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Description

Title of Invention: SEMICONDUCTOR DEVICE
Technical Field

[0001] The present invention relates to semiconductor devices, particularly to a semi

conductor device that can keep data on a conduction state even when power is off.

Background Art
[0002] A dual in-line package (DIP) switch is known as a small switch with nonvolatility

(referred to as nonvolatile switch) that can store data on a conduction state which has

been set even when power is off. Since electronic components are being reduced in

size in recent years, DIP switches are being replaced with nonvolatile switches that are

electrically controlled by using nonvolatile memories such as a flash memory.

[0003] For a nonvolatile switch using a nonvolatile memory, a structure including a phase-

change memory is proposed (e.g., see Patent Document 1) as well as a structure

including a flash memory. In the structure in Patent Document 1, data on a conduction

state is stored in a phase-change memory, and the data on the conduction state can be

held even when power is off.

Citation List

Patent Literature
[0004] PTL 1: Japanese Published Patent Application No. 2006-3 13999

Disclosure of Invention
[0005] In the structure disclosed in Patent Document 1, a phase-change material is used for

realizing a nonvolatile switch. Thus, at the time of data writing, it is necessary to

promote the phase change due to heat by supplying current to the phase-change

material. For that reason, a nonvolatile switch into which data is written by supply of

current additionally requires a circuit that generates current for writing data, leading to

complication of the peripheral circuit configuration.

[0006] In addition, a nonvolatile switch into which data is written by supply of current has a

problem of deterioration due to repetitive writing operations.

[0007] In view of the above, an object of one embodiment of the present invention is to

provide a semiconductor device that has a simple peripheral circuit configuration, is

unlikely to deteriorate due to repetitive data writing operations, and is used as a non

volatile switch.

[0008] In one embodiment of the present invention, even when supply of a power supply

voltage is stopped, data on a conduction state of a nonvolatile switch is held in a data

retention portion connected to a thin film transistor having a channel formation region

in an oxide semiconductor layer. The data retention portion is connected to a gate of a



field-effect transistor in a current amplifier circuit (in which the field-effect transistor

and a bipolar transistor are connected as a Darlington pair), and thus data on the

conduction state is output without leaking charge in the data retention portion.

[0009] According to one embodiment of the present invention, a semiconductor device

includes a thin film transistor to which a data signal is supplied through a first terminal

and which includes an oxide semiconductor layer having a channel formation region;

and a current amplifier circuit including a field-effect transistor and a bipolar transistor

connected as a Darlington pair. The data is held in a data retention portion where a

second terminal of the thin film transistor, a gate of the field-effect transistor, and one

of electrodes of a capacitor are electrically connected to each other, by turning off the

thin film transistor. The amount of current flowing through the current amplifier circuit

is controlled in accordance with the data held in the data retention portion.

[0010] In the semiconductor device according to one embodiment of the present invention,

the data signal is a signal selected from a high power supply potential and a ground

potential, and the data signal is preferably kept at the ground potential in a period

during which the thin film transistor is off.

[001 1] In the semiconductor device according to one embodiment of the present invention, a

gate terminal of the thin film transistor is preferably connected to a wiring supplied

with a control signal for controlling a conduction state of the thin film transistor.

[0012] In the semiconductor device according to one embodiment of the present invention,

the control signal is a signal selected from the high power supply potential and the

ground potential, and the control signal is preferably kept at the ground potential in a

period during which the thin film transistor is off.

[0013] In the semiconductor device according to one embodiment of the present invention,

the oxide semiconductor layer preferably contains an In-Sn-Zn-O-based oxide semi

conductor.

[0014] One embodiment of the present invention can provide a semiconductor device that

has a simple peripheral circuit configuration, is unlikely to deteriorate due to repetitive

data writing operations, and is used as a nonvolatile switch.

Brief Description of Drawings
[0015] In the accompanying drawings:

FIG. 1 is a circuit diagram of a semiconductor device;

FIGS. 2A and 2B are a circuit diagram and a timing chart of a semiconductor device;

FIGS. 3A and 3B are circuit diagrams of semiconductor devices;

FIGS. 4A to 4D are cross-sectional views each illustrating a structure of a semi

conductor device;

FIGS. 5A to 5E illustrate steps for manufacturing a semiconductor device;



FIGS. 6A to 6E each illustrate a structure of an oxide material according to one em

bodiment of the present invention;

FIGS. 7A to 7C illustrate a structure of an oxide material according to one embodiment

of the present invention; and

FIGS. 8A to 8C illustrate a structure of an oxide material according to one embodiment

of the present invention.

Best Mode for Carrying out the Invention
[0016] Embodiments of the present invention will be hereinafter described with reference to

the accompanying drawings. Note that the present invention can be carried out in many

different modes, 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. Therefore, the present invention should not be construed as being

limited to the description of the embodiments. Note that in the structures of the present

invention described below, reference numerals denoting the same portions are used in

common in different drawings.

[0017] Note that the size, the layer thickness, the signal waveform, or a region of each

component illustrated in drawings and the like in embodiments is exaggerated for

clarity in some cases. Therefore, embodiments of the present invention are not limited

to such scales.

[0018] Note that when it is explicitly described that "A and B are connected," the case where

A and B are electrically connected, the case where A and B are functionally connected,

and the case where A and B are directly connected are included therein.

[0019] Note that in this specification, the terms "first", "second, "third", to "n-th" (n is a

natural number) are used in order to avoid confusion between components and thus do

not limit the number of the components.

Embodiment 1
[0020] A semiconductor device described in this embodiment can be a circuit that can

function as a nonvolatile switch, in particular, a nonvolatile switch through which a

large amount of current can flow. This embodiment describes a circuit configuration

and operation of a semiconductor device that can be electrically controlled and

functions as a nonvolatile switch.

[0021] FIG. 1 is a circuit diagram of a semiconductor device functioning as a nonvolatile

switch. A semiconductor device 100 illustrated in FIG. 1 controls a conduction state of

a thin film transistor 101 in accordance with a selection signal G, and can hold data in

a data signal D input from the outside in a data retention portion D_HOLD. A current

amplifier circuit 102 including a Darlington circuit can supply current toward a

collector C in response to the increase in the potential of an emitter E, in accordance



with the data held in the data retention portion D_HOLD of the semiconductor device

100.

[0022] Next, a specific example of the circuit configuration will be described. The semi

conductor device 100 in FIG. 1 includes the thin film transistor 101 and the current

amplifier circuit 102. The current amplifier circuit 102 includes a field-effect transistor

103 and a bipolar transistor 104. The semiconductor device 100 also includes a

capacitor 105 for holding data.

[0023] Note that the circuit symbol of the thin film transistor 101 in FIG. 1 is a circuit

symbol for indicating a transistor including an oxide semiconductor layer having a

channel formation region.

[0024] The current amplifier circuit 102 includes the field-effect transistor 103 and the

bipolar transistor 104 which are connected as a Darlington pair as illustrated in FIG. 1.

In the following description, the field-effect transistor 103 is an n-channel field-effect

transistor and the bipolar transistor 104 is a PNP bipolar transistor; however, there is

no particular limitation on the conductivity type or the like as long as the transistors are

connected as a Darlington pair.

[0025] One of a source electrode and a drain electrode (a first terminal) of the thin film

transistor 101 is connected to a data signal line for supplying the data signal D. A gate

electrode (a gate terminal) of the thin film transistor 101 is connected to a selection

signal line for supplying the selection signal G.

[0026] A gate terminal of the field-effect transistor 103 is connected to the other of the

source electrode and the drain electrode (a second terminal) of the thin film transistor

101 and one of electrodes of the capacitor 105.

[0027] A base terminal of the bipolar transistor 104 is connected to a first terminal of the

field-effect transistor 103. An emitter terminal of the bipolar transistor 104 is

connected to a wiring for supplying a high power supply potential (the emitter E in

FIG. 1). A collector terminal of the bipolar transistor 104 is connected to a wiring for

supplying a low power supply potential (the collector C in FIG. 1) and a second

terminal of the field-effect transistor 103.

[0028] In FIG. 1, a wiring to which the second terminal of the thin film transistor 101, the

one electrode of the capacitor 105, and the gate terminal of the field-effect transistor

103 are connected (a region surrounded by a dashed line in FIG. 1) is the data retention

portion D_HOLD.

[0029] Since the data retention portion D_HOLD is an element in which the gate terminal of

the field-effect transistor 103 and the one electrode of the capacitor 105 are surrounded

by an insulator, charge hardly leaks from the field-effect transistor 103 and the

capacitor 105. For that reason, by reducing the off-state current of the thin film

transistor 101 in a non-conducting state as much as possible, a potential can be held in



the data retention portion D_HOLD.

[0030] Note that in the configuration in FIG. 1, the gate capacitance of the field-effect

transistor 103 can be actively used, in which case the capacitor 105 can be omitted.

[0031] As described above, in this embodiment, the off-state current of the thin film

transistor 101 in a non-conducting state is made as low as possible to hold data in the

data retention portion D_HOLD. A specific example of a thin film transistor with

extremely low off-state current is a thin film transistor including an oxide semi

conductor layer having a channel formation region.

[0032] An oxide semiconductor contains at least one element selected from In, Ga, Sn, and

Zn. For example, any of the following oxide semiconductors can be used: an oxide of

four metal elements, such as an In-Sn-Ga-Zn-O-based oxide semiconductor; an oxide

of three metal elements, 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, a

Hf-In-Zn-O-based oxide semiconductor, and a Sn-Al-Zn-O-based oxide semi

conductor; an oxide of two metal elements, such as an In-Zn-O-based oxide semi

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

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

conductor, an In-Mg-O-based oxide semiconductor, and an In-Ga-O-based oxide semi

conductor; and an oxide of one metal element, such as an In-O-based oxide semi

conductor, a Sn-O-based oxide semiconductor, and a Zn-O-based oxide semi

conductor. In addition, any of the above oxide semiconductors may contain an element

other than In, Ga, Sn, and Zn, for example, Si0 2.

[0033] For example, an In-Ga-Zn-O-based oxide semiconductor refers to an oxide semi

conductor containing indium (In), gallium (Ga), and zinc (Zn), and there is no

limitation on the composition ratio thereof. Particularly in the case of using an In-

Sn-Zn-O-based oxide semiconductor as the oxide semiconductor, the mobility of a thin

film transistor can be increased. Further, the use of an In-Sn-Zn-O-based oxide semi

conductor allows the threshold voltage of a thin film transistor to be stably controlled.

[0034] As the oxide semiconductor, a thin film represented by the chemical formula, InM0 3

(ZnO)m (m > 0) can be used. 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, or

Ga and Co.

[0035] In the case where an In-Zn-O-based material is used as the oxide semiconductor, a

target therefor has a composition ratio of In:Zn = 50: 1 to 1:2 in an atomic ratio (ln20 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), further preferably In:Zn = 15:1 to 1.5:1 in

an atomic ratio (In20 3:ZnO = 15:2 to 3:4 in a molar ratio). For example, in a target



used for formation of an In-Zn-O-based oxide semiconductor which has an atomic

ratio of InrZn.O = X:Y:Z, the relation of Z>1.5X+Y is satisfied.

[0036] In the case where an In-Sn-Zn-O-based oxide semiconductor is used, a target may

have a composition ratio of In:Sn:Zn=l:2:2, In:Sn:Zn=2:l:3, or In:Sn:Zn=l : 1 : 1 in an

atomic ratio, for example.

[0037] In particular, in a thin film transistor whose channel is formed in an oxide semi

conductor layer that is highly purified by drastic removal of hydrogen contained in the

oxide semiconductor layer, the off-state current density can be 100 ζΑ /µιη or less,

preferably 10 ζΑ/µηι or less, further preferably 1 ζΑ /µη or less. Thus, the off-state

current of the above thin film transistor is extremely lower than that of a thin film

transistor containing crystalline silicon. Consequently, the potential of the data

retention portion D_HOLD can be held for a long time while the thin film transistor

101 having the channel formation region in the oxide semiconductor layer is off.

[0038] Note that in this specification, the off-state current is a current flowing between the

source and the drain when a transistor is off (is in a non-conducting state). In an n-

channel transistor (with a threshold voltage of about 0 to 2 V, for example), the off-

state current refers to a current flowing between the source and the drain when

negative voltage is applied between the gate and the source.

[0039] Note that a material that can realize off-state current characteristics equivalent to

those of the oxide semiconductor material may be used for a semiconductor layer of

the thin film transistor instead of the oxide semiconductor material. For example, a

wide gap material like silicon carbide (more specifically, a semiconductor material

whose energy gap Eg is larger than 3 eV) can be used.

[0040] FIG. A illustrates the elements included in the semiconductor device 100 with

shortened names in order to explain the operation of the semiconductor device 100 in

FIG. 1. FIG. 2B is a timing chart illustrating how the operation of each element in FIG.

2A is changed by input of signals.

[0041] In FIG. 2A, the thin film transistor 101 in FIG. 1 is designated as OSTFT; the

potential of the data retention portion D_HOLD in FIG. 1, D_HOLD; the field-effect

transistor 103 in FIG. 1, FET; and the bipolar transistor 104 in FIG. 1, BJT.

[0042] FIG. 2A illustrates a structure in which the other electrode of the capacitor 105 in

FIG. 1 is connected to the collector C, which is the wiring for supplying a low power

supply potential VSS. In the following description, the low power supply potential

VSS is a ground potential GND.

[0043] In the semiconductor device 100 described in this embodiment, supply of the power

supply voltage to a circuit that supplies the data signal D and the selection signal G can

be stopped. The thin film transistor needs to be kept off while supply of the power

supply voltage is stopped.



[0044] Given that the high power supply potential of the data signal D and the selection

signal G is VDD and the low power supply potential thereof is GND, in order to stop

supply of the power supply voltage, the potential of the wiring supplied with the high

power supply potential VDD is lowered to GND, the low power supply potential. A l

ternatively, given that the high power supply potential of the data signal D and the

selection signal G is VDD and the low power supply potential thereof is VSS, in order

to stop supply of the power supply voltage, both the potential of the wiring supplied

with the high power supply potential VDD and the potential of the wiring supplied

with the low power supply potential VSS are lowered to GND.

[0045] In other words, using the circuit illustrated in FIG. 3A and inputting a signal G_SEL

for controlling the potential of the selection signal G to gate terminals of a p-channel

transistor 111 and an n-channel transistor 112 that constitute a complementary circuit,

the potential of the selection signal G is controlled. Accordingly, when supply of the

power supply voltage is stopped, the potential GND is applied to the gate terminal of

the thin film transistor 101 and the thin film transistor 101 is kept off.

[0046] Similarly, using the circuit illustrated in FIG. 3A and inputting a signal D_SEL for

controlling the potential of the data signal D to gate terminals of a p-channel transistor

113 and an n-channel transistor 114 that constitute a complementary circuit, the

potential of the data signal D is controlled. Accordingly, when supply of the power

supply voltage is stopped, the potential GND can be applied to the first terminal of the

thin film transistor 101.

[0047] Further, using the circuit illustrated in FIG. 3A and inputting a signal E_SEL for con

trolling the potential of the emitter E to gate terminals of a p-channel transistor 115 and

an n-channel transistor 116 that constitute a complementary circuit, the potential of the

emitter E is controlled. A high power supply potential VCC for supplying the potential

of the emitter E is controlled independently of the high power supply potential VDD,

so that the high power supply voltage VCC can be supplied to the current amplifier

circuit 102 even when supply of the high power supply potential VDD is stopped.

[0048] Note that the signal G_SEL for controlling the potential of the selection signal G can

be input to a circuit composed of an n-channel transistor 117 and a resistor 118 i l

lustrated in FIG. 3B to control the potential of the selection signal G. In that case,

when supply of the power supply voltage is stopped, the potential GND can be

supplied to the gate terminal of the thin film transistor 101 regardless of the potential

of the signal G_SEL.

[0049] Similarly, the signal D_SEL for controlling the potential of the data signal D can be

input to a circuit composed of an n-channel transistor 119 and a resistor 120 illustrated

in FIG. 3B to control the potential of the data signal D. In that case, when supply of the

power supply voltage is stopped, the potential GND can be supplied to the first



terminal of the thin film transistor 101 regardless of the potential of the signal D_SEL.

[0050] Next, the operation of the semiconductor device 100 will be described with reference

to the timing chart in FIG. 2B.

[005 1] In the timing chart in FIG. 2B, VDD, G, D, D_HOLD, OSTFT, VCC, FET, and BJT

correspond to the input/output signals, the potentials of the wirings, and the elements

illustrated in FIGS. 2A and 3A. In addition, the timing chart in FIG. 2B shows periods

T l to T4 in order to explain a plurality of possible states of the semiconductor device

100.

[0052] In the following description of the operation in FIG. 2B, the conductivity types of the

transistors and the logic circuit are the same as those in FIGS. 2A and 3A. Note that

without limitation to the above, the conductivity types of the transistors and the

potential of each signal can be set as appropriate as long as the operation is totally the

same as above. Each of the signals can be represented by an H signal (VDD) and an L

signal (GND). In the description of FIG. 2B, the initial potential of the data retention

portion D_HOLD is GND.

[0053] Note that in the timing chart, each of the signals is represented by the H signal and

the L signal; the potentials of the H signal and the L signal may vary between the

signals. For example, the H signal of the selection signal G may be set higher than the

H signal of the data signal D, in which case the reduction in the potential of the thin

film transistor 101 by the threshold voltage can be suppressed.

[0054] The high power supply potential VCC supplied to the emitter E is preferably higher

than the high power supply potential VDD of the selection signal G and the data signal

D, in which case the amplification of current in the current amplifier circuit 102 can be

easily controlled.

[0055] The operation in the period T l in FIG. 2B will be described. The period Tl is a

period for feeding the data signal D which is the H signal into the data retention

portion D_HOLD.

[0056] In the period Tl, the high power supply potential for supplying the selection signal G

and the data signal D is set to VDD, and the H signal is input as the selection signal G

and the data signal D. When the selection signal G (the H signal) is input to the

OSTFT, OSTFT is turned on (ON), and the data signal D (the H signal) is fed into the

data retention portion D_HOLD. FET is turned on when the potential of the data

retention portion D_HOLD becomes the H signal; at this time, the potential of the

emitter E is GND and current does not flow, which means that BJT is off (OFF).

[0057] The operation in the period T2 in FIG. 2B will be described. The period T2 is a

period during which the H signal can be held in the data retention portion D_HOLD

even after the high power supply potential VDD of the selection signal G and the data

signal D is set to GND, and current flows from the emitter E.



[0058] In the period T2, the high power supply potential VDD for supplying the selection

signal G and the data signal D is set to GND, and the L signal is input as the selection

signal G and the data signal D. At this time, OSTFT can be kept off. Thus, the data

retention portion D_HOLD holds the H signal, which is fed in the previous period Tl,

even when supply of the power supply voltage is stopped. FET is on while the data

retention portion D_HOLD holds the H signal. At this time, by setting the potential of

the emitter E to VCC, which is the H signal, BJT is brought into a conducting state

where a base current and a collector current flows therethrough, and the current can be

amplified.

[0059] The operation in the period T3 in FIG. 2B will be described. The period T3 is a

period for feeding the data signal D which is the L signal into the data retention portion

D_HOLD.

[0060] In the period T3, the high power supply potential for supplying the selection signal G

is set to VDD, and the H signal is input as the selection signal G. The potential of the

data signal D is set to GND. At this time, when the selection signal G (the H signal) is

input to OSTFT, OSTFT is turned on, and the data signal D (the L signal) is fed into

the data retention portion D_HOLD. FET is turned off when the potential of the data

retention portion D_HOLD becomes the L signal; at this time, the potential of the

emitter E is GND and current does not flow, which means that BJT is off (OFF).

[0061] The operation in the period T4 in FIG. 2B will be described. The period T4 is a

period during which the L signal can be held in the data retention portion D_HOLD

even after the high power supply potential VDD of the selection signal G and the data

signal D is set to GND, and current does not flow from the emitter E.

[0062] In the period T4, the high power supply potential VDD for supplying the selection

signal G is set to GND, and the L signal is input as the selection signal G and the data

signal D. At this time, OSTFT can be kept off. Thus, the data retention portion

D_HOLD holds the L signal, which is fed in the previous period T3, even when supply

of the power supply voltage is stopped. FET is off while the data retention portion

D_HOLD holds the L signal. At this time, BJT is brought into a non-conducting state

where a base current and a collector current do not flow therethrough even when the

potential of the emitter E is set to VCC, which is the H signal.

[0063] The above is the description of the operation of the semiconductor device 100.

[0064] As described above, in one embodiment of the present invention, data on the

conduction state of the semiconductor device is held in the data retention portion

connected to the thin film transistor having a channel formation region in an oxide

semiconductor layer even when supply of the power supply voltage is stopped. Con

sequently, the semiconductor device according to one embodiment of the present

invention can serve as a nonvolatile switch in which a switching operation of the



current amplifier circuit is changed by switching the on/off state of the thin film

transistor to control the potential held in the data retention portion.

[0065] In addition, in the semiconductor device according to one embodiment of the present

invention, it is not necessary to apply a high voltage of 10 V or more to a storage

element for data writing or to additionally provide a circuit for generating current

needed for data writing; this means that a peripheral circuit does not need to be addi

tionally provided. Moreover, the semiconductor device according to one embodiment

of the present invention is configured to serve as a nonvolatile switch in which a

switching operation of the current amplifier circuit is changed while a given potential

is held in the data retention portion; thus, deterioration due to repetitive writing op

erations can be reduced as compared to a flash memory, a phase-change memory, and

the like.

[0066] This embodiment can be implemented in combination with another embodiment as

appropriate.

Embodiment 2
[0067] In this embodiment, an example of a structure of a transistor that can be used in the

semiconductor device in Embodiment 1 will be described. Specifically, a description is

given of examples of a structure and a manufacturing process of the thin film transistor

101 in the case where the thin film transistor 101 is miniaturized in the configuration in

Embodiment 1.

[0068] In particular, this embodiment explains, as an example of the structure of the thin

film transistor, a structure in which regions serving as a source and drain regions in an

active layer including a channel formation region containing an oxide semiconductor

are formed by adding an impurity into the oxide semiconductor such that the resistance

of the source and drain regions is lower than that of the channel formation region. Note

that the resistance of the impurity regions is lower than that of the channel formation

region.

[0069] FIGS. 4A to 4D are cross-sectional views of the thin film transistor 101. The

transistor structures illustrated in FIGS. 4A to 4D are top-gate structures. Such a top-

gate structure of the thin film transistor 101 in which a source and drain regions are

formed in a self-aligned manner using a gate electrode as illustrated in FIGS. 4A to 4D

leads to miniaturization of the transistor. Consequently, there is no overlap between the

gate electrode and a source or drain electrode of the transistor, so that the gate ca

pacitance can be reduced. Thus, power consumed by charge necessary for charging and

discharging can be reduced.

[0070] The thin film transistor illustrated in FIG. 4A includes a semiconductor layer 603_A,

a conductive layer 605a_A, a conductive layer 605b_A, an insulating layer 606_A, and

a conductive layer 607_A.



[0071] The semiconductor layer 603_A includes a high-concentration region 604a_A and a

high-concentration region 604b_A with a space provided therebetween. The region

between the high-concentration region 604a_A and the high-concentration region

604b_A is a channel formation region. The semiconductor layer 603_A is provided, for

example, over an insulating layer 601_A. Note that a high-concentration region refers

to a region whose resistance is decreased by dopant added at a high concentration, and

a low-concentration region refers to a region whose resistance is decreased by a dopant

added at a low concentration.

[0072] The conductive layer 605a_A and the conductive layer 605b_A are provided over the

semiconductor layer 603_A and electrically connected to the semiconductor layer

603_A. For example, the conductive layers 605a_A and 605b_A are in contact with

part of the semiconductor layer 603_A. Further, side surfaces of the conductive layers

605a_A and 605b_A are tapered, and the conductive layers 605a_A and 605b_A

overlap with part of the high-concentration region 604a_A and part of the high-

concentration region 604b_A, respectively.

[0073] The insulating layer 606_A is provided over the semiconductor layer 603_A, the

conductive layer 605a_A, and the conductive layer 605b_A.

[0074] The conductive layer 607_A overlaps with part of the semiconductor layer 603_A

between the high-concentration region 604a_A and the high-concentration region

604b_A, with the insulating layer 606_A placed therebetween. The part of the semi

conductor layer 603_A which overlaps with the conductive layer 607_A with the in

sulating layer 606_A placed therebetween is the channel formation region.

[0075] The transistor illustrated in FIG. 4B includes an insulating layer 609a_A and an in

sulating layer 609b_A serving as sidewalls in addition to the components illustrated in

FIG. 4A, and also includes a low-concentration region 608a_A and a low-

concentration region 608b_A between the high-concentration region 604a_A and the

high-concentration region 604b_A in the semiconductor layer 603_A.

[0076] The insulating layers 609a_A and 609b_A are provided over the insulating layer

606_A and in contact with the respective opposite side surfaces of the conductive layer

607_A.

[0077] The low-concentration region 608a_A and the low-concentration region 608b_A

overlap with the insulating layer 609a_A and the insulating layer 609b_A, re

spectively, with the insulating layer 606_A placed therebetween. The impurity con

centration of the low-concentration regions 608a_A and 608b_A is lower than that of

the high-concentration regions 604a_A and 604b_A.

[0078] With the low-concentration regions 608a_A and 608b_A, local electric field con

centration on the transistor can be suppressed, increasing the reliability of the

transistor.



[0079] The transistor illustrated in FIG. 4C includes a semiconductor layer 603_B, a

conductive layer 605a_B, a conductive layer 605b_B, an insulating layer 606_B, and a

conductive layer 607_B.

[0080] The conductive layer 605a_B and the conductive layer 605b_B are provided over an

insulating layer 601_B and electrically connected to a high-concentration region

604a_B and a high-concentration region 604b_B, respectively. For example, the

conductive layer 605a_B and the conductive layer 605b_B are in contact with part of

the high-concentration region 604a_B and part of the high-concentration region

604b_B, respectively. Further, side surfaces of the conductive layers 605a_B and

605b_B are tapered, and the conductive layer 605a_B and the conductive layer 605b_B

overlap with part of the high-concentration region 604a_B and part of the high-

concentration region 604b_B, respectively.

[0081] The semiconductor layer 603_B includes the high-concentration region 604a_B and

the high-concentration region 604b_B with a space therebetween. The region between

the high-concentration region 604a_B and the high-concentration region 604b_B is a

channel formation region. The semiconductor layer 603_B is provided over the

conductive layer 605a_B, the conductive layer 605b_B, and the insulating layer

601_B, for example.

[0082] The insulating layer 606_B is provided over the semiconductor layer 603_B, the

high-concentration region 604a_B, and the high-concentration region 604b_B.

[0083] The conductive layer 607_B overlaps with the semiconductor layer 603_B with the

insulating layer 606_B placed therebetween. The semiconductor layer 603_B which

overlaps with the conductive layer 607_B with the insulating layer 606_B placed

therebetween is the channel formation region.

[0084] The transistor illustrated in FIG. 4D includes an insulating layer 609a_B and an in

sulating layer 609b_B serving as sidewalls in addition to the components illustrated in

FIG. 4C, and also includes a low-concentration region 608a_B and a low-concentration

region 608b_B between the high-concentration region 604a_B and the high-

concentration region 604b_B in the semiconductor layer 603_B.

[0085] The insulating layer 609a_B and the insulating layer 609b_B are provided over the

insulating layer 606_B and in contact with the respective opposite side surfaces of a

conductive layer 607_C.

[0086] The low-concentration regions 608a_B and 608b_B overlap with the insulating

layers 609a_B and 609b_B, respectively, with the insulating layer 606_B placed

therebetween. The impurity concentration of the low-concentration regions 608a_B

and 608b_B is lower than that of the high-concentration regions 604a_B and 604b_B.

[0087] With the low-concentration regions 608a_B and 608b_B, local electric field con

centration on the transistor can be suppressed, increasing the reliability of the



transistor.

[0088] In addition, the components illustrated in FIGS. 4A to 4D will be described.

[0089] As the insulating layers 601_A and 601_B, a single layer or a stack of a silicon oxide

layer, a silicon nitride layer, a silicon oxynitride layer, a silicon nitride oxide layer, an

aluminum oxide layer, an aluminum nitride layer, an aluminum oxynitride layer, an

aluminum nitride oxide layer, and/or a hafnium oxide layer can be used, for example.

The insulating layers 601_A and 601_B are preferably formed using a material with

which surfaces of the insulating layers can be processed to be flat.

[0090] The semiconductor layers 603_A and 603_B each function as a channel formation

layer of the transistor. As the semiconductor layers 603_A and 603_B, an oxide semi

conductor layer containing an oxide of four metal elements, an oxide of three metal

elements, or an oxide of two metal elements can be used, for example.

[0091] As the oxide of four metal elements, an In-Sn-Ga-Zn-O-based metal oxide can be

used, for example.

[0092] As the oxide of three metal elements, an In-Ga-Zn-O-based metal oxide, an In-

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

metal oxide, an Al-Ga-Zn-O-based metal oxide, a Hf-In-Zn-O-based metal oxide, or a

Sn-Al-Zn-O-based metal oxide can be used, for example

[0093] As the oxide of two metal elements, an In-Zn-O-based metal oxide, a Sn-Zn-O-based

metal oxide, an Al-Zn-O-based metal oxide, a Zn-Mg-O-based metal oxide, a Sn-

Mg-O-based metal oxide, an In-Mg-O-based metal oxide, an In-Sn-O-based metal

oxide, or an In-Ga-O-based metal oxide can be used, for example.

[0094] As the semiconductor layers 603_A and 603_B, a layer containing an In-O-based

metal oxide, a Sn-O-based metal oxide, or a Zn-O-based metal oxide can be used, for

example. The metal oxide that can be used as the oxide semiconductor may contain

silicon oxide. Further, the metal oxide that can be used as the oxide semiconductor

may contain nitrogen.

[0095] As the semiconductor layers 603_A and 603_B, a layer containing a material rep

resented by InL0 3(ZnO)m (m is a number greater than 0) can be used. Here, L in InL0 3

(ZnO)m represents one or more metal elements selected from Ga, Al, Mn, and Co.

[0096] Note that the mobility of the transistor can be increased particularly when an In-

Sn-Zn-O-based oxide semiconductor is used for the semiconductor layers 603_A and

603_B. Further, the use of an In-Sn-Zn-O-based oxide semiconductor allows the

threshold voltage of the transistor to be stably controlled.

[0097] The high-concentration regions 604a_A, 604b_A, 604a_B, and 604b_B function as a

source or a drain of the transistor. Note that a region functioning as a source of a

transistor can be called a source region, and a region functioning as a drain of a

transistor can be called a drain region.



[0098] The resistance of the low-concentration regions 608a_A, 608b_A, 608a_B, and

608b_B is higher than that of the high-concentration regions 604a_A, 604b_A,

604a_B, and 604b_B; thus, the low-concentration regions 608a_A, 608b_A, 608a_B,

and 608b_B are also referred to as high-resistance impurity regions.

[0099] As the dopant added into the high-concentration regions 604a_A, 604b_A, 604a_B,

and 604b_B and the low-concentration regions 608a_A, 608b_A, 608a_B, and

608b_B, one or more of nitrogen, phosphorus, arsenic, argon, xenon, helium, and

hydrogen can be used, for example.

[0100] The concentration of the dopant in the high-concentration regions 604a_A, 604b_A,

604a_B, and 604b_B is preferably greater than or equal to 5 * 10 19 cm 3, for example.

[0101] The concentration of the dopant in the low-concentration regions 608a_A, 608b_A,

608a_B, and 608b_B is preferably, for example, greater than or equal to 5 * 10 18 cm 3

and less than 5 * 10 19 cm-3 .

[0102] The crystallinity of the high-concentration regions 604a_A, 604b_A, 604a_B, and

604b_B and the crystallinity of the low-concentration regions 608a_A, 608b_A,

608a_B, and 608b_B may be lower than that of the channel formation region.

[0103] The high-concentration regions 604a_A, 604b_A, 604a_B, and 604b_B and the low-

concentration regions 608a_A, 608b_A, 608a_B, and 608b_B may contain an In-

Ga-Zn-O-N-based material with a wurtzite crystal structure. In that case, such a

wurtzite structure is more likely to be formed when the content of nitrogen in the high-

concentration regions 604a_A, 604b_A, 604a_B, and 604b_B and the low-

concentration regions 608a_A, 608b_A, 608a_B, and 608b_B is greater than or equal

to 1 * 1020 cm 3 and less than 7 atomic%.

[0104] In the case where the impurity regions contain an In-Ga-Zn-O-N-based material with

a wurtzite crystal structure, the resistance between the channel formation region and

the source or drain of the transistor is reduced.

[0105] The conductive layers 605a_A, 605a_B, 605b_A, and 605b_B each function as the

source or drain of the transistor. Note that a layer functioning as a source of a transistor

can be called a source electrode or a source wiring, and a layer functioning as a drain

of a transistor can be called a drain electrode or a drain wiring.

[0106] As the conductive layers 605a_A, 605a_B, 605b_A, and 605b_B, a layer of a metal

material such as aluminum, chromium, copper, tantalum, titanium, molybdenum, or

tungsten or an alloy material containing any of the above metal materials as its main

component can be used, for example. As the layer of the alloy material, a layer of a

Cu-Mg-Al alloy material can be used, for example.

[0107] A layer containing a conductive metal oxide can also be used as the conductive

layers 605a_A, 605a_B, 605b_A, and 605b_B. The conductive metal oxide applicable

to the conductive layers 605a_A, 605a_B, 605b_A, and 605b_B may contain silicon



oxide.

[0108] Further, a layer of an In-Ga-Zn-O-N-based material can also be used as the

conductive layers 605a_A, 605a_B, 605b_A, and 605b_B, which is preferable because

the electrical conductivity of the layer of the In-Ga-Zn-O-N-based material is high.

[0109] Moreover, the conductive layers 605a_A, 605a_B, 605b_A, and 605b_B can be

formed using a stack of layers containing materials applicable to these conductive

layers. For example, the conductive layers 605a_A, 605a_B, 605b_A, and 605b_B can

be formed using a stack of a layer of a Cu-Mg-Al alloy material and a copper layer

thereon, whereby the adhesion to the insulating layer which is in contact with the

conductive layers 605a_A, 605a_B, 605b_A, and 605b_B can be increased.

[0110] As the insulating layers 606_A and 606_B, a silicon oxide layer, a silicon nitride

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

an aluminum nitride layer, an aluminum oxynitride layer, an aluminum nitride oxide

layer, or a hafnium oxide layer can be used, for example. The insulating layers 606_A

and 606_B can be formed using a stack of layers containing materials applicable to

these insulating layers.

[0111] As the insulating layers 606_A and 606_B, an insulating layer of a material

containing, for example, an element that belongs to Group 13 in the periodic table and

oxygen can also be used.

[0112] Examples of the material containing an element that belongs to Group 13 and oxygen

are gallium oxide, aluminum oxide, aluminum gallium oxide, and gallium aluminum

oxide. Aluminum gallium oxide refers to a substance in which the amount of

aluminum is larger than that of gallium in atomic percent, and gallium aluminum oxide

refers to a substance in which the amount of gallium is larger than or equal to that of

aluminum in atomic percent.

[0113] The conductive layers 607_A, 607_B, and 607_C each function as a gate of the

transistor. Such a conductive layer functioning as the gate of the transistor can be

called a gate electrode or a gate wiring.

[0114] As the conductive layers 607_A, 607_B, and 607_C, a layer of a metal material such

as aluminum, chromium, copper, tantalum, titanium, molybdenum, or tungsten; or an

alloy material containing the metal material as a main component can be used, for

example. The conductive layers 607_A, 607_B, and 607_C can be formed using a

stack of layers containing materials applicable to these conductive layers.

[0115] A layer containing a conductive metal oxide can also be used as the conductive

layers 607_A, 607_B, and 607_C. The conductive metal oxide applicable to the

conductive layers 607_A, 607_B, and 607_C may contain silicon oxide. The

conductive metal oxide applicable to the conductive layers 607_A, 607_B, and 607_C

may contain nitrogen, in which case the electrical conductivity can be increased.



[0116] Further, a layer of an In-Ga-Zn-O-N-based material can be used as the conductive

layers 607_A, 607_B, and 607_C. The layer of an In-Ga-Zn-O-N-based material has

high electrical conductivity and is thus suitable for the conductive layers 607_A,

607_B, and 607_C.

[01 17] As the insulating layers 609a_A, 609b_A, 609a_B, and 609b_B, a layer of a material

applicable to the insulating layers 606_A and 606_B can be used, for example. The in

sulating layers 609a_A, 609b_A, 609a_B, and 609b_B may be formed using a stack of

layers containing materials applicable to these insulating layers.

[0118] Next, as an example of a method for manufacturing the transistor in this em

bodiment, an example of a method for manufacturing the transistor illustrated in FIG.

4A will be described with reference to FIGS. 5A to 5E. FIGS. 5A to 5E are cross-

sectional views illustrating an example of a method for manufacturing the transistor in

this embodiment.

[0119] First, as illustrated in FIG. 5A, the semiconductor layer 603_A is formed over the in

sulating layer 601_A serving as a first insulating layer.

[0120] An example of a method for forming an oxide semiconductor layer with improved

crystallinity as one example of the semiconductor layer 603_A is described below.

[0121] The method for forming the oxide semiconductor layer includes a step of forming a

semiconductor film over the insulating layer 601_A and a step of performing heat

treatment at least one time. The example of the method for forming the semiconductor

layer 603_A may include a step of removing part of the semiconductor film. In that

case, there is no particular limitation on the timing of the step of removing part of the

semiconductor film as long as the step is performed after the semiconductor film is

formed and before the conductive layers 605a_A and 605b_A are formed. Further,

there is no particular limitation on the timing of the step of performing heat treatment

as long as the heat treatment is performed after formation of the semiconductor film.

[0122] In the step of forming a semiconductor film over the insulating layer 601_A, for

example, the semiconductor film is formed by forming a film of a material applicable

to the semiconductor layer 603_A by sputtering. In that step, the temperature of the

surface where the film is to be formed (the substrate side) is set higher than or equal to

100 degrees Celsius and lower than or equal to 500 degrees Celsius.

[0123] In the case where the semiconductor layer 603_A is formed by sputtering, water and

hydrogen existing in a deposition chamber are reduced as much as possible.

Specifically, for example, it is preferable to heat the inside of the deposition chamber

before deposition, to reduce the concentration of water and/or hydrogen in a gas in

troduced into the deposition chamber, and to prevent the counter flow of gas exhausted

from the deposition chamber.

[0124] In the step of performing heat treatment, for example, heat treatment at temperatures



ranging from 400 degrees Celsius to 750 degrees Celsius (also called heat treatment A)

is performed. There is no particular limitation on the timing of the heat treatment A as

long as it is after formation of the semiconductor film. Heat treatment performed on

the semiconductor layer 603_A can eliminate moisture or hydrogen in the semi

conductor layer 603_A.

[0125] Moreover, the heat treatment A causes crystallization from a top surface of the semi

conductor film; crystal growth proceeds from the top surface toward the inside of the

semiconductor film.

[0126] As a heat treatment apparatus for the heat treatment A, it is possible to use an electric

furnace or an apparatus for heating an object by heat conduction or heat radiation from

a heating element such as a resistance heating element; for example, a rapid thermal

anneal (RTA) apparatus such as a gas rapid thermal anneal (GRTA) apparatus or a

lamp rapid thermal anneal (LRTA) apparatus. An LRTA apparatus is an apparatus for

heating an object by radiation of light (an electromagnetic wave) emitted from a lamp

such as a halogen lamp, a metal halide lamp, a xenon arc lamp, a carbon arc lamp, a

high pressure sodium lamp, or a high pressure mercury lamp. A GRTA apparatus is an

apparatus for heat treatment using a high-temperature gas. As the high-temperature

gas, a rare gas or an inert gas (e.g., nitrogen) which does not react with the object by

the heat treatment can be used.

[0127] Note that it is preferable that in the heat treatment A, moisture, hydrogen, or the like

be not contained in nitrogen or a rare gas such as helium, neon, or argon. The purity of

nitrogen or the rare gas such as helium, neon, or argon which is introduced into a heat

treatment apparatus is preferably 6N (99.9999 ) or higher, further preferably 7N

(99.99999 ) or higher (i.e., the impurity concentration is preferably 1 ppm or lower,

further preferably 0.1 ppm or lower).

[0128] Through the above steps, the oxide semiconductor film becomes a c-axis aligned

crystalline oxide semiconductor (CAAC-OS) film.

[0129] The CAAC-OS film is not completely single crystal nor completely amorphous. The

CAAC-OS film is an oxide semiconductor film with a crystal-amorphous mixed phase

structure where crystal parts are included in an amorphous phase. Note that in most

cases, the crystal part fits inside a cube whose one side is less than 100 nm. From an

observation image obtained with a transmission electron microscope (TEM), a

boundary between an amorphous part and a crystal part in the CAAC-OS film is not

clear. Further, with the TEM, a grain boundary in the CAAC-OS film is not found.

Thus, a reduction in electron mobility, due to the grain boundary, is suppressed in the

CAAC-OS film.

[0130] In each of the crystal parts included in the CAAC-OS film, a c-axis is aligned in a

direction parallel to a normal vector of a surface where the CAAC-OS film is formed



or a normal vector of a surface of the CAAC-OS film, triangular or hexagonal atomic

arrangement which is seen from the direction perpendicular to the a-b plane is formed,

and metal atoms are arranged in a layered manner or metal atoms and oxygen atoms

are arranged in a layered manner when seen from the direction perpendicular to the c-

axis. Note that directions of the a-axes and the b-axes may vary between different

crystal parts. In this specification, the term "perpendicular" includes a range from 85

degrees to 95 degrees. In addition, the term "parallel" includes a range from -5 degrees

to 5 degrees.

[0131] In the CAAC-OS film, distribution of crystal parts is not necessarily uniform. For

example, in the formation process of the CAAC-OS film, in the case where crystal

growth occurs from a surface side of the oxide semiconductor film, the proportion of

crystal parts in the vicinity of the surface of the oxide semiconductor film is sometimes

higher than that in the vicinity of the surface where the oxide semiconductor film is

formed. Further, when an impurity is added to the CAAC-OS film, the crystal part in a

region to which the impurity is added becomes amorphous in some cases.

[0132] Since the c-axes of the crystal parts included in the CAAC-OS film are aligned in the

direction parallel to a normal vector of a surface where the CAAC-OS film is formed

or a normal vector of a surface of the CAAC-OS film, the directions of the c-axes may

be different from each other depending on the shape of the CAAC-OS film (the cross-

sectional shape of the surface where the CAAC-OS film is formed or the cross-

sectional shape of the surface of the CAAC-OS film). Note that the direction of c-axis

of the crystal part is the direction parallel to a normal vector of the surface where the

CAAC-OS film is formed or a normal vector of the surface of the CAAC-OS film. The

crystal part is formed by deposition or by performing treatment for crystallization, such

as heat treatment, after deposition.

[0133] With the use of the CAAC-OS film in a transistor, change in electric characteristics

of the transistor due to irradiation with visible light or ultraviolet light can be reduced.

Consequently, a transistor having stable electric characteristics can be formed.

[0134] A film surface on which the CAAC-OS film is deposited (the deposition surface) is

preferably flat. This is because the c-axes of crystal parts in the CAAC-OS film are

substantially perpendicular to the deposition surface, and thus irregularities of the de

position surface cause grain boundaries in the CAAC-OS film. For that reason, the de

position surface is preferably subjected to planarization such as chemical mechanical

polishing (CMP) before the CAAC-OS film is formed. The average roughness of the

deposition surface is preferably 0.5 nm or less, further preferably 0.3 nm or less.

[0135] Here, the CAAC-OS will be described in detail with reference to FIGS. 6A to 6E,

FIGS. 7A to 7C, and FIGS. 8A to 8C. In FIGS. 6A to 6E, FIGS. 7A to 7C, and FIGS.

8A to 8C, the vertical direction corresponds to the c-axis direction and a plane per-



pendicular to the c-axis direction corresponds to the a-b plane, unless otherwise

specified. When the expressions "an upper half" and "a lower half" are simply used,

they refer to an upper half above the a-b plane and a lower half below the a-b plane (an

upper half and a lower half with respect to the a-b plane). In FIGS. 6A to 6E, O

surrounded by a circle represents tetracoordinate O and O surrounded by a double

circle represents tricoordinate O.

[0136] FIG. 6A illustrates a structure including one hexacoordinate In atom and six tetraco

ordinate oxygen (hereinafter referred to as tetracoordinate O) atoms proximate to the In

atom. A structure including one In atom and oxygen atoms proximate to the In atom is

called a subunit here. The structure in FIG. 6A is an octahedral structure, but is i l

lustrated as a planar structure for simplicity. Note that three tetracoordinate O atoms

exist in each of the upper half and the lower half in FIG. 6A. The electric charge of the

subunit in FIG. 6A is 0.

[0137] FIG. 6B illustrates a structure including one pentacoordinate Ga atom, three trico

ordinate oxygen (hereinafter referred to as tricoordinate O) atoms proximate to the Ga

atom, and two tetracoordinate O atoms proximate to the Ga atom. All the tricoordinate

O atoms exist on the a-b plane. One tetracoordinate O atom exists in each of the upper

half and the lower half in FIG. 6B. An In atom can also have the structure illustrated in

FIG. 6B because the In atom can have five ligands. The electric charge of the subunit

in FIG. 6B is 0.

[0138] FIG. 6C illustrates a structure including one tetracoordinate Zn atom and four tetra

coordinate O atoms proximate to the Zn atom. In FIG. 6C, one tetracoordinate O atom

exists in the upper half and three tetracoordinate O atoms exist in the lower half. The

electric charge of the subunit in FIG. 6C is 0.

[0139] FIG. 6D illustrates a structure including one hexacoordinate Sn atom and six tetraco

ordinate O atoms proximate to the Sn atom. In FIG. 6D, three tetracoordinate O atoms

exist in each of the upper half and the lower half. The electric charge of the subunit in

FIG. 6D is +l.

[0140] FIG. 6E illustrates a subunit including two Zn atoms. In FIG. 6E, one tetracoordinate

O atom exists in each of the upper half and the lower half. The electric charge of the

subunit in FIG. 6E is -1.

[0141] Here, an aggregation of several subunits is referred to as one group, and a plurality of

groups constituting one period of a pattern are referred to as one unit.

[0142] Now, a rule of bonding between the subunits will be described. The three O atoms in

the upper half with respect to the hexacoordinate In atom each have three proximate In

atoms in the downward direction, and the three O atoms in the lower half each have

three proximate In atoms in the upward direction. The one O atom in the upper half

with respect to the Ga atom has one proximate Ga atom in the downward direction, and



the one O atom in the lower half has one proximate Ga atom in the upward direction.

The one O atom in the upper half with respect to the Zn atom has one proximate Zn

atom in the downward direction, and the three O atoms in the lower half each have

three proximate Zn atoms in the upward direction. In this manner, the number of the

tetracoordinate O atoms above the metal atom is equal to the number of the metal

atoms proximate to and below each of the tetracoordinate O atoms. Similarly, the

number of the tetracoordinate O atoms below the metal atom is equal to the number of

the metal atoms proximate to and above each of the tetracoordinate O atoms. Since the

coordination number of the tetracoordinate O atom is 4, the sum of the number of the

metal atoms proximate to and below the O atom and the number of the metal atoms

proximate to and above the O atom is 4. Accordingly, when the sum of the number of

tetracoordinate O atoms above a metal atom and the number of tetracoordinate O

atoms below another metal atom is 4, the two kinds of subunits including the metal

atoms can be bonded. For example, in the case where the hexacoordinate metal (In or

Sn) atom is bonded through three tetracoordinate O atoms in the upper half, it is

bonded to the pentacoordinate metal (Ga or In) atom or the tetracoordinate metal (Zn)

atom.

[0143] A metal atom whose coordination number is 4, 5, or 6 is bonded to another metal

atom through a tetracoordinate O atom in the c-axis direction. In addition, subunits are

bonded to each other so that the total electric charge of the layered structure is 0,

thereby forming one group.

[0144] FIG. 7A illustrates a model of one group included in a layered structure of an In-

Sn-Zn-O-based material. FIG. 7B illustrates a unit including three groups. FIG. 7C i l

lustrates an atomic arrangement where the layered structure in FIG. 7B is observed

from the c-axis direction.

[0145] In FIG. 7A, a tricoordinate O atom is omitted for simplicity, and a tetracoordinate O

atom is illustrated by a circle; the number in the circle shows the number of tetraco

ordinate O atoms. For example, three tetracoordinate O atoms existing in each of an

upper half and a lower half with respect to a Sn atom are denoted by circled 3.

Similarly, in FIG. 7A, one tetracoordinate O atom existing in each of an upper half and

a lower half with respect to an In atom is denoted by circled 1. FIG. 7A also illustrates

a Zn atom proximate to one tetracoordinate O atom in a lower half and three tetraco

ordinate O atoms in an upper half, and a Zn atom proximate to one tetracoordinate O

atom in an upper half and three tetracoordinate O atoms in a lower half.

[0146] In the group included in the layered structure of the In-Sn-Zn-O-based material in

FIG. 7A, in the order starting from the top, a Sn atom proximate to three tetraco

ordinate O atoms in each of an upper half and a lower half is bonded to an In atom

proximate to one tetracoordinate O atom in each of an upper half and a lower half, the



In atom is bonded to a Zn atom proximate to three tetracoordinate O atoms in an upper

half, the Zn atom is bonded to an In atom proximate to three tetracoordinate O atoms

in each of an upper half and a lower half through one tetracoordinate O atom in a lower

half with respect to the Zn atom, the In atom is bonded to a subunit that includes two

Zn atoms and is proximate to one tetracoordinate O atom in an upper half, and the

subunit is bonded to a Sn atom proximate to three tetracoordinate O atoms in each of

an upper half and a lower half through one tetracoordinate O atom in a lower half with

respect to the subunit. A plurality of such groups are bonded to form the unit, corre

sponding to one period of the pattern.

[0147] Here, electric charge for one bond of a tricoordinate O atom and electric charge for

one bond of a tetracoordinate O atom can be assumed to be -0.667 and -0.5, re

spectively. For example, electric charge of a (hexacoordinate or pentacoordinate) In

atom, electric charge of a (tetracoordinate) Zn atom, and electric charge of a

(pentacoordinate or hexacoordinate) Sn atom are +3, +2, and +4, respectively. A c

cordingly, electric charge in a subunit including a Sn atom is +1. Therefore, electric

charge of -1, which cancels +1, is needed to form a layered structure including a Sn

atom. As a structure having electric charge of -1, the subunit including two Zn atoms

as illustrated in FIG. 6E can be given. For example, with one subunit including two Zn

atoms, electric charge of one small group including a Sn atom can be cancelled, so that

the total electric charge of the layered structure can result in 0.

[0148] An In atom can have either five ligands or six ligands. Specifically, when the unit i l

lustrated in FIG. 7B is repeated is formed, In-Sn-Zn-O-based crystal (In2SnZn30 ) can

be obtained. Note that a layered structure of the obtained In-Sn-Zn-O-based crystal can

be expressed as a composition formula, In2SnZn20 7(ZnO)m (m is 0 or a natural

number). The variable m is preferably large because the larger the variable m, the

higher the crystallinity of the In-Sn-Zn-O-based crystal.

[0149] The same applies to the case of using any of the following oxides, for example: an

oxide of four metal elements, such as an In-Sn-Ga-Zn-O-based oxide; an oxide of three

metal elements, such as an In-Ga-Zn-O-based oxide (IGZO), an In-Al-Zn-O-based

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

Al-Zn-O-based oxide; an oxide of two metal elements, such as an In-Zn-O-based

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

Sn-Mg-O-based oxide, an In-Mg-O-based oxide, and an In-Ga-O-based oxide; and an

oxide of one metal element, such as an In-O-based oxide, a Sn-O-based oxide, and a

Zn-O-based oxide.

[0150] As an example, FIG. 8A illustrates a model of one group included in a layered

structure of an In-Ga-Zn-O-based material.

[0151] In the group included in the layered structure of the In-Ga-Zn-O-based material in



FIG. 8A, in the order starting from the top, an In atom proximate to three tetraco

ordinate O atoms in each of an upper half and a lower half is bonded to a Zn atom

proximate to one tetracoordinate O atom in an upper half, the Zn atom is bonded to a

Ga atom proximate to one tetracoordinate O atom in each of an upper half and a lower

half through three tetracoordinate O atoms in a lower half with respect to the Zn atom,

and the Ga atom is bonded to an In atom proximate to three tetracoordinate O atoms in

each of an upper half and a lower half through one tetracoordinate O atom in a lower

half with respect to the Ga atom. A plurality of such groups are bonded to form a unit,

corresponding to one period of the pattern.

[0152] FIG. 8B illustrates a unit including three groups. FIG. 8C illustrates an atomic ar

rangement where the layered structure in FIG. 8B is observed from the c-axis

direction.

[0153] Here, since electric charge of a (hexacoordinate or pentacoordinate) In atom, electric

charge of a (tetracoordinate) Zn atom, and electric charge of a (pentacoordinate) Ga

atom are +3, +2, and +3, respectively, electric charge of a subunit including any of an

In atom, a Zn atom, and a Ga atom is 0. As a result, the total electric charge of a group

having a combination of these subunits is always 0.

[0154] In order to form the layered structure of the In-Ga-Zn-O-based material, a unit can be

formed using not only the group illustrated in FIG. 8A but also a unit in which the ar

rangement of the In atom, the Ga atom, and the Zn atom is different from that in FIG.

8A.

[0155] Next, as illustrated in FIG. 5B, a first conductive film is formed over part of the

semiconductor layer 603_A and is partly etched to form the conductive layers 605a_A

and 605b_A.

[0156] For example, the first conductive film can be formed by forming a layer of a material

applicable to the conductive layers 605a_A and 605b_A by sputtering or the like. A l

ternatively, a plurality of films of materials applicable to the conductive layers 605a_A

and 605b_A can be stacked to form the first conductive film.

[0157] In the case where a film is partly etched in the example of the method for manu

facturing the transistor in this embodiment, for example, a resist mask may be formed

over part of the film through photolithography and the film may be etched using the

resist mask as in the method for forming the conductive layers 605a_A and 605b_A. In

that case, the resist mask is preferably removed after the etching.

[0158] The conductive layer serving as the conductive layers 605a_A and 605b_A can be

formed using an element selected from aluminum, chromium, copper, tantalum,

titanium, molybdenum, or tungsten; an alloy containing any of these elements; an alloy

containing the above elements in combination; and the like. Alternatively, the

conductive layer may have a structure in which a film of a refractory metal such as



chromium, tantalum, titanium, molybdenum, or tungsten is stacked over or below a

metal film of aluminum, copper, or the like. Aluminum or copper is preferably used in

combination with a refractory metal material so as to prevent a heat resistance problem

and a corrosion problem. As the refractory metal material, molybdenum, titanium,

chromium, tantalum, tungsten, neodymium, scandium, yttrium, or the like can be used.

[0159] The conductive layer serving as the conductive layers 605a_A and 605b_A may have

a single-layer structure or a layered structure of two or more layers. For example, the

conductive layer may have a single-layer structure of an aluminum film containing

silicon, a two-layer structure in which a titanium film is stacked over an aluminum

film, or a three-layer structure in which a titanium film, an aluminum film, and a

titanium film are stacked in this order. A Cu-Mg-Al alloy, a Mo-Ti alloy, Ti, and Mo

have high adhesiveness with an oxide film. For that reason, when the conductive layers

605a_A and 605b_A have a layered structure in which a conductive film of Cu is

stacked over a conductive film of a Cu-Mg-Al alloy, a Mo-Ti alloy, Ti, or Mo, the

adhesion between an insulating layer which is an oxide film and the conductive layers

605a_A and 605b_A can be increased.

[0160] The conductive layer serving as the conductive layers 605a_A and 605b_A may be

formed using a conductive metal oxide. As a conductive metal oxide, indium oxide, tin

oxide, zinc oxide, indium oxide-tin oxide, indium oxide-zinc oxide, or any of the metal

oxide materials to which silicon or silicon oxide is added can be used.

[0161] Next, as illustrated in FIG. 5C, a second insulating film is formed over the semi

conductor layer 603_A and the conductive layers 605a_A and 605b_A to form the in

sulating layer 606_A.

[0162] For example, the second insulating film can be formed by forming a film of a

material applicable to the insulating layer 606_A by sputtering, plasma-enhanced

CVD, or the like. A plurality of films of materials applicable to the insulating layer

606_A may be stacked to form the second insulating film. Further, the insulating layer

606_A can also be formed by forming a film of a material applicable to the insulating

layer 606_A by high-density plasma-enhanced CVD (e.g., high-density plasma-

enhanced CVD using microwaves with a frequency of 2.45 GHz); in that case, the film

density of the insulating layer 606_A becomes high, leading to improvement in the

withstand voltage of the insulating layer 606_A.

[0163] Note that the insulating layer 606_A in contact with the semiconductor layer 603_A

may be formed using an insulating material containing a Group 13 element and

oxygen. Many of oxide semiconductor materials contain a Group 13 element, and an

insulating material containing a Group 13 element works well with oxide semi

conductors. By using an insulating material containing a Group 13 element for an in

sulating film in contact with the semiconductor layer, the state of the interface between



the semiconductor layer and the insulating film can be kept favorable.

[0164] An insulating material containing a Group 13 element refers to an insulating material

containing one or more elements that belong to Group 13. Examples of the material

containing a Group 13 element are gallium oxide, aluminum oxide, aluminum gallium

oxide, and gallium aluminum oxide. Here, aluminum gallium oxide refers to a material

in which the amount of aluminum is larger than that of gallium in atomic percent, and

gallium aluminum oxide refers to a material in which the amount of gallium is larger

than or equal to that of aluminum in atomic percent.

[0165] For example, when an insulating layer is formed in contact with a semiconductor

layer containing gallium, the use of a material containing gallium oxide for the in

sulating layer makes it possible to keep characteristics at the interface between the

semiconductor layer and the insulating layer favorable. For instance, the semi

conductor layer and an insulating layer containing gallium oxide are provided in

contact with each other, so that pile up of hydrogen at the interface between the semi

conductor layer and the insulating layer can be reduced. Note that a similar effect can

be obtained in the case where an element in the same group as a constituent element of

the oxide semiconductor is used in an insulating layer. For example, it is effective to

form an insulating layer with the use of a material containing aluminum oxide. Note

that water is less likely to permeate aluminum oxide, and it is therefore preferable to

use a material containing aluminum oxide in terms of preventing entry of water to the

semiconductor layer.

[0166] The insulating layer in contact with the semiconductor layer 603_A preferably

contains oxygen in a proportion higher than that in the stoichiometric composition by

heat treatment in an oxygen atmosphere, oxygen doping, or the like. "Oxygen doping"

refers to addition of oxygen into a bulk. Note that the term "bulk" is used in order to

clarify that oxygen is added not only to a surface of a thin film but also to the inside of

the thin film. In addition, "oxygen doping" includes "oxygen plasma doping" in which

oxygen which is made to be plasma is added to a bulk. The oxygen doping may be

performed by ion implantation or ion doping.

[0167] For example, in the case where the insulating layer in contact with the semiconductor

layer 603_A is formed using gallium oxide, the composition of gallium oxide can be

set to be Ga2O (x = 3+a, 0<a<l) by heat treatment in an oxygen atmosphere or oxygen

doping.

[0168] In the case where the insulating layer in contact with the semiconductor layer 603_A

is formed using aluminum oxide, the composition of aluminum oxide can be set to be

Al2O (x - 3+a, 0<a<l)by heat treatment in an oxygen atmosphere or oxygen doping.

[0169] In the case where the insulating layer in contact with the semiconductor layer 603_A

is formed using gallium aluminum oxide (aluminum gallium oxide), the composition



of gallium aluminum oxide (aluminum gallium oxide) can be set to be G axA -xC +

(0<x<2, 0<a<l) by heat treatment in an oxygen atmosphere or oxygen doping.

[0170] By oxygen doping, an insulating layer including a region where the proportion of

oxygen is higher than that in the stoichiometric composition can be formed. When the

insulating layer including such a region is in contact with the semiconductor layer,

excess oxygen in the insulating layer is supplied to the semiconductor layer, and

oxygen defects in the semiconductor layer or at the interface between the sem i

conductor layer and the insulating layer are reduced. Thus, the semiconductor layer can

be made to be an i-type or substantially i-type oxide semiconductor.

[0171] Then, as illustrated in FIG. 5D, a second conductive film is formed over the in

sulating layer 606_A and is partly etched to form the conductive layer 607_A.

[0172] For example, the second conductive film can be formed by forming a film of a

material applicable to the conductive layer 607_A by sputtering. Alternatively, the

second conductive film can be formed by stacking layers each formed using a material

applicable to the second conductive film.

[0173] When a high-purity gas from which impurities such as hydrogen, water, a hydroxyl

group, or a hydride are removed is used as a sputtering gas, the impurity concentration

of the film can be reduced.

[0174] Note that heat treatment (also referred to as heat treatment B) may be performed in a

preheating chamber of a sputtering apparatus before the film is formed by sputtering.

With the heat treatment B, impurities such as hydrogen and moisture can be

eliminated.

[0175] Before the film is formed by sputtering, for example, it is possible to perform

treatment (also called reverse sputtering) by which voltage is applied to a side of a

surface on which the film is to be formed, not to a target side, in an argon, nitrogen,

helium, or oxygen atmosphere with the use of an RF power source and plasma is

generated so that the surface on which the film is formed is modified. With reverse

sputtering, powdery substances (also called particles or dust) attached to the surface on

which the film is formed can be removed.

[0176] In the case where the film is formed by sputtering, moisture remaining in a de¬

position chamber for the film can be removed by an entrapment vacuum pump or the

like. As the entrapment vacuum pump, a cryopump, an ion pump, or a titanium sub¬

limation pump can be used, for example. Moreover, moisture remaining in the de¬

position chamber can be removed with a turbo pump provided with a cold trap.

[0177] In addition, after the insulating layer 606_A is formed, heat treatment (also referred

to as heat treatment C) may be performed in an inert gas atmosphere or an oxygen gas

atmosphere. The heat treatment C can be performed at temperatures ranging, for

example, from 200 degrees Celsius to 400 degrees Celsius, preferably from 250



degrees Celsius to 350 degrees Celsius.

[0178] Next, as illustrated in FIG. 5E, dopant is added into the semiconductor layer 603_A,

so that the high-concentration regions 604a_A and 604b_A are formed.

[0179] For example, the dopant can be added with the use of an ion doping apparatus or an

ion implantation apparatus.

[0180] As the dopant, one or more of nitrogen, phosphorus, arsenic, argon, xenon, helium,

and hydrogen can be used, for example.

[0181] Heat treatment may be performed after the dopant is added into the semiconductor

layer 603_A.

[0182] The above is an example of the method for manufacturing the transistor illustrated in

FIG. 4A.

[0183] In this embodiment, with the top-gate structure in which the source and drain regions

are formed in a self-aligned manner using the gate electrode, the thin film transistor

can be miniaturized, which can avoid an overlap between the gate electrode and the

source and drain electrodes of the thin film transistor.

[0184] By the above-described process, the semiconductor layer 603_A can be highly

purified by sufficiently reducing the hydrogen concentration, and have reduced defect

levels in the energy gap due to oxygen vacancies by sufficiently supplying oxygen.

Consequently, the carrier concentration of the semiconductor layer can be extremely

low, which provides the thin film transistor with extremely low off-state current. When

such a thin film transistor with extremely low off-state current is used as the thin film

transistor in Embodiment 1, the thin film transistor can be considered substantially as

an insulator when turned off. Accordingly, the use of such a thin film transistor as the

thin film transistor 101 can suppress the reduction in the potential held in the data

retention portion D_HOLD to an extremely low level. As a result, variation in the

potential of the data retention portion D_HOLD can be small.

[0185] This embodiment can be implemented in appropriate combination with the structures

described in the other embodiment.

EXPLANATION OF REFERENCE
[0186] 100: semiconductor device, 101: thin film transistor, 102: current amplifier circuit,

103: field-effect transistor, 104: bipolar transistor, 105: capacitor, 111: p-channel

transistor, 112: n-channel transistor, 113: p-channel transistor, 114: n-channel

transistor, 115: p-channel transistor, 116: n-channel transistor, 117: n-channel

transistor, 118: resistor, 119: n-channel transistor, 120: resistor, 601_A: insulating

layer, 601_B: insulating layer, 603_A: semiconductor layer, 603_B: semiconductor

layer, 604a_A: high-concentration region, 604b_A: high-concentration region,

604a_B: high-concentration region, 604b_B: high-concentration region, 605a_A:

conductive layer, 605a_B: conductive layer, 605b_A: conductive layer, 605b_B:



conductive layer, 606_A: insulating layer, 606_B: insulating layer, 607_A: conductive

layer, 607_B: conductive layer, 607_C: conductive layer, 608a_A: low-concentration

region, 608b_A: low-concentration region, 608a_B: low-concentration region,

608b_B: low-concentration region, 609a_A: insulating layer, 609a_B: insulating layer,

609b_A: insulating layer, 609b_B: insulating layer

This application is based on Japanese Patent Application serial No. 201 1-103508 filed

with Japan Patent Office on May 6, 201 1, the entire contents of which are hereby in

corporated by reference.
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Claims
1. A semiconductor device comprising:

a transistor comprising an oxide semiconductor layer including a

channel formation region;

a current amplifier circuit comprising a field-effect transistor and a

bipolar transistor; and

a capacitor electrically connected to a gate of the field-effect transistor,

wherein one of a source and a drain of the transistor is electrically

connected to the gate of the field-effect transistor,

wherein one of a source and a drain of the field-effect transistor is elec¬

trically connected to a base of the bipolar transistor,

wherein the other of the source and the drain of the field-effect

transistor is electrically connected to one of an emitter and a collector

of the bipolar transistor, and

wherein the current amplifier circuit is configured to control an amount

of current in accordance with data held in the capacitor.

2. The semiconductor device according to claim 1,

wherein the data is supplied from the other of the source and the drain

of the transistor.

3. The semiconductor device according to claim 1, further comprising a

wiring,

wherein a gate of the transistor is connected to the wiring supplied with

a control signal for controlling a conduction state of the transistor.

4. The semiconductor device according to claim 1,

wherein the oxide semiconductor layer comprises an In-Ga-Zn based

oxide semiconductor.

5. The semiconductor device according to claim 1,

wherein the oxide semiconductor layer comprises an In-Sn-Zn based

oxide semiconductor.

6. The semiconductor device according to claim 1,

wherein off-state current density of the transistor is 100 ζΑ /µ η or less.

7. The semiconductor device according to claim 1,

wherein the bipolar transistor is a PNP bipolar transistor, and

wherein the other of the source and the drain of the field-effect

transistor is electrically connected to the collector of the PNP bipolar

transistor.

8. A semiconductor device comprising:
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a transistor comprising an oxide semiconductor layer including a

channel formation region;

a current amplifier circuit comprising a field-effect transistor and a

bipolar transistor; and

a capacitor electrically connected to a gate of the field-effect transistor,

wherein one of a source and a drain of the transistor is electrically

connected to the gate of the field-effect transistor,

wherein one of a source and a drain of the field-effect transistor is elec

trically connected to a base of the bipolar transistor,

wherein the field-effect transistor and the bipolar transistor are elec

trically connected as a Darlington pair, and

wherein the current amplifier circuit is configured to control an amount

of current in accordance with data held in the capacitor.

9. The semiconductor device according to claim 8,

wherein the data is supplied from the other of the source and the drain

of the transistor.

0 . The semiconductor device according to claim 8, further comprising

a wiring,

wherein a gate of the transistor is connected to the wiring supplied with

a control signal for controlling a conduction state of the transistor.

11. The semiconductor device according to claim 8,

wherein the oxide semiconductor layer comprises an In-Ga-Zn based

oxide semiconductor.

12. The semiconductor device according to claim 8,

wherein the oxide semiconductor layer comprises an In-Sn-Zn based

oxide semiconductor.

13. The semiconductor device according to claim 8,

wherein off-state current density of the transistor is 100 ζΑ/µ η or less.

14. The semiconductor device according to claim 8,

wherein the bipolar transistor is a PNP bipolar transistor.
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