and measurement of the amount of

change in the potential of the node A can be performed.

[0233]

In the measurement, charge is accumulated in the node A and the amount of

variation in the potential of the node A is measured (this operation is also referred to as

accumulation and measurement operation) repeatedly. Firstly, a first accumulation and

measurement operation was repeated 15 times. In the first accumulation and

measurement operation, the write potential Vw is 5 V in a write period, and held for an

hour in a hold period. Secondly, a second accumulation and measurement operation

were repeated twice. In the second accumulation and measurement operation, the

write potential Vw is 3.5 V in a write period, and held for 50 hours in a hold period.

Thirdly, a third accumulation and measurement operation was performed once. In the



third accumulation and measurement operation, the write potential Vw is 4.5 V in a

write period, and held for 10 hours in a hold period. It is possible to confirm if a

measured current value is a value supposed to be obtained at the steady state by

repeating the storage and measurement operations. In other words, it is possible to

remove a transient (a current decreasing with time after the start of the measurement)

from IA (current flowing through the node A). As a result, the leakage current can be

measured with greater accuracy.

[0234]

In general, V denoting the potential of the node A can be measured as a

function of the potential Vout of an output signal and expressed by the following

equation.

[0235]

[FORMULA 1]

VA = F(Vout)
[0236]

Electric charge QA of the node A can be expressed by the following equation

with the use of the potential VA of the node A, capacitance CA connected to the node A,

and a constant (const). Here, the capacitance CA connected to the node A is the sum of

the value of the capacitance of the capacitor 813 and the value of the capacitance other

than that of the capacitor 813.

[0237]

[FORMULA 2]

QA = C V + const
[0238]

IA denoting current flowing through the node A is the time derivatives of charge

flowing to the node A (or charge flowing from the node A), so that the current IA is

expressed by the following equation.

[0239]

[FORMULA 3]

AQA C AFjVout)
At At

[0240]



For example, At is approximately 54000 sec. 1A (current flowing through the

node A) can be determined from CA (the capacitance of the capacitor connected to the

node A) and Vout (the potential of the output signal) in this manner, so that the leakage

current of the test element group (TEG) can be determined.

[0241]

Next, the results of measuring the potential Vout of the output signal by the

measurement method using the above test element group (TEG) are illustrated, and the

value of the leakage current of the test element group (TEG), which was calculated from

the measurement results, is illustrated.

[0242]

FIG. 18 illustrates, as an example, a relation between elapsed time Time and

Vout (the potential of the output voltage) in the measurement (the first storage and

measurement operation) under conditions 1 to 3. FIG. 19 illustrates a relation between

the elapsed time Time and the leakage current calculated by the measurement in the

measurement. It is found that the potential Vout of the output signal is fluctuated after

start of the measurement and that it takes 10 hours or longer to be in a steady state.

[0243]

FIG. 20 illustrates a relation between the potential of the node A and the

leakage current under conditions 1 to 6, which was estimated by the measurement. In

FIG. 20, i under condition 4 for example, the leakage current is 28 yA/ µπ when the

potential of the node A is 3.0 V. Since the off-state current of the transistor 812 is

included in the leakage current, the off-state current of the transistor 812 can be also

regarded as 28 yA/ µπ or lower.

[0244]

As described above, the leakage current is sufficiently low in the test element

group (TEG) having a transistor including a high-purity oxide semiconductor layer

serving as a channel formation layer; therefore, it can be understood that the off-state

current of the transistor is sufficiently low.

[Example 1]

[0245]

A semiconductor device according to an embodiment of the present invention



6

can realize an electronic device with low power consumption. In particular, in the case

where a portable electronic device which has difficulty in continuously receiving power,

an advantage in increasing the continuous duty period can be obtained when a

semiconductor device with low power consumption according to an embodiment of the

present invention is added as a component of the device.

[0246]

The semiconductor device according to an embodiment of the present

invention can be used for display devices, laptops, or image reproducing devices

provided with recording media (typically, devices which reproduce the content of

recording media such as digital versatile discs (DVDs) and have displays for displaying

the reproduced images). Other than the above, as an electronic device which can use

the semiconductor device according to an embodiment of the present invention, mobile

phones, portable game machines, portable information terminals, e-book readers, video

cameras, digital still cameras, goggle-type displays (head mounted displays), navigation

systems, audio reproducing devices (e.g., car audio systems and digital audio players),

copiers, facsimiles, printers, multifunction printers, automated teller machines (ATM),

vending machines, and the like can be given. FIGS. 21A to 21D illustrate specific

examples of these electronic devices.

[0247]

FIG. 21A illustrates a portable game machine including a housing 7031, a

housing 7032, a display portion 7033, a display portion 7034, a microphone 7035,

speakers 7036, an operation key 7037, a stylus 7038, and the like. The semiconductor

device according to an embodiment of the present invention can be used for an

integrated circuit for controlling driving of the portable game machine. With the use

of the semiconductor device according to an embodiment of the present invention for

the integrated circuit for controlling driving of the portable game machine, a portable

game machine with low power consumption can be provided. Although the portable

game machine illustrated in FIG 21A includes two display portions 7033 and 7034, the

number of display portions included in the portable game machine is not limited to two.

[0248]

FIG 21B illustrates a mobile phone including a housing 7041, a display portion

7042, an audio input portion 7043, an audio output portion 7044, operation keys 7045, a
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light-receiving portion 7046, and the like. Light received in the light-receiving portion

7046 is converted into electrical signals, whereby external images can be loaded. The

semiconductor device according to an embodiment of the present invention can be used

for an integrated circuit for controlling driving of the mobile phone. With the use of

the semiconductor device according to an embodiment of the present invention for the

integrated circuit for controlling driving of the mobile phone, a mobile phone with low

power consumption can be provided.

[0249]

FIG. 21C illustrates a portable information terminal including a housing 7051, a

display portion 7052, operation keys 7053, and the like. A modem may be

incorporated in the housing 7051 of the portable information terminal illustrated in FIG.

21C. The semiconductor device according to an embodiment of the present invention

can be used for an integrated circuit for controlling driving of the portable information

terminal. With the use of the semiconductor device according to an embodiment of the

present invention for the integrated circuit for controlling driving of the portable

information terminal, a portable information terminal with low power consumption can

be provided.

[0250]

FIG. 21D is a lighting device including a housing 7081, a light source 7082,

and the like. The light source 7082 includes a light-emitting element. The

semiconductor device according to an embodiment of the present invention can be used

for an integrated circuit for controlling driving of the light source 7082. With the use

of the semiconductor device according to an embodiment of the present invention for

the integrated circuit for controlling driving of the lighting device, a lighting device

with low power consumption can be provided.

[0251]

This embodiment can be implemented by being combined as appropriate with

any of the embodiments.

EXPLANATION OF REFERENCE

[0252]

100: DC-DC converter; 101: power conversion circuit; 102: transistor; 103: constant



voltage generation portion; 104: output voltage control circuit; 105: back gate control

circuit; 110: gate electrode; 111: insulating film; 112: semiconductor film; 113: source

electrode; 114: drain electrode; 115: insulating film; 116: back gate electrode; 117:

insulating film; 120: substrate; 130: diode; 131: coil; 132: capacitor; 133: transformer;

134: diode; 135: transformer; 200: resistor; 201: resistor; 202: error amplifier; 203:

phase compensation circuit; 204: comparator; 205: triangle wave generator; 206: buffer;

210: current detection circuit; 211: CT sensor; 212: rectifier; 213: integrating circuit;

214: resistor; 215: capacitor; 216: power-voltage conversion circuit ; 217: comparator;

218: transistor; 219: transistor; 220: inverter; 221: power source; 301: AC power source;

302: switch; 303: rectification circuit; 304: light-emitting element; 350: photodiode;

351: switch; 352: capacitor; 353: pulse width modulation circuit ; 354: inverter; 355:

band pass filter; 356: transistor; 357: transistor; 358: transistor; 359: transistor; 360:

diode; 363: diode; 500: glass substrate; 501: insulating film; 502: back gate electrode;

503: insulating film; 504: semiconductor film; 505: source electrode; 506: drain

electrode; 507: insulating film; 508: gate electrode; 510: region; 700: substrate; 701:

insulating film; 702: semiconductor film; 703: semiconductor film; 704: n-channel

transistor; 705: p-channel transistor; 706: gate electrode; 707: gate electrode; 708:

insulating film; 711: wiring; 712: insulating film; 713: gate electrode; 714: gate

insulating film; 715: an oxide semiconductor film; 716: electrode; 717: electrode; 718:

electrode; 719: electrode; 720: electrode; 723: insulating film; 724: transistor; 725: back

gate electrode; 726: insulating film; 730: gate electrode; 731: gate insulating film; 732:

oxide semiconductor film; 733: channel protective film; 734: electrode; 735: electrode;

736: insulating film; 737: the back gate electrode; 738: insulating film; 741: gate

electrode; 742: gate insulating film; 743: electrode; 744: electrode; 745: oxide

semiconductor film; 746: insulating film; 747: the back gate electrode; 748: insulating

film; 801: measurement system; 811: transistor; 812: transistor; 813: capacitor; 814:

transistor; 815: transistor; 7031: housing; 7032: housing; 7033: display portion; 7034:

display portion; 7035: microphone; 7036: speaker; 7037: operation key; 7038: stylus;

7041: housing; 7042: display portion; 7043: audio input portion; 7044: audio output

portion; 7045: operation key; 7046: light-receiving portion; 7051: housing; 7052:

display portion; 7053: operation key; 7081: housing; 7082: light source



This application is based on Japanese Patent Application serial no.

2010-132529 filed with Japan Patent Office on June 10, 2010, the entire contents of
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CLAIMS

1. ADC-DC converter comprising:

a power conversion circuit comprising a transistor and a constant-voltage

generation circuit,

wherein the constant-voltage generation circuit is configured to be input with a

first voltage when the transistor is in an ON state,

wherein the constant-voltage generation circuit is configured to be input with a

second voltage when the transistor is in an OFF state, and

wherein a threshold voltage of the transistor is controlled according to a

magnitude of a power output from the constant-voltage generation circuit.

2. The DC-DC converter according to claim 1,

wherein the transistor comprises a gate electrode and a back gate electrode with

a semiconductor film interposed therebetween, and

wherein the threshold voltage of the transistor is controlled by a potential

applied to the back gate electrode.

3. The DC-DC converter according to claim 1,

wherein the threshold voltage is shifted in a negative direction when the power

output from the constant-voltage generation circuit exceeds a predetermined value, and

wherein the threshold voltage is shifted in a positive direction when the power

output from the constant-voltage generation circuit is equal to or smaller than the

predetermined value.

4. The DC-DC converter according to claim 2, further comprising a back gate

control circuit,

wherein the potential applied to the back gate electrode is controlled by the

back gate control circuit.

5. The DC-DC converter according to claim 2,

wherein the semiconductor film has a band gap larger than silicon.



6. The DC-DC converter according to claim 2,

wherein the semiconductor film comprises an oxide semiconductor.

7. A semiconductor device comprising the DC-DC converter according to claim

1.

8. A DC-DC converter comprising:

a constant-voltage generation circuit;

a transistor electrically connected to the constant-voltage generation circuit, the

transistor comprising a gate electrode and a back gate electrode with a semiconductor

film interposed therebetween;

an output voltage control circuit which is configured to control a ratio of an ON

time to OFF time of the transistor; and

a back gate control circuit configured to control a potential applied to the back

gate electrode,

wherein the back gate control circuit comprises:

a current detection circuit for detecting an amount of current output from the

constant-voltage generation circuit; and

a power-voltage conversion circuit for determining the potential applied to the

back gate electrode from the amount of the current output from the constant-voltage

generation circuit and an output voltage from the constant-voltage generation circuit.

9. The DC-DC converter according to claim 8,

wherein the current detection circuit comprises:

a current trans sensor;

a rectifier electrically connected to the current trans sensor; and

an integrating circuit connected to the rectifier.

10. The DC-DC converter according to claim 9,

wherein the current trans sensor is configured to generate current

corresponding to the amount of the current output from the constant-voltage generation



circuit.

11. The DC-DC converter according to claim 9,

wherein the rectifier is configured to rectify the current generated by the

current trans sensor, and

wherein the integrating circuit is configured to convert the rectified current to

form a voltage which is output to the power-voltage conversion circuit for determining

the potential applied to the back gate electrode.

12. The DC-DC converter according to claim 9,

wherein the integrating circuit comprises a resistor and a capacitor which are

connected in parallel.

13. The DC-DC converter according to claim 8,

wherein the semiconductor film has a band gap larger than silicon.

14. The DC-DC converter according to claim 8,

wherein the semiconductor film comprises an oxide semiconductor.

15. A semiconductor device comprising the DC-DC converter according to

claim 8.

16. A DC-DC converter comprising:

a constant-voltage generation circuit;

a transistor electrically connected to the constant-voltage generation circuit, the

transistor comprising a gate electrode and a back gate electrode with a semiconductor

film interposed therebetween;

an output voltage control circuit which is configured to control a ratio of an ON

time to OFF time of the transistor; and

a back gate control circuit configured to control a potential applied to the back

gate electrode,

wherein the back gate control circuit comprises:



a current detection circuit for detecting an amount of current output from the

constant-voltage generation circuit and converting the current into a voltage; and

a power-voltage conversion circuit for determining the potential applied to the

back gate electrode from the amount of the current output from the constant-voltage

generation circuit and an output voltage from the constant-voltage generation circuit.

17. The DC-DC converter according to claim 16,

wherein the power-voltage conversion circuit comprises:

a comparator;

an inverter;

a power source; and

a second transistor and a third transistor.

18. The DC-DC converter according to claim 17,

wherein the second transistor comprises a gate electrode electrically connected

to the comparator, a first electrode electrically connected to the back gate electrode of

the transistor, and a second electrode electrically connected to the power source, and

wherein the third transistor comprises a gate electrode electrically connected to

the inverter, a first electrode electrically connected to the back gate electrode of the

transistor, and a second electrode.

19. The DC-DC converter according to claim 17,

wherein the comparator is configured to be input with the voltage output from

the current detection circuit and a reference voltage,

wherein the comparator is configured to generate a high level voltage when the

voltage is larger than the reference voltage, and

wherein the comparator is further configured to generate a low level voltage

when the voltage is equal to or smaller than the reference voltage.

20. The DC-DC converter according to claim 19,

wherein the comparator is configured to input one of the high level voltage and

the low level voltage to the gate electrode of the third transistor through the inverter.



21. The DC-DC converter according to claim 19,

wherein the comparator is configured to input one of the high level voltage and

the low level voltage to the gate electrode of the second transistor.

22. A semiconductor device comprising the DC-DC converter according to

claim 16.
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