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DESCRIPTION

SEMICONDUCTOR DEVICE

TECHNICAL FIELD

[0001]

The present invention relates to a semiconductor device using a semiconductor

element. The present invention particularly relates to a semiconductor device having a

memory device that includes a semiconductor element (also referred to as a

semiconductor memory device). Note that the semiconductor device in this

specification means a general device that can operate by utilizing semiconductor

characteristics.

BACKGROUND ART

[0002]

Memory devices using semiconductor elements are broadly classified into two

categories: volatile devices which lose stored data when supply of power stops, and

non-volatile devices which retain stored data even when power is not supplied.

[0003]

A typical example of volatile memory devices is a DRAM (a dynamic random

access memory). A DRAM stores data in such a manner that a transistor included in a

memory element is selected and electric charge is accumulated in a capacitor.

[0004]

On the basis of the above-described principle, in a DRAM, since charge in a

capacitor is lost when data is read, it is necessary to perform writing again so that data is

stored again every time data is read. In addition, a transistor included in a memory

element has leakage current and charge flows into or out of the capacitor even when the

transistor is not selected, whereby data retention period is short. For that reason,

another writing operation (refresh operation) is necessary at predetermined intervals,

and it is difficult to sufficiently reduce power consumption. Furthermore, since stored

data is lost when supply of power stops, an additional memory device using a magnetic

material or an optical material is needed in order to hold the data for a longer period.



[0005]

Another example of volatile memory devices is an SRAM (a static random

access memory). An SRAM retains stored data by using a circuit such as a flip-flop

and thus does not need refresh operation. This means that an SRAM has an advantage

over a DRAM. However, cost per storage capacitance is increased because a circuit

such as a flip-flop is used. Moreover, as in a DRAM, stored data in an SRAM is lost

when supply of power stops.

[0006]

A typical example of non-volatile memory devices is a flash memory. A flash

memory has a floating gate between a gate electrode and a channel formation region in

a transistor, and stores data by holding charge in the floating gate. Accordingly, a flash

memory has advantages in that the data retention period is extremely long

(semi-permanent) and refresh operation which is necessary for a volatile memory device

is not needed (e.g., see Patent Document 1).

[0007]

However, because a gate insulating layer included in a memory element

deteriorates by tunneling current generated in writing, the memory element stops its

function after a predetermined number of writing operations. In order to reduce

adverse effects of this problem, a method in which the number of writing operations for

memory elements is equalized is employed, for example. However, a complicated

peripheral circuit is needed to realize this method. Moreover, employing such a

method does not solve the fundamental problem of lifetime. That is, a flash memory is

not suitable for applications in which data is frequently rewritten.

[0008]

In addition, high voltage is necessary for holding charge in the floating gate or

removing the charge, and a circuit therefor is required. Further, it takes a relatively

long time to hold or remove charge, and it is not easy to perform writing and erasing at

higher speed.

[0009]

As semiconductor thin films applicable to the above-described thin film

transistors, silicon-based semiconductor materials have been commonly used, but oxide

semiconductors have been attracting attention as alternative materials. Transistors



having oxide semiconductors can be manufactured through the same low temperature

process through which transistors having amorphous silicon are manufactured, and have

higher field-effect mobility than transistors having amorphous silicon. Therefore

transistors having oxide semiconductors have been expected to be semiconductor

elements that could replace or excel transistors having amorphous silicon.

[Reference]

[0010]

[Patent Document 1] Japanese Published Patent Application No. S57-105889

DISCLOSURE OF INVENTION

[0011]

However, the technology for controlling electrical characteristics such as

threshold voltage has been established in the field of transistors having silicon-based

semiconductor materials, but not yet in the field of transistors having oxide

semiconductor materials. Specifically, threshold voltage control by, for example,

doping with impurities can be achieved for transistors having silicon-based

semiconductor materials, but such control involves difficulty for transistors having

oxide semiconductor materials.

[0012]

Accordingly, an object of one embodiment of the present invention is to

provide a semiconductor device having a memory device which is capable of accurate

data retention in the memory element, even when the memory device has a memory

element including transistors which show significant variations of threshold voltage, or

which have negative threshold voltage (which are depletion mode transistors).

[0013]

In the semiconductor device of one embodiment of the present invention, a gate

terminal of a transistor for controlling input of a signal to a signal holding portion is

negatively charged in advance, and negative charge is held at the gate terminal.

Further, a capacitor having terminals one of which is electrically connected to the gate

terminal of the transistor is provided, and thus switching operation of the transistor is

controlled with the capacitor.

[0014]



Specifically, one embodiment of the present invention is a semiconductor

device which includes: a negatively charged word line; a bit line; a memory element

including a transistor and a signal holding portion in which a gate terminal of the

transistor is electrically connected to the word line, one of a source terminal and a drain

terminal of the transistor is electrically connected to the bit line, and the other of the

source and drain terminals is electrically connected to the signal holding portion; a

capacitor including terminals one of which is electrically connected to the word line; a

word line driver circuit controlling potential of the other of the terminals of the

capacitor; and a bit line driver circuit controlling potential of the bit line.

[0015]

In the semiconductor device of one embodiment of the present invention, the

gate terminal of a transistor for controlling input of a signal to the signal holding portion

is negatively charged in advance, and negative charge is held at the gate terminal

negative charge. Thus, an off state can be kept even when the transistor is a depletion

mode transistor. The semiconductor device of one embodiment of the present

invention also includes the capacitor having terminals one of which is electrically

connected to the gate terminal of the transistor. Accordingly, the potential of the gate

terminal of the transistor can be held for a long period. Further, by control of the

potential of the other of the terminals of the capacitor, switching operation of the

transistor can be controlled. Hence, even with a memory element including a

depletion mode transistor, the semiconductor device of one embodiment of the present

invention is capable of accurate data retention in the memory element.

BRIEF DESCRIPTION OF DRAWINGS

[0016]

FIGS. lAto 1C illustrate a semiconductor device according to Embodiment 1.

FIG 2 illustrates a semiconductor device according to Embodiment 2.

FIGS. 3A and 3B illustrate a semiconductor device according to Embodiment

3.

FIGS. 4A and 4B illustrate a semiconductor device according to Embodiment

3.

FIGS. 5A and 5B illustrate a semiconductor device according to Embodiment



3.

FIGS. 6A and 6B illustrate a semiconductor device according to Embodiment

4.

FIG 7 illustrates a semiconductor device according to Embodiment 5.

FIG 8 illustrates a semiconductor device according to Embodiment 5.

FIG. 9 illustrates a semiconductor device according to Embodiment 5.

FIG. 10 illustrates a semiconductor device according to Embodiment 6.

FIGS. 11A to 11H illustrate a semiconductor device according to Embodiment

6.

FIGS. 12A to 12G illustrate a semiconductor device according to Embodiment

6.

FIGS. 13A to 13D illustrate a semiconductor device according to Embodiment

6.

FIG. 14 illustrates a semiconductor device according to Embodiment 6.

FIGS. 15A and 15B illustrate a semiconductor device according to

Embodiment 6.

FIGS. 16A and 16B illustrate a semiconductor device according to

Embodiment 6.

FIGS. 17A and 17B illustrate a semiconductor device according to

Embodiment 6.

FIG. 18 illustrates an application example of a semiconductor device described

in Embodiment 7.

FIG 19 illustrates an application example of a semiconductor device described

in Embodiment 7.

FIGS. 20A to 20F each illustrate an application example of a semiconductor

device described in Embodiment 8.

BEST MODE FOR CARRYING OUT THE INVENTION

[0017]

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

with reference to the accompanying drawings. Note that the present invention is not

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



that a variety of changes and modifications can be made without departing from the

spirit and scope of the present invention. Therefore, the present invention should not

be limited to the descriptions of the embodiment modes and the embodiment below.

[0018]

(Embodiment 1)

This embodiment gives an example of a semiconductor device having a

memory device with reference to FIGS. 1A to 1C.

[0019]

FIG 1A illustrates a structure of a semiconductor device of this embodiment.

The semiconductor device illustrated in FIG 1A includes a word line 19, a bit line 10, a

power supply circuit 11, a word line driver circuit 12, a bit line driver circuit 13 for

controlling a potential of the bit line 10, a switch 14 having terminals one of which is

electrically connected to the power supply circuit 11 and the other of which is

electrically connected to the word line 19, a memory element 15 electrically connected

to the word line 19 and the bit line 10, and a capacitor 16 having terminals one of which

is electrically connected to the word line 19 and the other of which is electrically

connected to the word line driver circuit 12. Note that the word line driver circuit 12

controls a potential of the word line 19 by controlling a potential of the other of the

terminals of the capacitor 16; i.e. the word line driver circuit 12 controls a potential of

the word line 19 by using capacitive coupling. Further, the memory element 15

includes a transistor 17 having a gate terminal electrically connected to the word line 19

and a source terminal and a drain terminal one of which is electrically connected to the

bit line 10. The memory element 15 also includes a signal holding portion 18

electrically connected to the other of the source and drain terminals of the transistor 17.

Note that the transistor 17 is an n-channel transistor. For the switch 14, it is possible to

apply, for example, a transistor, an MEMS switch, or a method in which electrical

connection between the word line 19 and a needle provided in the power supply circuit

11 is controlled. For the switch 14, it is also possible to apply a method in which

electrical connection between the power supply circuit 11 and the word line 19 is

broken by laser cutting.

[0020]

In the semiconductor device of this embodiment, a signal outputted from the bit



line driver circuit 13 can be held in the memory element 15. In other words, in the

memory element 15, the transistor 17 functions as a switch controlling input of a signal

outputted from the bit line driver circuit 13 to the signal holding portion 18, and the

signal holding portion 18 has a function of holding the inputted signal.

[0021]

The operation period of the semiconductor device of this embodiment includes

a period in which the word line 19, one of the terminals of the capacitor 16, and the gate

terminal of the transistor 17 are negatively charged (a charge period). Further, the

operation period of the semiconductor device of this embodiment includes a period in

which a signal is inputted to the signal holding portion 18 (a writing period) after the

charge period.

[0022]

FIG I B illustrates the semiconductor device of this embodiment in the charge

period. In the charge period, the switch 14 is on, the power supply circuit 11 outputs a

power source potential which is a negative potential, and the word line driver circuit 12

outputs a potential that is higher than the potential outputted from the power supply

circuit 11. Consequently, one of the terminals of the capacitor 16 is negatively charged,

and the other of the terminals is positively charged. Further, the word line 19, which is

electrically connected to one of the terminals of the capacitor 16, and the gate terminal

of the transistor 17 are negatively charged. Note that the transistor 17 is off at this

time.

[0023]

FIG 1C illustrates the semiconductor device of this embodiment in the writing

period. In the writing period, the switch 14 is off, and the word line driver circuit 12

outputs a higher potential than in the charge period. Consequently, a node where the

word line 19, one of the terminals of the capacitor 16, and the gate terminal of the

transistor 17 are connected is in a floating state, so that the potential of the node is

increased by the capacitive coupling. At this time, the transistor 17 is on.

[0024]

In the semiconductor device of this embodiment, the gate terminal of transistor

17 is electrically connected to one of the terminals of the capacitor 16, whereby the

potential of the gate terminal can be held for a long period. For example, negative



charge can be held at the gate terminal for an extended period. Further, by control of

the potential of the other of the terminals of the capacitor 16, switching operation of the

transistor 17 can be controlled. The semiconductor device of this embodiment is thus

capable of easily controlling switching operation of the transistor 17, even when the

transistor 17 is a depletion mode transistor. As a result, a signal can be accurately

inputted to and held in the memory element 15.

[0025]

All or part of this embodiment can be combined with all or part of another

embodiment as appropriate.

[0026]

(Embodiment 2)

This embodiment gives an example of the semiconductor device having a

memory device with reference to FIG. 2.

[0027]

FIG. 2 illustrates a structure of a semiconductor device of this embodiment.

The semiconductor device illustrated in FIG 2 is a semiconductor device obtained by

modifications to the semiconductor device illustrated in FIG. 1A in such a manner that

the switch 14 is replaced with a transistor 21 and a power supply circuit 22 is added.

Specifically, in the transistor 21, one of a source terminal and a drain terminal is

electrically connected to the power supply circuit 11, and the other of the source and

drain terminals is electrically connected to the word line 19. Further, the power supply

circuit 22 is electrically connected to the gate terminal of the transistor 21. Note that

the transistor 21 is an n-channel transistor.

[0028]

The operation period of the semiconductor device of this embodiment includes

a charge period and a writing period, like that of the semiconductor device described in

Embodiment 1. Note that operations of the semiconductor device of Embodiment 2 in

the charge period and the writing period are the same as those of the semiconductor

device of Embodiment 1. In other words, the power supply circuit 22 outputs a

high-level power source potential in the charge period and outputs a low-level power

source potential in the writing period. Consequently, the transistor 21 is on in the

charge period and is off in the writing period. Note that operations of the other



components included in the semiconductor device are already described in Embodiment

1 and can be applied to this embodiment.

[0029]

The semiconductor device of this embodiment has the same effect as the

semiconductor device described in Embodiment 1. Furthermore, the semiconductor

device of Embodiment 2 includes the transistor 21 as the switch 14 which is included in

the semiconductor device described in Embodiment 1. Thus, for the semiconductor

device described in Embodiment 2, the transistor 17 and the transistor 21 can be formed

in the same step. Accordingly, it is possible to reduce the cost of producing

semiconductor devices and improve yield owing to a reduction in production steps.

[0030]

All or part of this embodiment can be combined with all or part of another

embodiment as appropriate.

[0031]

(Embodiment 3)

This embodiment gives an example of the semiconductor device having a

memory device with reference to FIGS. 3A and 3B, FIGS. 4A and 4B, and FIGS. 5A

and 5B.

[0032]

FIG 3A illustrates a structure of a semiconductor device of this embodiment.

The semiconductor device illustrated in FIG 3A is a semiconductor device obtained by

a modification to the semiconductor device illustrated in FIG. 2 in such a manner that a

switch 31 is added between the power supply circuit 11 and one of the source and drain

terminals of the transistor 21 and that a switch 32 is added between the gate terminal of

the transistor 21 and the power supply circuit 22. In other words, the semiconductor

device illustrated in FIG 3A is a semiconductor device that includes, in addition to the

structure of the semiconductor device illustrated in FIG 2, the switch 31, having

terminals one of which is electrically connected to the power supply circuit 11 and the

other of which is electrically connected to one of the source and drain terminals of the

transistor 21, and includes the switch 32, having terminals one of which is electrically

connected to the power supply circuit 22 and the other of which is electrically connected

to the gate terminal of the transistor 21. For the switch 31, it is possible to apply, for



example, a transistor, an MEMS switch, or a method in which electrical connection

between a needle provided in the power supply circuit 11 and one of the source and

drain terminals of the transistor 21 is controlled. For the switch 32, it is similarly

possible to apply, for example, a transistor, an MEMS switch, or a method in which

electrical connection between a needle provided in the power supply circuit 22 and the

gate terminal of the transistor 21 is controlled. For the switch 31, it is also possible to

apply a method in which the electrical connection between the power supply circuit 11

and one of the source and drain terminals of the transistor 21 is broken by laser cutting.

Also for the switch 32, it is possible to apply a method in which the electrical

connection between the power supply circuit 22 and the gate terminal of the transistor

21 is broken by laser cutting.

[0033]

The operation period of the semiconductor device of this embodiment includes

a charge period and a writing period, like those of the semiconductor devices described

in Embodiment 1 and 2. Furthermore, the operation period of the semiconductor

device of Embodiment 3 includes first to third transition periods between the charge

period and the writing period.

[0034]

FIG 3B illustrates the semiconductor device of this embodiment in the charge

period. In the charge period, the switches 31 and 32 are turned on, the power supply

circuit 11 outputs a power source potential which is a negative potential, the word line

driver circuit 12 outputs a power source potential that is higher than the potential

outputted from the power supply circuit 11, and the power supply circuit 22 outputs a

power source potential that is higher than the sum of the power source potential

outputted from the power supply circuit 11 and the threshold voltage of the transistor 21.

For example, if the power source potential outputted from the power supply circuit 11 is

-2V and the threshold voltage of the transistor 21 is -IV, the power source potential

outputted from the power supply circuit 22 is a potential higher than -3V. The

transistor 21 is on as a result. Thus, one of the terminals of the capacitor 16 is

negatively charged, and the other of the terminals is positively charged. Further, the

word line 19 and the gate terminal of the transistor 17 which are at the same node as one



of the terminals of the capacitor 16 are negatively charged. Note that the transistor 17

is off at this time.

[0035]

FIG 4A illustrates the semiconductor device of this embodiment in the first

transition period. In the first transition period, the power source potential outputted

from the power supply circuit 22 decreases. Specifically, the power source potential

outputted from the power supply circuit 22 is lower than the sum of the power source

potential outputted from the power supply circuit 11 and the threshold voltage of the

transistor 21. For example, if the power source potential outputted from the power

supply circuit 11 is -2V and the threshold voltage of the transistor 21 is -IV, the power

source potential outputted from the power supply circuit 22 is a potential lower than

-3V. The transistor 21 is off as a result. Thus, each of the word line 19, one of the

terminals of the capacitor 16, and the gate terminal of the transistor 17 is in a floating

state.

[0036]

FIG 4B illustrates the semiconductor device of this embodiment in the second

transition period. In the second transition period, the switch 31 is off. In this case,

the transistor 21 is held off. Accordingly, it is possible to reduce adverse effects of

switching operation by the switch 31 on the potentials of the word line 19, one of the

terminals of the capacitor 16, and the gate terminal of the transistor 17.

[0037]

FIG. 5A illustrates the semiconductor device of this embodiment in the third

transition period. In the third transition period, the switch 32 is off. Thus, each of the

gate terminal, the source terminal, and the drain terminal of the transistor 21 is in a

floating state. Consequently, the transistor 21 could be possibly on. Note that the

electrical connection between the power supply circuit 11 and one of the source and

drain terminals of the transistor 21 is broken. Accordingly, even if the transistor 21 is

on, it is possible to reduce adverse effects on the potentials of the word line 19, one of

the terminals of the capacitor 16, and the gate terminal of the transistor 17.

[0038]

FIG 5B illustrates the semiconductor device of this embodiment in the writing



period. In the writing period, the word line driver circuit 12 outputs a higher power

source potential than in the charge period. Consequently, the potentials of the word

line 19, one of the terminals of the capacitor 16, and the gate terminal of the transistor

17 is increased by the capacitive coupling with the other of the terminals of the

capacitor 16. At this time, the transistor 17 is on.

[0039]

The semiconductor device of this embodiment has the same effect as the

semiconductor devices described in Embodiment 1 and 2. Further, the semiconductor

device of Embodiment 3 is a semiconductor device obtained by a modification to the

semiconductor device described in Embodiment 2 in such a manner that the switches 31

and 32 are added. In the semiconductor device of this embodiment, by control of the

switches 31 and 32 as described above, variations in the potentials of one of the

terminals of the capacitor 16 and the gate terminal of transistor 17 can be reduced.

Therefore, in the semiconductor device of this embodiment, a signal can be inputted to

and held in the memory element 15 more accurately than in the semiconductor devices

of Embodiments 1 and 2.

[0040]

All or part of this embodiment can be combined with all or part of another

embodiment as appropriate.

[0041]

(Embodiment 4)

This embodiment gives an example of the semiconductor device having a

memory device referring to FIGS. 6A and 6B. Specifically, an example of the memory

elements included in the semiconductor devices of Embodiments 1 to 3 is described

with reference to FIGS. 6A and 6B.

[0042]

FIG. 6A illustrates an example of a structure of the memory element 15. The

memory element 15 has the transistor 17 and the signal holding portion 18.

Furthermore, the signal holding portion 18 includes the following components: a

transistor 61 having a gate terminal electrically connected to the other of the source and

drain terminals of the transistor 17, and having a source terminal and a drain terminal

one of which is grounded; a capacitor 62 having terminals one of which is electrically



connected to the other of the source and drain terminals of the transistor 17 and the

other of which is grounded; and a transistor 63 having a gate terminal electrically

connected to a control terminal and having a source terminal and a drain terminal one of

which is electrically connected to one of the source and drain terminals of the transistor

61 and the other of which is electrically connected to an output terminal.

[0043]

In the memory element 15 illustrated in FIG 6A, the transistor 17 is on and a

signal is inputted to the signal holding portion 18 in the writing period, as described in

Embodiments 1 to 3. Specifically, the signal is inputted to the gate terminal of the

transistor 61 and one of the terminals of the capacitor 62. Note that the signal is a

binary signal (having a potential higher than the threshold voltage of the transistor 61

and a potential lower than the threshold voltage of the transistor 61). That is, which

one of the two values the signal is determines the state (on or off state) of the transistor

61.

[0044]

In a reading period in which a signal is read from the memory element 15

illustrated in FIG 6A, a high potential signal is inputted from the control terminal to the

gate terminal of the transistor 63, so that the transistor 63 is on. At this time, by

forming a divider circuit having the transistor 61 as a resistor, a signal held in the

memory element 15 can be identified. Specifically, the potential of a signal outputted

from the divider circuit is low when the transistor 61 is on, or the potential of this signal

is high when the transistor 61 is off. By the identification of the outputted signal, the

signal held in the memory element 15 can be identified.

[0045]

FIG 6B illustrates an example of a structure of the memory element 15. The

memory element 15 has the transistor 17 and the signal holding portion 18.

Furthermore, the signal holding portion 18 includes a capacitor 64 having terminals one

of which is electrically connected to the other of the source and drain terminals of the

transistor 17 and the other of the terminals of which is grounded. Note that one of the

source and drain terminals of the transistor 17 functions as an input-output terminal of

the memory element 15.

[0046]



In the memory element 15 illustrated in FIG 6B, the transistor 17 is on and a

signal is inputted to the signal holding portion 18 in the writing period, as described in

Embodiments 1 to 3. Specifically, the signal is inputted to one of the terminals of the

capacitor 64.

[0047]

In the reading period in which a signal is read from the memory element 15

illustrated in FIG 6B, the transistor 17 is on as in the writing period. At this time, a

signal held in the capacitor 64 is outputted from one of the source and drain terminals of

the transistor 17.

[0048]

All or part of this embodiment can be combined with all or part of another

embodiment as appropriate.

[0049]

(Embodiment 5)

This embodiment gives examples of the semiconductor device having a

memory device with reference to FIG 7, FIG. 8 and FIG 9. Specifically, examples of a

semiconductor device having a plurality of memory elements are described with

reference to FIG 7, FIG. 8 and FIG. 9.

[0050]

FIG. 7 illustrates a structure of a semiconductor device of this embodiment.

The semiconductor device illustrated in FIG. 7 includes the following components: a

plurality of memory elements 15 arranged in matrix; a plurality of word lines 71 each

electrically connected to the gate terminals of the transistors 17 included in memory

elements 15 arranged in a certain row among the memory elements 15 arranged in

matrix; and a plurality of bit lines 72 each electrically connected to one of the drain

terminal and the source terminal of the transistors 17 included in memory elements 15

arranged in a certain column among the memory elements 15 arranged in matrix. Note

that the potential of each word line 71 is controlled by the power supply circuit 11, the

word line driver circuit 12, the switch 14, and the capacitor 16. Further, a signal is

inputted from the bit line driver circuit 13 to each bit line 72.

[0051]

By operating as described in Embodiment 1, the semiconductor device of this



embodiment is capable of easily controlling switching operation of the transistor 17,

even when the transistor 17 included in each memory element 15 is a depletion mode

transistor. As a result, a signal can be accurately inputted to and held in the memory

element 15. A specific structure of the plurality of memory elements 15 included in

the semiconductor device of this embodiment and their operation in the reading period

are explained below.

[0052]

FIG 8 illustrates an example of the structure of the plurality of memory

elements 15. Each memory element 15 has the transistor 17 and the signal holding

portion 18. Furthermore, the signal holding portion 18 includes a transistor 81 having

a gate terminal electrically connected to the other of the source and drain terminals of

the transistor 17, and includes a capacitor 82 having terminals one of which is

electrically connected to the other of the source and drain terminals of the transistor 17

and to the gate terminal of the transistor 81. Further, in two memory elements 15

adjacent in the column direction, one of a source terminal and a drain terminal of the

transistor 81 that is included in one of the memory elements 15 is electrically connected

to the other of a source terminal and a drain terminal of the transistor 81 that is included

in the other of the memory elements 15. Note that in the memory elements 15

arranged in the same column, one of a source terminal and a drain terminal of the

transistor 81 included in the memory element 15 that is located at one of the ends of the

column is grounded, and the other of a source terminal and a drain terminal of the

transistor 81 included in the memory element 15 that is located at the other of the ends

of the column is electrically connected to the output terminal. Furthermore, the other

of the terminals of the capacitor 82 included in each memory element 15 is electrically

connected to the control terminal.

[0053]

In each of the plurality of memory elements 15 illustrated in FIG 8, the

transistor 17 is on and a signal is inputted to the signal holding portion 18 in the writing

period, as described in Embodiment 1. Specifically, the signal is inputted to the gate

terminal of the transistor 81 and one of the terminals of the capacitor 82. Note that the

signal is a binary signal (having a potential higher than the threshold voltage of the

transistor 81 and a potential lower than the threshold voltage of the transistor 81).



That is, which one of the two values the signal is determines the state (on or off state) of

the transistor 81.

[0054]

An operation in the reading period in which a signal is read from the selected

one memory element 15 among the plurality of memory elements 15 illustrated in FIG

8 is next explained.

[0055]

First, one of the source and drain terminals of the transistor 81 included in one

selected memory element 15 is supplied with a ground potential, and the other of the

source and drain terminals is electrically connected to the output terminal. This is

performed in such a manner that the transistors 81 are on in all the memory elements 15

except the selected one among the plurality of memory elements 15 arranged in the

column direction. Specifically, a high potential is inputted from the control terminal to

the other of the terminals of the capacitor 82 included in each memory element 15.

Consequently, the potentials of one of the terminals of the capacitor 82 and the gate

terminal of the transistor 81 are increased by the capacitive coupling. Here, these

potentials are set to higher than the threshold voltage of the transistors 81, whereby the

transistors 81 can be on. At this time, by forming a divider circuit having the transistor

81 as a resistor which is included in one selected memory element 15, a signal held in

the memory element 15 can be identified. Specifically, the potential of a signal

outputted from the divider circuit is low when the transistor 81 included in one selected

memory element 15 is on, the potential of this signal is high when the transistor 81

included in one selected memory element 15 off. By the identification of the outputted

signal, the signal held in one selected memory element 15 can be identified.

[0056]

FIG 9 illustrates an example of the structure of the plurality of memory

elements 15. Each memory element 15 has the transistor 17 and the signal holding

portion 18. Furthermore, the signal holding portion 18 includes a transistor 91 having

a gate terminal electrically connected to the other of the source and drain terminals of

the transistor 17, and includes a capacitor 92 having terminals one of which is

electrically connected to the other of the source and drain terminals of the transistor 17

and the other of which is electrically connected to a reading word line 93. Note that



each reading word line 93 is electrically connected to the other of the terminals of each

of the capacitors 92 included in all the memory elements 15 arranged in a certain row.

In addition, one of a source terminal and a drain terminal of the transistor 91 included in

all the memory elements 15 arranged in a certain column is grounded, and the other of

the source and drain terminals is electrically connected to a predetermined output

terminal.

[0057]

In each memory element 15 illustrated in FIG 9, the transistor 17 on and a

signal is inputted to the signal holding portion 18 in the writing period, as described in

Embodiment 1. Specifically, the signal is inputted to the gate terminal of the transistor

91 and one of the terminals of the capacitor 92. Note that the signal is a binary signal

(having a potential higher than the threshold voltage of the transistor 91 and a potential

lower than the threshold voltage of the transistor 91). That is, which one of the two

values the signal is determines the state (on or off state) of the transistor 91.

[0058]

An operation in the reading period in which a signal is read from the selected

one memory element 15 among the plurality of memory elements 15 illustrated in FIG.

9 is next explained below

[0059]

First, the output terminal is kept from being grounded through the plurality of

memory elements 15 except the one selected memory element 15. This is performed

in such a manner that the transistors 91 are off in all the memory elements 15 except the

selected one among the plurality of memory elements 15 arranged in the column

direction. Specifically, a low potential is inputted from the reading word line 93 to the

other of the terminals of each of the capacitors 92 included in the plurality of memory

elements 15. Consequently, the potentials of one of the terminals of the capacitor 92

and the gate terminal of the transistor 91 are decreased by the capacitive coupling.

Here, these potentials are set to lower than the threshold voltage of the transistors 91,

whereby the transistors 91 included in all the memory elements 15 arranged in the same

column as the selected memory element 15 can be off. At this time, by forming a

divider circuit having the transistor 91 as a resistor which is included in one selected

memory element 15, a signal held in the memory element 15 can be identified.



Specifically, the potential of a signal outputted from the divider circuit is low when the

transistor 91 on, or is high when the transistor 91 off. By the identification of the

outputted signal, the signal held in one selected memory element 15 can be identified.

[0060]

All or part of this embodiment can be combined with all or part of another

embodiment as appropriate.

[0061]

(Embodiment 6)

In this embodiment, an example of the transistors included in the

semiconductor devices described in Embodiments 1 to 5 is described. Specifically, an

example of a semiconductor device having a transistor formed using a substrate

including a semiconductor material and a transistor formed using an oxide

semiconductor is described.

[0062]

<Structural Example>

FIG 10 is a cross-sectional view of a semiconductor device of this

embodiment.

[0063]

A transistor 160 illustrated in FIG 10 includes a channel formation region 116

provided over a substrate 100 including a semiconductor material, a pair of impurity

regions 114a and 114b and a pair of high concentration impurity regions 120a and 120b

(these regions are also collectively referred to simply as impurity regions) which are

provided so that the channel formation region 116 is interposed therebetween, a gate

insulating layer 108a provided over the channel formation region 116, a gate electrode

layer 110a provided over the gate insulating layer 108a, a source electrode layer 130a

which is electrically connected to the impurity region 114a, and a drain electrode layer

130b which is electrically connected to the impurity region 114b.

[0064]

Note that sidewall insulating layers 118 are provided on side surfaces of the

gate electrode layer 110a. The substrate 100 including a semiconductor material is

provided with the pair of high concentration impurity regions 120a and 120b in regions

which do not overlap with the sidewall insulating layers 118. The substrate 100 is also



provided with a pair of metal compound regions 124a and 124b over the pair of high

concentration impurity regions 120a and 120b. Further, element isolation insulating

layers 106 are provided over the substrate 100 so that the transistor 160 can be

interposed therebetween, and an interlayer insulating layer 126 and an interlayer

insulating layer 128 are provided so as to cover the transistor 160. The source

electrode layer 130a and the drain electrode layer 130b are electrically connected to the

metal compound region 124a and the metal compound region 124b, respectively,

through openings formed in the interlayer insulating layer 126 and the interlayer

insulating layer 128. In other words, the source electrode layer 130a is electrically

connected to the high concentration impurity region 120a and the impurity region 114a

through the metal compound region 124a, and the drain electrode layer 130b is

electrically connected to the high concentration impurity region 120b and the impurity

region 114b through the metal compound region 124b.

[0065]

In addition, as layers below a transistor 164 described later, there are an

insulating layer 108b including the same material as the gate insulating layer 108a, an

electrode layer 110b including the same material as the gate electrode layer 110a, and an

electrode layer 130c including the same material as the source electrode layer 130a and

the drain electrode layer 130b.

[0066]

The transistor 164 illustrated in FIG 10 includes a gate electrode layer 136d

provided over the interlayer insulating layer 128, a gate insulating layer 138 provided

over the gate electrode layer 136d, an oxide semiconductor layer 140 provided over the

gate insulating layer 138, and a source electrode layer 142a and a drain electrode layer

142b which are provided over the oxide semiconductor layer 140 and electrically

connected to the oxide semiconductor layer 140.

[0067]

Here, the gate electrode layer 136d is provided so as to be embedded in an

insulating layer 132 formed over the interlayer insulating layer 128. Like the gate

electrode layer 136d, an electrode layer 136a and an electrode layer 136b are formed,

which are respectively in contact with the source electrode layer 130a and the drain

electrode layer 130b included in the transistor 160. In addition, an electrode layer



136c in contact with the electrode layer 130c is formed.

[0068]

Over the transistor 164, a protective insulating layer 144 is provided to be

partly in contact with the oxide semiconductor layer 140, and an interlayer insulating

layer 146 is provided over the protective insulating layer 144. Here, openings reaching

the source electrode layer 142a and the drain electrode layer 142b are provided in the

protective insulating layer 144 and the interlayer insulating layer 146. An electrode

layer 150d and an electrode layer 150e are formed, which are respectively in contact

with the source electrode layer 142a and the drain electrode layer 142b through the

openings. Like the electrode layers 150d and 150e, an electrode layer 150a, an

electrode layer 150b, and an electrode layer 150c are formed, which are respectively in

contact with the electrode layer 136a, the electrode layer 136b, and the electrode layer

136c through openings provided in the gate insulating layer 138, the protective

insulating layer 144, and the interlayer insulating layer 146.

[0069]

The oxide semiconductor layer 140 is highly purified by sufficiently removing

an impurity such as hydrogen therein. Specifically, the hydrogen concentration of the

oxide semiconductor layer 140 is 5xl0 19 (atoms/cm 3) or less. Note that the preferable

hydrogen concentration of the oxide semiconductor layer 140 is 5xl0 18 (atoms/cm 3) or

less, far preferably 5xl0 17 (atoms/cm3) or less. By use of the highly purified oxide

semiconductor layer 140 with a sufficiently reduced hydrogen concentration, the

transistor 164 having an excellent off-current characteristic can be obtained. For

example, in the case where the drain voltage Vd is +1 V or +10 V, the leakage current is

—131x10 [A] or less. Applying the highly purified oxide semiconductor layer 140 with

a sufficiently reduced hydrogen concentration allows a reduction in the leakage current

of the transistor 164. Note that the concentration of hydrogen in the oxide

semiconductor layer 140 is measured by secondary ion mass spectrometry (SIMS).

[0070]

Over the interlayer insulating layer 146, an insulating layer 152 is provided,

and an electrode layer 154a, an electrode layer 154b, an electrode layer 154c, and an

electrode layer 154d are provided so as to be embedded in the insulating layer 152.



The electrode layer 154a is in contact with the electrode layer 150a; the electrode layer

154b is in contact with the electrode layer 150b; the electrode layer 154c is in contact

with the electrode layer 150c and the electrode layer 150d; and the electrode layer 154d

is in contact with the electrode layer 150e.

[0071]

The source electrode layer 130a in the transistor 160 of this embodiment is

electrically connected to the electrode layers 136a, 150a, and 154a which are provided

in the upper region. Thus, conductive layers for the above-described electrode layers

are formed as appropriate, whereby the source electrode layer 130a in the transistor 160

can be electrically connected to any of electrode layers included in the transistor 164

provided in the upper region. The drain electrode layer 130b in the transistor 160 can

also be electrically connected to any of the electrode layers included in the transistor

164 provided in the upper region. Although not illustrated in FIG. 10, the gate

electrode layer 110a in the transistor 160 can be electrically connected to any of the

electrode layers included in the transistor 164 through an electrode layer provided in the

upper region.

[0072]

Similarly, the source electrode layer 142a in the transistor 164 described in this

embodiment is electrically connected to the electrode layers 130c and 110b provided in

the lower region. Thus, conductive layers for the above-described electrode layers are

formed as appropriate, whereby the source electrode layer 142a in the transistor 164 can

be electrically connected to any of the gate electrode layer 110a, the source electrode

layer 130a, and the drain electrode layer 130b which are included in the transistor 160

provided in the lower region. Although not illustrated in FIG 10, the gate electrode

layer 136d or the drain electrode layer 142b in the transistor 164 can be electrically

connected to any of the electrode layers included in the transistor 160 through an

electrode layer provided in the lower region.

[0073]

The above-descried transistors 160 and 164 are provided as appropriate, and

thus transistors included in any of the semiconductor devices described in Embodiments

1 to 5 can be formed. The transistor 164 including an oxide semiconductor is

preferably applied to the transistor 17 included in any of the semiconductor devices



described in Embodiments 1 to 5 (see FIGS. 1A to 1C) and to the transistor 21 included

in any of the semiconductor devices described in Embodiments 2 and 3 (see FIG 2).

The leakage current of the transistor 164 is lower than that of the transistor 160.

Accordingly, by applying the transistor 164 to the transistors 17 and 21, a signal can be

accurately held in the memory element 15 for an extended period.

[0074]

<Example of fabrication steps>

Next, examples of methods of fabricating the transistor 160 and the transistor

164 are described. Hereinafter, a method of fabricating the transistor 160 is described

first with reference to FIGS. 11A to 11H, and a method of fabricating the transistor 164

is then described with reference to FIGS. 12Ato 12G and FIGS. 13Ato 13D.

[0075]

First, the substrate 100 including a semiconductor material is prepared (see FIG

11A). As the substrate 100 including a semiconductor material, it is possible to apply

a single crystal semiconductor substrate containing silicon, silicon carbide, or the like, a

polycrystalline semiconductor substrate, a compound semiconductor substrate

containing silicon germanium or the like, or an SOI substrate, for example. Here, an

example of the case where a single crystal silicon substrate is used as the substrate 100

including a semiconductor material is described. Note that in general, the "SOI

substrate" means a semiconductor substrate in which a silicon semiconductor layer is

provided on an insulating surface. In this specification and the like, the "SOI

substrate" also includes a semiconductor substrate in which a semiconductor layer

containing a material other than silicon is provided over an insulating surface in its

category. That is, a semiconductor layer included in the "SOI substrate" is not limited

to a silicon semiconductor layer. Further, the "SOI substrate" includes a structure in

which a semiconductor layer is provided over an insulating substrate such as a glass

substrate with an insulating layer interposed therebetween.

[0076]

Over the substrate 100, a protective layer 102 serving as a mask for formation

of the element isolation insulating layer is formed (see FIG 11A). As the protective

layer 102, for example, an insulating layer containing a material such as silicon oxide,

silicon nitride, or silicon nitride oxide can be used. Note that before or after this step,



an impurity element imparting n-type conductivity or an impurity element imparting

p-type conductivity may be added to the substrate 100 in order to control the threshold

voltage of the semiconductor device. In the case where the semiconductor is silicon,

phosphorus, arsenic, or the like can be used as the impurity imparting n-type

conductivity. As the impurity imparting p-type conductivity, boron, aluminum,

gallium, or the like can be used.

[0077]

Next, part of the substrate 100 in a region which is not covered with the

protective layer 102 (exposed region) is etched with use of the protective layer 102 as a

mask. By this etching, an isolated semiconductor region 104 is formed (see FIG 11B).

As the etching, dry etching is preferably employed, but wet etching may be employed.

An etching gas and an etchant can be selected as appropriate depending on a material of

layers to be etched.

[0078]

Next, an insulating layer is formed to cover the semiconductor region 104, and

the insulating layer in a region overlapping with the semiconductor region 104 is

selectively removed, so that the element isolation insulating layers 106 are formed (see

FIG 11B). The insulating layer is formed using silicon oxide, silicon nitride, silicon

nitride oxide, or the like. As a method of removing the insulating layer, polishing

treatment such as CMP (chemical mechanical polishing), etching treatment, or the like

can be given, and any of the above treatment may be used. Note that the protective

layer 102 is removed after the formation of the semiconductor region 104 or after the

formation of the element isolation insulating layers 106.

[0079]

Next, an insulating layer is formed over the semiconductor region 104, and a

layer including a conductive material is formed over the insulating layer.

[0080]

The insulating layer serves later as a gate insulating layer, and is a single-layer

structure of a film containing silicon oxide, silicon nitride oxide, silicon nitride, hafnium

oxide, aluminum oxide, tantalum oxide, or the like or a stacked-layer structure thereof

which is formed by a CVD method, a sputtering method, or the like. Alternatively, the

surface of the semiconductor region 104 may be oxidized or nitrided by high-density



plasma treatment or thermal oxidation treatment so that the insulating layer is formed.

The high-density plasma treatment can be performed using, for example, a mixed gas of

a rare gas such as He, Ar, Kr, or Xe and a gas such as oxygen, nitrogen oxide, ammonia,

or nitrogen. There is no particular limitation on the thickness of the insulating layer,

but the thickness can be set to from greater than or equal to 1 nm and less than or equal

to 100 nm, for example.

[0081]

The layer including a conductive material can be formed using a metal material

such as aluminum, copper, titanium, tantalum, or tungsten. The layer including a

conductive material may also be formed using a semiconductor material such as

polycrystalline silicon including a conductive material. There is also no particular

limitation on the method of forming the layer including a conductive material, and a

variety of film formation methods, such as an evaporation method, a CVD method, a

sputtering method, or a spin coating method can be employed. Note that in this

embodiment, the case where the layer including a conductive material is formed using a

metal material is described.

[0082]

Then, the insulating layer and the layer including a conductive material are

selectively etched, so that the gate insulating layer 108a and the gate electrode layer

110a are formed (see FIG. 11C).

[0083]

Next, an insulating layer 112 covering the gate electrode layer 110a is formed

(see FIG 11C). Then, boron (B), phosphorus (P), arsenic (As), or the like is added to

the semiconductor region 104, so that the pair of impurity regions 114a and 114b with a

shallow junction are formed (see FIG. 11C). Note that by the formation of the pair of

impurity regions 114a and 114b, the channel formation region 116 is formed in a portion

of the semiconductor region 104 under the gate insulating layer 108a (see FIG 11C).

Here, the concentration of the added impurity can be set as appropriate, but the

concentration is preferably increased when the size of a semiconductor element is

highly miniaturized. Although the pair of impurity regions 114a and 114b are formed

after formation of the insulating layer 112 here, the insulating layer 112 may be formed

after formation of the pair of impurity regions 114a and 114b.



[0084]

Next, the sidewall insulating layers 118 are formed (see FIG 11D). An

insulating layer is formed so as to cover the insulating layer 112, and highly anisotropic

etching treatment is performed on the insulating layer, whereby the sidewall insulating

layers 118 can be formed in a self-alignment manner. At this time, by partly etching

the insulating layer 112, a top surface of the gate electrode layer 110a and top surfaces

of the impurity regions 114a and 114b are preferably exposed.

[0085]

Next, an insulating layer is formed to cover the gate electrode layer 110a, the

pair of impurity regions 114a and 114b, the sidewall insulating layers 118, and the like.

Then, boron (B), phosphorus (P), arsenic (As), or the like is added to part of the

impurity regions 114a and 114b, so that the pair of high concentration impurity regions

120a and 120b are formed (see FIG. HE). After that, the insulating layer is removed,

and a metal layer 122 is formed to cover the gate electrode layer 110a, the sidewall

insulating layers 118, the pair of high concentration impurity regions 120a and 120b,

and the like (see FIG HE). The metal layer 122 can be formed by a variety of film

formation methods, such as a vacuum evaporation method, a sputtering method, or a

spin coating method. It is preferable that the metal layer 122 be formed using a metal

material that reacts with a semiconductor material included in the semiconductor region

104 to form a metal compound having low resistance. Examples of such metal

materials include titanium, tantalum, tungsten, nickel, cobalt, platinum, and the like.

[0086]

Next, heat treatment is performed, so that the metal layer 122 reacts with the

semiconductor material. Consequently, the pair of metal compound regions 124a and

124b are formed, which are in contact with the pair of high concentration impurity

regions 120a and 120b (see FIG 11F). In the case where polycrystalline silicon or the

like is used for the gate electrode layer 110a, a portion of the gate electrode layer 110a

which is in contact with the metal layer 122 also becomes a metal compound region.

[0087]

As the heat treatment, irradiation with a flash lamp can be employed.

Although it is needless to say that other heat treatment methods may be used, a method

by which heat treatment for an extremely short time can be achieved is preferably



employed in order to improve the controllability of chemical reaction in formation of

the metal compound. Note that each metal compound region is formed by reaction of

the metal material and the semiconductor material, and is a region having sufficiently

increased conductivity. The formation of the metal compound regions can sufficiently

reduce electric resistance and improve element characteristics. Note that the metal

layer 122 is removed after the pair of metal compound regions 124a and 124b are

formed.

[0088]

Next, the interlayer insulating layer 126 and the interlayer insulating layer 128

are formed so as to cover the components formed in the above steps (see FIG. 11G).

The interlayer insulating layers 126 and 128 can be formed using a material including

an inorganic insulating material, such as silicon oxide, silicon nitride oxide, silicon

nitride, hafnium oxide, aluminum oxide, or tantalum oxide. An organic insulating

material such as polyimide or acrylic can also be used. Note that a two-layer structure

having the interlayer insulating layers 126 and 128 is employed here; however, the

structure of an interlayer insulating layer is not limited to this structure. After the

formation of the interlayer insulating layer 128, a surface thereof is preferably

planarized with CMP, etching, or the like.

[0089]

Then, openings that reach the pair of metal compound regions 1 4a and 124b

are formed in the interlayer insulating layers, and the source electrode layer 130a and

the drain electrode layer 130b are formed in the openings (see FIG. 11H). The source

electrode layer 130a and the drain electrode layer 130b can be formed in such a manner,

for example, that a conductive layer is formed in a region including the openings by a

PVD method, a CVD method, or the like and then part of the conductive layer is

removed by a method such as etching or CMP.

[0090]

It is preferable that the source electrode layer 130a and the drain electrode layer

130b be formed to have a planar surface. For example, when a thin titanium film or a

thin titanium nitride film is formed in a region including the openings and then a

tungsten film is formed to be embedded in the openings, excess tungsten, titanium,

titanium nitride, or the like is removed and the planarity of the surface can be improved



by subsequent CMP. When the surface including the source electrode layer 130a and

the drain electrode layer 130b is planarized in such a manner, an electrode, a wiring, an

insulating layer, a semiconductor layer, and the like can be favorably formed in later

steps.

[0091]

Note that only the source electrode layer 130a and the drain electrode layer

130b in contact with the metal compound regions 124a and 124b are illustrated here;

however, an electrode layer serving as a wiring (e.g., the electrode layer 130c in FIG.

10) and the like can also be formed in this step. There is no particular limitation on a

material that can be used for the source electrode layer 130a and the drain electrode

layer 130b, and a variety of conductive materials can be used. For example, a

conductive material such as molybdenum, titanium, chromium, tantalum, tungsten,

aluminum, copper, neodymium, or scandium can be used.

[0092]

Through the above steps, the transistor 160 using the substrate 100 including a

semiconductor material is formed. Note that an electrode, a wiring, an insulating layer,

or the like may be further formed after the above steps. When the wirings have a

multi-layer structure of a stack including an interlayer insulating layer and a conductive

layer, a highly integrated circuit can be provided.

[0093]

Next, steps for manufacturing the transistor 164 over the interlayer insulating

layer 128 are described with reference to FIGS. 12A to 12G and FIGS. 13A to 13D.

Note that FIGS. 12A to 12G and FIGS. 13A to 13D illustrate steps for manufacturing

various electrode layers, the transistor 164, and the like over the interlayer insulating

layer 128, and a description of the transistor 160 and the like placed below the transistor

164 is omitted.

[0094]

First, the insulating layer 132 is formed over the interlayer insulating layer 128,

the source electrode layer 130a, the drain electrode layer 130b, and the electrode layer

130c (see FIG 12A). The insulating layer 132 can be formed by a PVD method, a

CVD method, or the like. The insulating layer 132 can also be formed using a material

including an inorganic insulating material such as silicon oxide, silicon nitride oxide,



silicon nitride, hafnium oxide, aluminum oxide, or tantalum oxide.

[0095]

Next, openings that reach the source electrode layer 130a, the drain electrode

layer 130b, and the electrode layer 130c are formed in the insulating layer 132. At this

time, an opening is also formed in a region where the gate electrode layer 136d is to be

formed later. Then, a conductive layer 134 is formed to be embedded in the openings

(see FIG 12B). The openings can be formed by a method such as etching using a

mask. The mask can be formed by a method such as light exposure using a photomask.

Either wet etching or dry etching may be used as the etching; dry etching is preferably

used in terms of microfabrication. The conductive layer 134 can be formed by a film

formation method such as a PVD method or a CVD method. As a material that can be

used for the formation of the conductive layer 134, molybdenum, titanium, chromium,

tantalum, tungsten, aluminum, copper, neodymium, or scandium or an alloy or a

compound (e.g., a nitride) of any of these materials can be given, for example.

[0096]

Specifically, it is possible to employ a method, for example, in which a thin

titanium film is formed in a region including the openings by a PVD method and a thin

titanium nitride film is formed by a CVD method, and then, a tungsten film is formed to

be embedded in the openings. Here, the titanium film formed by a PVD method has a

function of deoxidizing an oxide film at an interface to decrease the contact resistance

with lower electrode layers (here, the source electrode layer 130a, the drain electrode

layer 130b, the electrode layer 130c, and the like). Further, the titanium nitride film

formed after the formation of the titanium film has a barrier function of suppressing

diffusion of the conductive material. A copper film may also be formed by a plating

method after formation of a barrier film of titanium, titanium nitride, or the like.

[0097]

After the conductive layer 134 is formed, part of the conductive layer 134 is

removed by a method such as etching or CMP, so that the insulating layer 132 is

exposed and the electrode layer 136a, the electrode layer 136b, the electrode layer 136c,

and the gate electrode layer 136d are formed (see FIG 12C). Note that when the

electrode layer 136a, the electrode layer 136b, the electrode layer 136c, and the gate

electrode layer 136d are formed by removing part of the conductive layer 134, the



process is preferably performed so that the surfaces are planarized. When the surfaces

of the insulating layer 132, the electrode layer 136a, the electrode layer 136b, the

electrode layer 136c, and the gate electrode layer 136d, are planarized in such a manner,

an electrode, a wiring, an insulating layer, a semiconductor layer, and the like can be

favorably formed in later steps.

[0098]

Next, the gate insulating layer 138 is formed to cover the insulating layer 132,

the electrode layer 136a, the electrode layer 136b, the electrode layer 136c, and the gate

electrode layer 136d (see FIG. 12D). The gate insulating layer 138 can be formed by a

CVD method, a sputtering method, or the like. The gate insulating layer 138 is

preferably formed to include silicon oxide, silicon nitride, silicon oxynitride, silicon

nitride oxide, aluminum oxide, hafnium oxide, tantalum oxide, or the like. Note that

the gate insulating layer 138 may have a single-layer structure or a stacked layer

structure. For example, the gate insulating layer 138 made of silicon oxynitride can be

formed by a plasma CVD method using silane (SiH4), oxygen, and nitrogen as a source

gas. There is no particular limitation on the thickness of the gate insulating layer 138;

the thickness can be set to 10 nm to 500 n inclusive, for example. In the case of a

stacked layer structure, for example, it is preferable to employ a stack of a first gate

insulating layer with a thickness of 50 nm to 200 nm inclusive, and a second gate

insulating layer with a thickness of 5 nm to 300 nm inclusive.

[0099]

Note that an oxide semiconductor that becomes intrinsic or substantially

intrinsic by removal of impurities (a highly purified oxide semiconductor) is quite

susceptible to the interface level and the interface charge; therefore, when such an oxide

semiconductor is used for an oxide semiconductor layer, the interface with the gate

insulating layer is important. In other words, the gate insulating layer 138 that is to be

in contact with a highly purified oxide semiconductor layer needs to have high quality.

[0100]

For example, the gate insulating layer 138 is preferably formed by a

high-density plasma CVD method using a microwave (2.45 GHz) because the gate

insulating layer 138 can be dense and have high withstand voltage and high quality.

When a highly purified oxide semiconductor layer and a high-quality gate insulating



layer are in close contact with each other, the interface level can be reduced and

favorable interface characteristics can be obtained.

[0101]

It is needless to say that, even when a highly purified oxide semiconductor

layer is used, another method such as a sputtering method or a plasma CVD method can

be employed as long as a high-quality insulating layer can be formed as a gate

insulating layer. Moreover, it is possible to use an insulating layer whose quality and

interface characteristics are improved by heat treatment performed after the formation

of the insulating layer. In any case, an insulating layer that has favorable film quality

as the gate insulating layer 138 and can reduce interface state density of the interface

with the oxide semiconductor layer to form a favorable interface is formed.

[0102]

In a gate bias-temperature stress test (BT test) at 85 °C with 2 x 106 (V/cm) for

12 hours, if an impurity is added to an oxide semiconductor, a bond between the

impurity and a main component of the oxide semiconductor is broken by a high electric

field (B: bias) and high temperature (T: temperature), and a generated dangling bond

induces a drift of the threshold voltage (Vth).

[0103]

In contrast, when impurities in an oxide semiconductor, particularly hydrogen

and water, are reduced to a minimum so that an interface with the gate insulating layer

can have preferable characteristics as described above, a transistor that is stable through

the BT test can be obtained.

[0104]

Next, an oxide semiconductor layer is formed over the gate insulating layer 138

and processed by a method such as etching using a mask, so that the island-shaped

oxide semiconductor layer 140 is formed (see FIG. 12E).

[0105]

As the oxide semiconductor layer, it is preferable to use an In-Ga-Zn-O-based

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

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

semiconductor layer, an Al-Ga-Zn-O-based oxide semiconductor layer, a

Sn-Al-Zn-O-based oxide semiconductor layer, an In-Zn-O-based oxide semiconductor



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

semiconductor layer, an In-O-based oxide semiconductor layer, a Sn-O-based oxide

semiconductor layer, or a Zn-O-based oxide semiconductor layer, which is preferably

amorphous in particular. In this embodiment, as the oxide semiconductor layer, an

amorphous oxide semiconductor layer is formed by a sputtering method using an

In-Ga-Zn-O-based oxide semiconductor target. Note that since crystallization of the

layer can be suppressed by adding silicon to the amorphous oxide semiconductor layer,

an oxide semiconductor layer may be formed, for example, the oxide semiconductor

layer may be formed using a target containing SiO at 2 wt% to 10 wt inclusive.

[0106]

As a target used for forming the oxide semiconductor layer by a sputtering

method, a metal oxide target containing zinc oxide or the like as its main component can

be used, for example. An oxide semiconductor target containing In, Ga, and Zn (as the

composition ratio, the ratio of ln20 3 to Ga20 3 and ZnO is 1:1:1 [molar ratio], or the ratio

of In to Ga and Zn is 1:1:0.5 [atomic ratio]) can also be used, for example. As the

oxide semiconductor target containing In, Ga, and Zn, a target in which the composition

ratio of In to Ga and Zn is 1:1:1 [atomic ratio] or a target in which the composition ratio

of In to Ga and Zn is 1:1:2 [atomic ratio] may also be used. The filling rate of the

oxide semiconductor target is greater than or equal to 90 % and less than or equal to

100 , preferably greater than or equal to 95 % (e.g., 99.9 %). A dense oxide

semiconductor layer is formed by using an oxide semiconductor target with a high

filling rate.

[0107]

The atmosphere in which the oxide semiconductor layer is formed is preferably

a rare gas (typically argon) atmosphere, an oxygen atmosphere, or a mixed atmosphere

containing a rare gas (typically argon) and oxygen. Specifically, it is preferable to use

a high-purity gas, for example, from which an impurity such as hydrogen, water, a

hydroxyl group, or hydride is removed to a concentration of about several parts per

million (ppm) (preferably about several parts per billion (ppb)).

[0108]

In forming the oxide semiconductor layer, the substrate is held in a treatment



chamber that is maintained at reduced pressure and the substrate temperature is set to

100 °C to 600 °C inclusive, preferably 200 °C to 400 °C inclusive. The oxide

semiconductor layer is formed while the substrate is heated, so that the concentration of

the impurities in the oxide semiconductor layer can be reduced. In addition, damage

by sputtering is reduced. Then, a sputtering gas from which hydrogen and water are

removed is introduced into the treatment chamber while moisture remaining in the

treatment chamber is being removed, and the oxide semiconductor layer is formed with

metal oxide as a target. An entrapment vacuum pump is preferably used in order to

remove moisture remaining in the treatment chamber. For example, a cryopump, an

ion pump, or a titanium sublimation pump can be used. An evacuation unit may be a

turbo pump provided with a cold trap. In the deposition chamber that is evacuated

with the cryopump, a hydrogen atom, a compound containing a hydrogen atom such as

water (H 0 ) (and preferably also a compound containing a carbon atom), and the like

are removed, and accordingly, the concentration of the impurities in the oxide

semiconductor layer formed in the deposition chamber can be reduced.

[0109]

The oxide semiconductor layer can be formed under the following conditions,

for example: the distance between the substrate and the target is 100 mm; the pressure is

0.6 Pa; the direct-current (DC) power is 0.5 kW; and the atmosphere is oxygen (the flow

rate ratio of oxygen is 100 ). Note that it is preferable to use a pulse direct current

(DC) power supply because dust generated in deposition can be reduced and the

thickness distribution is uniform. The thickness of the oxide semiconductor layer is 2

n to 200 nm inclusive, preferably 5 nm to 30 nm inclusive. Note that an appropriate

thickness differs depending on an oxide semiconductor material, and the thickness is set

as appropriate depending on the material to be used.

[0110]

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

method, dust adhering to a surface of the gate insulating layer 138 is preferably

removed by reverse sputtering in which an argon gas is introduced and plasma is

generated. Here, the reverse sputtering is a method in which ions collide with a

surface to be processed so that the quality of the surface is changed, in contrast to



normal sputtering in which ions collide with a sputtering target. An example of a

method for making ions collide with a surface to be processed is a method in which a

high-frequency voltage is applied to the surface in an argon atmosphere so that plasma

is generated near a substrate. Note that an atmosphere of nitrogen, helium, oxygen, or

the like may be used instead of an argon atmosphere.

[0111]

As the etching of the oxide semiconductor layer, either dry etching or wet

etching may be employed. It is needless to say that dry etching and wet etching can be

used in combination. The etching conditions (e.g., an etching gas or an etching

solution, etching time, and temperature) are set as appropriate depending on the material

so that the oxide semiconductor layer can be etched into a desired shape.

[0112]

An example of an etching gas used for dry etching is a gas containing chlorine

(a chlorine-based gas such as chlorine (Cl2), boron chloride (BC13), silicon chloride

(SiCl4), or carbon tetrachloride (CC14)). A gas containing fluorine (a fluorine-based

gas such as carbon tetrafluoride (CF4), sulfur fluoride (SF ), nitrogen fluoride (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 may also be

used.

[0113]

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 oxide semiconductor layer into a desired shape, etching conditions (e.g., the amount

of electric power applied to a coiled electrode, the amount of electric power applied to

an electrode on the substrate side, and the electrode temperature on the substrate side)

are set as appropriate.

[0114]

As an etchant used for wet etching, a mixed solution of phosphoric acid, acetic

acid, and nitric acid, or the like can be used. An etchant such as ITO07N (produced by

KANTO CHEMICAL CO., INC.) may also be used.

[0115]

Then, first heat treatment is preferably performed on the oxide semiconductor



layer. The oxide semiconductor layer can be dehydrated or dehydrogenated by the first

heat treatment. The temperature of the first heat treatment is greater than or equal to

300 °C and less than or equal to 750 °C, preferably greater than or equal to 400 °C and

less than the strain point of the substrate. For example, the substrate is introduced into

an electric furnace in which a resistance heating element or the like is used and the

oxide semiconductor layer 140 is subjected to heat treatment at 450 °C for one hour in a

nitrogen atmosphere. The oxide semiconductor layer 140 is not exposed to the air

during the heat treatment so that reentry of water and hydrogen can be prevented.

[0116]

The heat treatment apparatus is not limited to the electric furnace and may be

an apparatus for heating an object by thermal conduction or thermal radiation from a

medium such as a heated gas. For example, it is possible to use an RTA(rapid thermal

annealing) apparatus such as a GRTA (gas rapid thermal annealing) apparatus or an

LRTA (lamp rapid thermal annealing) apparatus. 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 performing heat treatment using a high-temperature

gas. As the gas, an inert gas that is not reacted with an object to be processed by heat

treatment, for example, nitrogen or a rare gas such as argon is used.

[0117]

For example, as the first heat treatment, a GRTA process may be performed as

follows. The substrate is put in an inert gas that has been heated to a high temperature

of 650 °C to 700 °C, heated for several minutes, and taken out of the inert gas. With

use of the GRTA process, high-temperature heat treatment for a short time can be

achieved. Moreover, the GRTA process can be employed even when the temperature

exceeds the strain point of the substrate since it is heat treatment for a short time.

[0118]

Note that the first heat treatment is preferably performed in an atmosphere that

contains nitrogen or a rare gas (e.g., helium, neon, or argon) as its main component and

does not contain water, hydrogen, or the like. For example, the purity of nitrogen or a



rare gas such as helium, neon, or argon introduced into a heat treatment apparatus is

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

(99.99999 %) (i.e. the impurity concentration is 1 ppm or less, preferably 0.1 ppm or

less).

[0119]

Depending on the conditions of the first heat treatment or the material of the

oxide semiconductor layer, the oxide semiconductor layer is sometimes crystallized to

be microcrystalline or polycrystalline. For example, the oxide semiconductor layer

sometimes becomes a microcrystalline oxide semiconductor layer having a degree of

crystallization of 90 % or more, or 80 % or more. Further, depending on the

conditions of the first heat treatment or the material of the oxide semiconductor layer,

the oxide semiconductor layer may be an amorphous oxide semiconductor layer

containing no crystalline component.

[0120]

Furthermore, the oxide semiconductor layer sometimes becomes a layer in

which a microcrystal (with a grain size of 1 nm to 20 nm inclusive, typically 2 nm to 4

n inclusive) is mixed in an amorphous oxide semiconductor (e.g., a surface of the

oxide semiconductor layer).

[0121]

Electrical characteristics of the oxide semiconductor layer can be changed by

aligning microcrystals in an amorphous structure. For example, when the oxide

semiconductor layer is formed using an In-Ga-Zn-O-based oxide semiconductor target,

electrical characteristics of the oxide semiconductor layer can be changed by formation

of a microcrystalline portion in which crystal grains of In2Ga2Zn0 with electrical

anisotropy are aligned.

[0122]

More specifically, for example, when the crystal grains are arranged so that the

c-axis of In2Ga2Zn0 is perpendicular to a surface of the oxide semiconductor layer, the

conductivity in the direction parallel to the surface of the oxide semiconductor layer can

be improved and insulating properties in the direction perpendicular to the surface of the

oxide semiconductor layer can be improved. Furthermore, such a microcrystalline



portion has a function of suppressing penetration of an impurity such as water or

hydrogen into the oxide semiconductor layer.

[0123]

Note that the oxide semiconductor layer including the microcrystalline portion

can be formed by heating the surface of the oxide semiconductor layer in a GRTA

process. Further, the oxide semiconductor layer can be formed in a more preferred

manner by using a sputtering target in which the amount of Zn is smaller than that of In

or Ga.

[0124]

The first heat treatment for the oxide semiconductor layer 140 can be

performed on the oxide semiconductor layer that has not yet been processed into the

island-shaped oxide semiconductor layer 140. In that case, after the first heat

treatment, the substrate is taken out of the heating apparatus and a photolithography step

is performed.

[0125]

Note that the above-described heat treatment can be referred to as dehydration

treatment, dehydrogenation treatment, or the like because it is effective in dehydrating

or dehydrogenating the oxide semiconductor layer 140. Such dehydration treatment or

dehydrogenation treatment can be performed, for example, after forming the oxide

semiconductor layer, after stacking source and drain electrode layers over the oxide

semiconductor layer 140, or after forming a protective insulating layer over the source

and drain electrode layers. Such dehydration treatment or dehydrogenation treatment

may be conducted more than once.

[0126]

Next, the source electrode layer 142a and the drain electrode layer 142b are

formed so as to be in contact with the oxide semiconductor layer 140 (see FIG 12F).

The source electrode layer 142a and the drain electrode layer 142b can be formed in

such a manner that a conductive layer is formed to cover the oxide semiconductor layer

140 and then is selectively etched.

[0127]

The conductive layer can be formed by a PVD method such as a sputtering

method, or a CVD method such as a plasma CVD method. As a material for the



conductive layer, an element selected from aluminum, chromium, copper, tantalum,

titanium, molybdenum, and tungsten; an alloy containing any of these elements as a

component; or the like can be used. One or more materials selected from manganese,

magnesium, zirconium, beryllium, and thorium may be used. It is also possible to use

aluminum combined with one or more of elements selected from titanium, tantalum,

tungsten, molybdenum, chromium, neodymium, and scandium. The conductive layer

may have a single-layer structure or a stacked layer structure including two or more

layers. For example, the conductive layer can 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, a three-layer structure in which a titanium film, an

aluminum film, and a titanium film are stacked, or the like.

[0128]

Here, ultraviolet light, KrF laser light, or ArF laser light is preferably used for

light exposure in forming a mask used for etching.

[0129]

The channel length (L) of the transistor is determined by a distance between a

lower edge portion of the source electrode layer 142a and a lower edge portion of the

drain electrode layer 142b. Note that in the case where the channel length (L) is less

than 25 nm, light exposure for forming a mask is performed with extreme ultraviolet

rays whose wavelength is extremely short of several nanometers to several hundreds of

nanometers. In the light exposure with extreme ultraviolet light, the resolution is high

and the focus depth is large. For these reasons, the channel length (L) of the transistor

to be formed later can be in the range of 10 nm to 1000 nm inclusive, and the circuit can

operate at higher speed.

[0130]

The materials and etching conditions of the conductive layer and the oxide

semiconductor layer 140 are adjusted as appropriate so that the oxide semiconductor

layer 140 is not removed in etching of the conductive layer. Note that in some cases,

the oxide semiconductor layer 140 is partly etched in the etching step and thus has a

groove portion (a recessed portion) depending on the materials and the etching

conditions.

[0131]



An oxide conductive layer may be formed between the oxide semiconductor

layer 140 and the source electrode layer 142a or between the oxide semiconductor layer

140 and the drain electrode layer 142b. The oxide conductive layer and a metal layer

for forming the source electrode layer 142a and the drain electrode layer 142b can be

successively formed (successive deposition). The oxide conductive layer can function

as a source region or a drain region. The placement of such an oxide conductive layer

can reduce the resistance of the source region or the drain region, so that the transistor

can operate at high speed.

[0132]

In order to reduce the number of the above masks to be used and reduce the

number of steps, an etching step may be performed using a resist mask formed with a

multi-tone mask which is a light-exposure mask that transmits light to make it have

multiple intensities. A resist mask formed using a multi-tone mask has a shape with

multiple thicknesses (has a stepped shape) and the shape further can be changed by

ashing; therefore the resist mask can be used in multiple etching steps for processing for

making different patterns. That is, a resist mask corresponding to at least two kinds of

different patterns can be formed by using a 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 a process can be simplified.

[0133]

Note that plasma treatment is preferably performed with the use of a gas such

as N 0 , N2, or Ar after the above step. The plasma treatment removes water or the like

that adheres to an exposed surface of the oxide semiconductor layer. In the plasma

treatment, a mixed gas of oxygen and argon may be used.

[0134]

Next, the protective insulating layer 144 is formed in contact with part of the

oxide semiconductor layer 140 without exposure to the air (see FIG. 12G).

[0135]

The protective insulating layer 144 can be formed by a method such as a

sputtering method, by which impurities such as water and hydrogen are prevented from

being mixed to the protective insulating layer 144, as appropriate. The protective

insulating layer 144 has a thickness of at least 1 nm or more. The protective insulating



layer 144 can be formed using silicon oxide, silicon nitride, silicon oxynitride, silicon

nitride oxide, or the like. The protective insulating layer 144 may have a single-layer

structure or a stacked layer structure. The substrate temperature in forming the

protective insulating layer 144 is preferably from room temperature to 300 °C inclusive.

The atmosphere for forming the protective insulating layer 144 is preferably a rare gas

(typically, argon) atmosphere, an oxygen atmosphere, or a mixed atmosphere containing

a rare gas (typically, argon) and oxygen.

[0136]

If hydrogen is contained in the protective insulating layer 144, the hydrogen

may penetrate into the oxide semiconductor layer 140 or extract oxygen in the oxide

semiconductor layer 140, for example, whereby the resistance of the oxide

semiconductor layer 140 on the backchannel side might be decreased and a parasitic

channel might be formed. Therefore, it is important not to use hydrogen in forming

the protective insulating layer 144 so that the protective insulating layer 144 contains as

little hydrogen as possible.

[0137]

Moreover, the protective insulating layer 144 is preferably formed while

moisture left in the treatment chamber is removed, in order that hydrogen, a hydroxyl

group, or moisture is not contained in the oxide semiconductor layer 140 and the

protective insulating layer 144.

[0138]

An entrapment vacuum pump is preferably used in order to remove moisture

remaining in the treatment chamber. For example, a cryopump, an ion pump, or a

titanium sublimation pump is preferably used. An evacuation unit may be a turbo

pump provided with a cold trap. In the deposition chamber that is evacuated with the

cryopump, a hydrogen atom and a compound containing a hydrogen atom, such as

water (H20), are removed, for example, and accordingly, the concentration of the

impurities in the protective insulating layer 144 formed in the deposition chamber can

be reduced.

[0139]

As a sputtering gas used in forming the protective insulating layer 144, it is

preferable to use a high-purity gas from which an impurity such as hydrogen, water, a



hydroxyl group, or hydride is removed to a concentration of about several parts per

million (ppm) (preferably about several parts per billion (ppb)).

[0140]

Next, second heat treatment is preferably performed in an inert gas atmosphere

or an oxygen gas atmosphere (at 200 °C to 400 °C inclusive, for example, at 250 °C to

350 °C inclusive). For example, the second heat treatment is performed at 250 °C for

one hour in a nitrogen atmosphere. The second heat treatment can reduce variation in

electric characteristics of transistors.

[0141]

Heat treatment may be performed at 100 °C to 200 °C inclusive for 1 hour to

30 hours inclusive in the air. In this heat treatment, heating may be performed while a

fixed heating temperature is maintained or while an increase from room temperature to

a heating temperature ranging from 100 °C to 200 °C inclusive and a decrease from the

heating temperature to room temperature are repeated more than once. This heat

treatment may be performed under reduced pressure before the protective insulating

layer is formed. The heat treatment time can be shortened under reduced pressure.

This heat treatment may be performed instead of the second heat treatment or may be

performed before or after the second heat treatment, for example.

[0142]

Next, the interlayer insulating layer 146 is formed over the protective

insulating layer 144 (see FIG. 13A). The interlayer insulating layer 146 can be formed

by a PVD method, a CVD method, or the like. The interlayer insulating layer 146 can

be formed using a material including an inorganic insulating material such as silicon

oxide, silicon nitride oxide, silicon nitride, hafnium oxide, aluminum oxide, or tantalum

oxide. After the formation of the interlayer insulating layer 146, a surface of the

interlayer insulating layer 146 is preferably planarized by a method such as CMP, o

etching.

[0143]

Next, openings reaching the electrode layer 136a, the electrode layer 136b, the

electrode layer 136c, the source electrode layer 142a, and the drain electrode layer 142b

are formed in the interlayer insulating layer 146, the protective insulating layer 144, and



the gate insulating layer 138. Then, a conductive layer 148 is formed to be embedded

in the openings (see FIG 13B). The openings can be formed by a method such as

etching using a mask. The mask can be formed by a method such as light exposure

using a photomask. Either wet etching or dry etching may be used as the etching; dry

etching is preferably used in terms of microfabrication. The conductive layer 148 can

be formed by a film formation method such as a PVD method or a CVD method. As

the material that can be used for the formation of the conductive layer 148, for example,

a conductive material such as molybdenum, titanium, chromium, tantalum, tungsten,

aluminum, copper, neodymium, or scandium, and an alloy or a compound (e.g., nitride)

of any of these materials can be given.

[0144]

Specifically, it is possible to employ a method, for example, in which a thin

titanium film is formed in a region including the openings by a PVD method and a thin

titanium nitride film is formed by a CVD method, and then, a tungsten film is formed to

be embedded in the openings. Here, the titanium film formed by a PVD method has a

function of deoxidizing an oxide film at an interface to decrease the contact resistance

with lower electrodes (here, the electrode layer 136a, the electrode layer 136b, the

electrode layer 136c, the source electrode layer 142a, and the drain electrode layer

142b). The titanium nitride film formed after the formation of the titanium film has a

barrier function of suppressing diffusion of the conductive material. A copper film

also may be formed by a plating method after formation of a barrier film of titanium,

titanium nitride, or the like.

[0145]

After the conductive layer 148 is formed, part of the conductive layer 148 is

removed by a method such as etching or CMP, so that the interlayer insulating layer 146

is exposed and the electrode layer 150a, the electrode layer 150b, the electrode layer

150c, the electrode layer 150d, and the electrode layer 150e (see FIG 13C). Note that

when the electrode layer 150a, the electrode layer 150b, the electrode layer 150c, the

electrode layer 150d, and the electrode layer 150e are formed by removing part of the

conductive layer 148, the process is preferably performed so that the surfaces are

planarized. When the surfaces of the interlayer insulating layer 146, the electrode

layer 150a, the electrode layer 150b, the electrode layer 150c, the electrode layer 150d,



and the electrode layer 150e are planarized in such a manner, an electrode, a wiring, an

insulating layer, a semiconductor layer, and the like can be favorably formed in later

steps.

[0146]

Then, the insulating layer 152 is formed, and openings that reach the electrode

layer 150a, the electrode layer 150b, the electrode layer 150c, the electrode layer 150d,

and the electrode layer 150e are formed in the insulating layer 152. After a conductive

layer is formed to be embedded in the openings, part of the conductive layer is removed

by a method such as etching or CMP. Thus, the insulating layer 152 is exposed and the

electrode layer 154a, the electrode layer 154b, the electrode layer 154c, and the

electrode layer 154d (see FIG. 13D). This step is the same as step for forming the

electrode layer 150a and the like and therefore not detailed.

[0147]

In the case where the transistor 164 is formed by the above-described method,

the hydrogen concentration of the oxide semiconductor layer 140 is 5 x 1019

(atoms/cm 3) or less and the off-current of the transistor 164 is 1 x l O-13 [A] or less.

[0148]

<Modification example >

FIG. 14, FIGS. 15A and 15B, FIGS. 16A and 16B, and FIGS. 17A and 17B

illustrate modification examples of structures of the transistor 164. That is, the

structure of the transistor 160 is the same as the above.

[0149]

FIG 14 illustrates an example of the transistor 164 having a structure in which

the gate electrode layer 136d is placed under the oxide semiconductor layer 140 and an

end face of the source electrode layer 142a and an end face of the drain electrode layer

142b which are face each other are in contact with the oxide semiconductor layer 140.

[0150]

A large difference in structure between FIG. 10 and FIG 14 is the position at

which the oxide semiconductor layer 140 is connected to the source and drain electrode

layers 142a and 142b. That is, an upper surface of the oxide semiconductor layer 140

is in contact with the source and drain electrode layers 142a and 142b in the structure in



FIG 10, whereas the lower surface of the oxide semiconductor layer 140 is in contact

with the source and drain electrode layers 142a and 142b in the structure in FIG 14.

Moreover, this difference in the contact position results in a difference in arrangement

of other electrode layers, an insulating layer, and the like. Note that the details of each

component are the same as those of FIG. 10.

[0151]

Specifically, the transistor 164 illustrated in FIG 14 includes the gate electrode

layer 136d provided over the interlayer insulating layer 128, the gate insulating layer

138 provided over the gate electrode layer 136d, the source and drain electrode layers

142a and 142b provided over the gate insulating layer 138, and the oxide semiconductor

layer 140 in contact with upper surfaces of the source and drain electrode layers 142a

and 142b. In addition, over the transistor 164, the protective insulating layer 144 is

provided so as to cover the oxide semiconductor layer 140.

[0152]

FIGS. 15A and 15B each illustrate the transistor 164 in which the gate

electrode layer 136d is provided over the oxide semiconductor layer 140. FIG 15A

illustrates an example of a structure in which the source and drain electrode layers 142a

and 142b are in contact with a lower surface of the oxide semiconductor layer 140.

FIG 15B illustrates an example of a structure in which the source and drain electrode

layers 142a and 142b are in contact with an upper surface of the oxide semiconductor

layer 140.

[0153]

A large difference of the structures in FIGS. 15A and 15B from those in FIG. 10

and FIG 14 is that the gate electrode layer 136d is placed over the oxide semiconductor

layer 140. Furthermore, a large difference in structure between FIG. 15A and FIG 15B

is whether the source and drain electrode layers 142a and 142b are in contact with the

lower surface or the upper surface of the oxide semiconductor layer 140. Moreover,

these differences result in a difference in arrangement of other electrode layers, an

insulating layer, and the like. The details of each component are the same as those of

FIG 10 and the like.

[0154]

Specifically, the transistor 164 illustrated in FIG 15A includes the source and



drain electrode layers 142a and 142b provided over the interlayer insulating layer 128,

the oxide semiconductor layer 140 in contact with the upper surfaces of the source and

drain electrode layers 142a and 142b, the gate insulating layer 138 provided over the

oxide semiconductor layer 140, and the gate electrode layer 136d over the gate

insulating layer 138 in a region overlapping with the oxide semiconductor layer 140.

[0155]

The transistor 164 illustrated in FIG. 15B includes the oxide semiconductor

layer 140 provided over the interlayer insulating layer 128, the source and drain

electrode layers 142a and 142b provided to be in contact with the upper surface of the

oxide semiconductor layer 140, the gate insulating layer 138 provided over the oxide

semiconductor layer 140 and the source and drain electrode layers 142a and 142b, and

the gate electrode layer 136d provided over the gate insulating layer 138 and in a region

overlapping with the oxide semiconductor layer 140.

[0156]

Note that in the structures in FIGS. 15A and 15B, a component (e.g., the

electrode layer 150a or the electrode layer 154a) is sometimes omitted from the

structure in FIG. 10 or the like. In this case, a secondary effect such as simplification

of a manufacturing process can be obtained. It is needless to say that a nonessential

component can be omitted in the structures also in FIG. 10 and the like.

[0157]

FIGS. 16A and 16B each illustrate the transistor 164 in the case where the size

of the element is relatively large and the gate electrode layer 136d is placed under the

oxide semiconductor layer 140. In this case, a demand for the planarity of a surface

and the coverage is relatively moderate, so that a wiring, an electrode, and the like are

not necessarily embedded in an insulating layer. For example, the gate electrode layer

136d and the like can be formed by patterning after formation of a conductive layer.

[0158]

A large difference in structure between FIG 16A and FIG 16B is whether the

source and drain electrode layers 142a and 142b are in contact with the lower surface or

the upper surface of the oxide semiconductor layer 140. Moreover, these differences

result in a difference in arrangement of other electrode layers, an insulating layer, and

the like. Note that the details of each component are the same as those of FIG 7 and



the like.

[0159]

Specifically, the transistor 164 illustrated in FIG 16A includes the gate

electrode layer 136d provided over the interlayer insulating layer 128, the gate

insulating layer 138 provided over the gate electrode layer 136d, the source and drain

electrode layers 142a and 142b provided over the gate insulating layer 138, and the

oxide semiconductor layer 140 in contact with the upper surfaces of the source and

drain electrode layers 142a and 142b.

[0160]

Further, the transistor 164 illustrated in FIG. 16B includes the gate electrode

layer 136d provided over the interlayer insulating layer 128, the gate insulating layer

138 provided over the gate electrode layer 136d, the oxide semiconductor layer 140

provided over the gate insulating layer 138 so as to overlap with the gate electrode layer

136d, and the source and drain electrode layers 142a and 142b provided to be in contact

with the upper surface of the oxide semiconductor layer 140.

[0161]

Note that also in the structures in FIGS. 16A and 16B, a component is

sometimes omitted from the structure in FIG. 10 or the like. Also in this case, a

secondary effect such as simplification of a manufacturing process can be obtained.

[0162]

FIGS. 17A and 17B each illustrate the transistor 164 in the case where the size

of the element is relatively large and the gate electrode layer 136d is placed over the

oxide semiconductor layer 140. Also in this case, a demand for the planarity of a

surface and the coverage is relatively moderate, so that a wiring, an electrode, and the

like are hot necessarily embedded in an insulating layer. For example, the gate

electrode layer 136d and the like can be formed by patterning after formation of a

conductive layer.

[0163]

A large difference in structure between FIG 17A and FIG 17B is whether the

source and drain electrode layers 142a and 142b are in contact with the lower surface or

the upper surface of the oxide semiconductor layer 140. Moreover, these differences

result in a difference in arrangement of other electrode layers, an insulating layer, and



the like. The details of each component are the same as those of FIG 7 and the like.

[0164]

Specifically, the transistor 164 illustrated in FIG 17A includes the source and

drain electrode layers 142a and 142b provided over the interlayer insulating layer 128,

the oxide semiconductor layer 140 in contact with the upper surfaces of the source and

drain electrode layers 142a and 142b, the gate insulating layer 138 provided over the

source and drain electrode layers 142a and 142b and the oxide semiconductor layer 140,

and the gate electrode layer 136d provided over the gate insulating layer 138 so as to

overlap with the oxide semiconductor layer 140.

[0165]

The transistor 164 illustrated in FIG 17B includes the oxide semiconductor

layer 140 provided over the interlayer insulating layer 128, the source and drain

electrode layers 142a and 142b provided to be in contact with the upper surface of the

oxide semiconductor layer 140, the gate insulating layer 138 provided over the source

and drain electrode layers 142a and 142b and the oxide semiconductor layer 140, and

the gate electrode layer 136d provided over the gate insulating layer 138. Note that the

gate electrode layer 136d is provided in a region overlapping with the oxide

semiconductor layer 140 with the gate insulating layer 138 interposed therebetween.

[0166]

Note that also in the structures in FIGS. 17A and 17B, a component is

sometimes omitted from the structure in FIG. 10 or the like. Also in this case, a

secondary effect such as simplification of a manufacturing process can be obtained.

[0167]

In this embodiment, the example in which the transistor 164 is stacked over the

transistor 160 is described; however, the structures of the transistor 160 and the

transistor 164 are not limited to the above. For example, a p-channel transistor and an

n-channel transistor can be formed over the same planar surface. Further, the transistor

160 and the transistor 164 may be provided to overlap with each other.

[0168]

The above-described transistor 164 is preferably applied to the transistor 17

included in any of the semiconductor devices described in Embodiments 1 to 5 (see

FIGS. 1A to 1C) and the transistor 21 included in any of the semiconductor devices



described in Embodiments 2 and 3 (see FIG. 2). The leakage current of the transistor

164 is lower than that of the transistor 160. Accordingly, by applying the transistor

164 to the transistors 17 and 21, a signal can be accurately held in the memory element

15 for an extended period.

[0169]

All or part of this embodiment can be combined with all or part of another

embodiment as appropriate.

[0170]

(Embodiment 7)

In this embodiment, an RFID (radio frequency identification) tag 500 will be

described as an application example of the semiconductor devices having a memory

device, which are described in the above embodiments (see FIG 18).

[0171]

The RFID tag 500 includes an antenna circuit 501 and a signal processing

circuit 502. The signal processing circuit 502 includes a rectifier circuit 503, a power

supply circuit 504, a demodulation circuit 505, an oscillation circuit 506, a logic circuit

507, a memory control circuit 508, a memory circuit 509, a logic circuit 510, an

amplifier 511, and a modulation circuit 512. The memory circuit 509 includes any of

the semiconductor devices described in the above embodiments.

[0172]

A communication signal received by the antenna circuit 501 is inputted to the

demodulation circuit 505. The frequency of a received communication signal, that is,

a signal communicated between the antenna circuit 501 and a reader/writer is, for

example, 13.56 MHz, 915 MHz, or 2.45 GHz in the ultra high frequency band, which is

determined on the basis of the ISO standards or the like. Needless to say, the

frequency of the signal communicated between the antenna circuit 501 and the

reader/writer is not limited thereto, and for example, any of the following frequencies

can be used: a submillimeter wave of 300 GHz to 3 THz; a millimeter wave of 30 GHz

to 300 GHz; a microwave of 3 GHz to 30 GHz; an ultra high frequency of 300 MHz to

3 GHz; and a very high frequency of 30 MHz to 300 MHz. Further, a signal

communicated between the antenna circuit 501 and a reader/writer is a signal obtained

through carrier wave modulation. A carrier wave is modulated by analog modulation



or digital modulation, which may employ any of amplitude modulation, phase

modulation, frequency modulation, and spread spectrum modulation. Preferably,

amplitude modulation or frequency modulation is used.

[0173]

An oscillation signal outputted from the oscillation circuit 506 is supplied as a

clock signal to the logic circuit 507. In addition, the modulated carrier wave is

demodulated in the demodulation circuit 505. The signal after demodulation is also

transmitted to the logic circuit 507 and analyzed. The signal analyzed in the logic

circuit 507 is transmitted to the memory control circuit 508. The memory control

circuit 508 controls the memory circuit 509, takes out data stored in the memory circuit

509, and transmits the data to the logic circuit 510. The signal transmitted to the logic

circuit 510 is encoded in the logic circuit 510 and amplified in the amplifier 511. With

the amplified signal, the modulation circuit 512 modulates a carrier wave. In

accordance with the modulated carrier wave, the reader/writer recognizes the signal

from the RFID tag 500.

[0174]

A carrier wave inputted to the rectifier circuit 503 is rectified and then inputted

to the power supply circuit 504. A power supply voltage obtained in this manner is

supplied from the power supply circuit 504 to the demodulation circuit 505, the

oscillation circuit 506, the logic circuit 507, the memory control circuit 508, the

memory circuit 509, the logic circuit 510, the amplifier 511, the modulation circuit 512,

and the like.

[0175]

There is no particular limitation on the connection between the signal

processing circuit 502 and an antenna in the antenna circuit 501. For example, the

antenna and the signal processing circuit 502 are connected by wire bonding or bump

connection. Alternatively, the signal processing circuit 502 is formed to have a chip

shape and one surface thereof is used as an electrode and attached to the antenna. The

signal processing circuit 502 and the antenna can be attached to each other with use of

an ACF (anisotropic conductive film).

[0176]

The antenna is stacked over the same substrate as the signal processing circuit



502, or formed as an external antenna. Needless to say, the antenna is provided above

or below the signal processing circuit.

[0177]

In the rectifier circuit 503, an AC signal that is induced by a carrier wave

received by the antenna circuit 501 is converted into a DC signal.

[0178]

The RFID tag 500 may include a battery 561 (see FIG. 19). When power

supply voltage outputted from the rectifier circuit 503 is not high enough to operate the

signal processing circuit 502, the battery 561 also supplies power supply voltage to each

of the circuits included in the signal processing circuit 502 (the circuits such as the

demodulation circuit 505, the oscillation circuit 506, the logic circuit 507, the memory

control circuit 508, the memory circuit 509, the logic circuit 510, the amplifier 511, and

the modulation circuit 512).

[0179]

Surplus voltage of the power supply voltage outputted from the rectifier circuit

503 is stored in the battery 561. When an antenna circuit and a rectifier circuit are

provided in the RFID tag in addition to the antenna circuit 501 and the rectifier circuit

503, energy stored in the battery 561 can be obtained from electromagnetic waves and

the like that are generated randomly.

[0180]

A battery can be continuously used by charging. As the battery, a battery

formed into a sheet form is used. For example, by using a lithium polymer battery that

includes a gel electrolyte, a lithium ion battery, a lithium secondary battery, or the like,

the size of the battery can be reduced. For example, a nickel metal hydride battery, a

nickel cadmium battery, a capacitor having large capacitance, and the like can be given.

[0181]

(Embodiment 8)

In this embodiment, application examples of the semiconductor devices

described in the above embodiments will be described with reference to FIGS. 20A to

20F.

[0182]

As illustrated in FIGS. 20A to 20F, the semiconductor device can be widely



used and provided for, for example, products such as bills, coins, securities, bearer

bonds, documents (e.g., driver's licenses or resident's cards, see FIG. 20A), recording

media (e.g., DVD software or video tapes, see FIG 20B), packaging containers (e.g.,

wrapping paper or bottles, see FIG. 20C), vehicles (e.g., bicycles, see FIG 20D),

personal belongings (e.g., bags or glasses), foods, plants, animals, human bodies,

clothing, household goods, and electronic appliances (e.g., liquid crystal display devices,

EL display devices, television receivers, or cellular phones), or tags on products (see

FIGS. 20E and 20F).

[0183]

The semiconductor device 1500 is fixed to a product by being mounted on a

printed board, attached to a surface of the product, or embedded in the product. For

example, the semiconductor device 1500 is fixed to each product by being embedded in

paper of a book, or embedded in an organic resin for a package made of the organic

resin. Since the semiconductor device 1500 can be reduced in size, thickness, and

weight, it can be fixed to a product without spoiling the design of the product. Further,

bills, coins, securities, bearer bonds, documents, or the like can have an identification

function by being provided with the semiconductor device 1500, and the identification

function can be utilized to prevent counterfeiting. Moreover, by attaching the

semiconductor device of the present invention to packaging containers, recording media,

personal belongings, foods, clothing, household goods, electronic appliances, or the like,

a system such as an inspection system can be efficiently used. By attaching the RFID

tag 1520 to vehicles, security against theft or the like can be improved.

[0184]

By thus using any of the semiconductor devices described in the above

embodiments for purposes given in this embodiment, data used for data communication

can be kept accurate; therefore, authentication, security, or the like of a product can be

improved.

This application is based on Japanese Patent Application serial No.

2010-024867 filed with the Japan Patent Office on February 5, 2010, the entire contents

of which are hereby incorporated by reference.



CLAIMS

1. A semiconductor device comprising:

a word line;

a bit line;

a memory element comprising:

a transistor; and

a signal holding portion,

wherein a gate terminal of the transistor is electrically connected to the

word line,

wherein one of a source terminal and a drain terminal of the transistor

is electrically connected to the bit line, and

wherein the other of the source terminal and the drain terminal of the

transistor is electrically connected to the signal holding portion;

a capacitor being capable of holding a potential of the gate terminal of the

transistor, wherein a first terminal of the capacitor is electrically connected to the word

line;

a word line driver circuit configured to control a potential of a second terminal

of the capacitor; and

a bit line driver circuit configured to control a potential of the bit line.

2. The semiconductor device according to claim 1, further comprising a switch,

wherein a first terminal of the switch is electrically connected to the word line

and a second terminal of the switch is electrically connected to a power supply circuit.

3. The semiconductor device according to claim 2,

wherein the switch is a second transistor.

4. The semiconductor device according to claim 1,

wherein the signal holding portion comprises a second transistor and a second

capacitor.



5. The semiconductor device according to claim 1,

wherein the word line is negatively charged.

6. The semiconductor device according to claim 1, wherein the transistor

comprises an oxide semiconductor.

7. An electronic device comprising the semiconductor device according to

claim 1, wherein the electronic device is selected from the group consisting of a liquid

crystal display device, an EL display device, a television receiver, and a cellular phone.

8. A semiconductor device comprising:

a word line;

a bit line;

a memory element comprising:

a first transistor; and

a signal holding portion,

wherein a gate terminal of the first transistor is electrically connected

to the word line,

wherein one of a source terminal and a drain terminal of the first

transistor is electrically connected to the bit line, and

wherein the other of the source terminal and the drain terminal of the

first transistor is electrically connected to the signal holding portion;

a capacitor being capable of holding a potential of the gate terminal of the first

transistor, wherein a first terminal of the capacitor is electrically connected to the word

line;

a word line driver circuit configured to control a potential of a second terminal

of the capacitor;

a bit line driver circuit configured to control a potential of the bit line; and

a second transistor, wherein one of a source terminal and a drain terminal of the

second transistor is electrically connected to the word line.

9. The semiconductor device according to claim 8, further comprising:



a first power supply circuit;

a second power supply circuit;

a first switch,

wherein a first terminal of the first switch is electrically connected to a

gate terminal of the second transistor, and

wherein a second terminal of the first switch is electrically connected

to the first power supply circuit; and

a second switch,

wherein a first terminal of the second switch electrically connected to

the other of the source terminal and the drain terminal of the second transistor, and

wherein a second terminal of the second switch electrically connected

to the second power supply circuit.

10. The semiconductor device according to claim 9,

wherein the first switch is a third transistor, and

wherein the second switch is a fourth transistor.

11. The semiconductor device according to claim 8,

wherein the signal holding portion comprises a third transistor and a second

capacitor.

12. The semiconductor device according to claim 8,

wherein the word line is negatively charged.

13. The semiconductor device according to claim 8, wherein the first transistor

and the second transistor each comprise an oxide semiconductor.

14. An electronic device comprising the semiconductor device according to

claim 8, wherein the electronic device is selected from the group consisting of a liquid

crystal display device, an EL display device, a television receiver, and a cellular phone.
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