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DESCRIPTION

SEMICONDUCTOR MEMORY DEVICE AND SEMICONDUCTOR DEVICE

TECHNICAL FIELD

[0001]

The present invention relates to a memory device using a semiconductor.

BACKGROUND ART

[0002]

There are many kinds of memory devices using semiconductors. For example,

a dynamic random access memory (DRAM), a static random access memory (SRAM),

an electrically erasable and programmable read only memory (EEPROM), a flash

memory, and the like can be given.

[0003]

In a DRAM, data is stored by holding charge in a capacitor which is provided

in a memory cell. However, even when a transistor used for switching is in an off state,

a slight amount of leakage current is generated between a source and a drain; thus, the

data is lost within a relatively short time (several tens of seconds at the longest).

Therefore, the data needs to be rewritten (refreshed) in a certain cycle (generally several

tens of milliseconds).

[0004]

In an SRAM, data is held by utilizing a bistable state of a flip-flop circuit.

Although a CMOS inverter is generally used in a flip-flop circuit of an SRAM, since six

transistors are used in one memory cell, an integration degree of the SRAM is lower

than an integration degree of a DRAM. In addition, the data is lost when power is not

supplied.

[0005]

On the other hand, in an EEPROM or a flash memory, a so-called floating gate

is provided between a channel and a gate and charge is stored in the floating gate,

whereby data is held. The charge stored in the floating gate is held even after power

supply to a transistor stops, which is why these memories are called non-volatile



memories. For example, Patent Document 1 may be referred to for a flash memory.

[0006]

In this specification, these memories are hereinafter called floating gate

non-volatile memories (FGNVM), in particular. Since data at some stages

(multivalued data) can be stored in one memory cell in an FGNVM, storage capacity

can be large. Further, since the number of contact holes can be significantly decreased

in a NAND-type flash memory, an integration degree can be increased to some extent.

[0007]

However, in a conventional FGNVM, high voltage is needed at the time of

injection of charge to a floating gate or removal of the charge. Because of this,

deterioration of a gate insulating film cannot be avoided and writing and erasing cannot

be repeated without limitation. Further, by application of high voltage, interference

between adjacent memory cells occurs when a certain integration degree is achieved;

therefore, a certain distance needs to be kept between the memory cells.

[Reference]

[Patent Document]

[0008]

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

[Patent Document 2] Japanese Published Patent Application No. 2001-53164

DISCLOSURE OF INVENTION

[0009]

As described above, a conventional semiconductor memory device has good

points and bad points and there has been no semiconductor devices meeting all

necessary conditions. In a memory device, the first priority is lower power

consumption. This is because when the power consumption is high, there is a problem

in that the size of a device for supplying power needs to be larger, or that an operating

time with a battery is shortened. Another reason is because, in some cases, a

semiconductor element generates heat and thus the characteristics of the element are

deteriorated, and a circuit is damaged. In addition, there is preferably no limitation on

the number of writing times and it is desirable that writing can be performed one billion

times or more.



[0010]

In light of this point, a DRAM is not preferred because in a DRAM, leakage

current is generated all the time, a refreshing operation needs performed, and thus much

power is consumed. In contrast, in an SRAM, although a problem of power

consumption can be solved to some extent, the integration degree cannot be increased

because six transistors are included in one memory cell. Moreover, in an FGNVM,

although the power consumption and the integration degree are not problematic, the

number of writing times is a hundred thousand or less.

[0011]

In view of the above, it is a first object of an embodiment of the present

invention to achieve the following three conditions: power consumed by a memory cell

for holding memory is lower than that in a DRAM; the number of transistors used in a

memory cell is five or less; and the number of writing times is one million or more.

Further, it is a second object to achieve the following two conditions: data is held

without power supply for 10 hours or longer, preferably 100 hours or longer; and the

number of writing times is one million or more. According to an embodiment of the

present invention, the above-described first or second object is achieved. Note that in

this specification, a data holding time is a time needed for the amount of charge held in

a memory cell to be decreased to 90 % of the initial amount.

[0012]

In an embodiment of the present invention, in addition to the above objects, it

is another object to provide a novel semiconductor device, specifically a novel

semiconductor memory device. It is another object to provide a driving method of a

novel semiconductor device, specifically a novel semiconductor memory device.

Further, it is another object to provide a manufacturing method of a novel

semiconductor device, specifically a novel semiconductor memory device.

[0013]

The present invention will be described below; terms used in this specification

are briefly described. In this specification, when one of a source and a drain of a

transistor is called a source, the other is called a drain for convenience, and they are not

particularly distinguished for reasons such as the following: a source and a drain have

the same or substantially the same structure and function; and even when the structures



are different, potential applied to a source and a drain is not constant and polarity of the

potential is not always the same. Therefore, a source in this specification can be

alternatively referred to as a drain.

[0014]

Further, in this specification, when "A is orthogonal to B (in a matrix)", A and

B may intersect at right angles; alternatively, A and B may intersect physically at

different angles, which can be expressed in the simplest circuit diagram as intersection

at right angles. When "A is parallel to B (in a matrix)", the two wirings may be

provided so as to physically intersect, which can be expressed in the simplest circuit

diagram as parallel.

[0015]

In a first embodiment of the present invention, one memory cell includes a

transistor as a writing transistor, in which leakage current between a source and a drain

is low, the other transistor (a reading transistor), and a capacitor. Further, as wirings

connected to these, five kinds of wirings that are a writing word line, a writing bit line, a

reading word line, a reading bit line, and a bias line are prepared.

[0016]

The drain of the writing transistor is connected to a gate of the reading

transistor and one electrode of the capacitor. Further, a gate of the writing transistor is

connected to the writing word line; a source of the writing transistor is connected to the

writing bit line; a source of the reading transistor is connected to the reading bit line; a

drain of the reading transistor is connected to the bias line; and the other electrode of the

capacitor is connected to the reading word line.

[0017]

In the writing transistor in an off state (in the case of an n-channel transistor, a

state where the potential of the gate is lower than the potential of the source and the

—20drain), leakage current between the source and the drain is preferably 1 x 10 A or

—21lower, preferably 1 x 10 A or lower at a temperature when the transistor is in use (e.g.,

25 °C), or 1 x 10 20 A or lower at 85 °C. In the case of a general silicon semiconductor,

it is difficult to realize leakage current having such a small value; however, such a value

can be achieved with a transistor in which an oxide semiconductor whose band gap is



larger than that of a silicon semiconductor and is preferably 2.5 eV or more, is

processed in a preferable condition and is used in a channel. Therefore, an oxide

semiconductor is preferably used for the writing transistor. Needless to say, if leakage

current can be made to have a value smaller than or equal to the above-described value

with the use of other kinds of semiconductors, the use of such semiconductors is not

precluded.

[0018]

Although a variety of known materials can be used as the oxide semiconductor,

a material with a band gap of 3 electron volts or more, preferably greater than or equal

to 3 electron volts and less than 3.6 electron volts is desirable. In addition, it is

desirable to use a material whose electron affinity is 4 electron volts or more, further

preferably greater than or equal to 4 electron volts and less than 4.9 electron volts.

Among such materials, one whose carrier concentration is less than 1 x 1014 cm- 3,

preferably less than 1 x 1011 cm- 3 is desirable. The present inventors found that

semiconductor characteristics which are exhibited by an oxide semiconductor meeting

such conditions hardly differ from those observed at room temperature even at 150 °C,

for example.

[0019]

As for the reading transistor, although there is no limitation on leakage current

between the source and the drain in an off state, it is desirable to use a transistor which

operates at high speed in order to increase the reading rate. It is preferable to use a

transistor with switching speed of 10 nanoseconds or less. Further, in both the writing

transistor and the reading transistor, gate leakage current (leakage current between the

gate and the source or between the gate and the drain) needs to be extremely low; also

in the capacitor, internal leakage current (leakage current between the electrodes) needs

to be low. Each leakage current is preferably 1 x 10 A or lower, further preferably 1

x 10~21 A or lower at a temperature when the transistor or capacitor is in use (e.g.,

25 °C).

[0020]

Voltage applied to the gate of the reading transistor is changed depending on

voltage of the reading word line and is proportional to (capacitance of the capacitor)/



(gate capacitance of the reading transistor + capacitance of the capacitor) in a state

where there is no charge on the drain side of the writing transistor. Therefore, when

the capacitance of the capacitor is larger than the gate capacitance of the reading

transistor, appropriate voltage can be applied to the gate of the reading transistor with

relatively low voltage of the reading word line. On the other hand, when the

capacitance of the capacitor is smaller than the gate capacitance, higher voltage needs to

be applied to the reading word line in order that the same voltage be applied to the gate

of the reading transistor.

[0021]

Therefore, the capacitance of the capacitor is preferably larger than or equal to

the gate capacitance of the reading transistor, further preferably larger than or equal to

two times as large as the gate capacitance of the reading transistor. The capacitance of

the capacitor is preferably 10 fF or smaller so that the semiconductor memory device

operates at high speed.

[0022]

The writing word line, the writing bit line, the reading bit line, the bias line,

and the reading word line are arranged in a matrix; the writing word line is preferably

orthogonal to the writing bit line and the reading bit line is preferably parallel to the bias

line so that matrix drive is performed. In addition, the writing word line is preferably

parallel to the reading word line.

[0023]

A memory cell having the above-described structure is illustrated in FIG. 1A.

Here, a memory cell in the «-th row and the m-t column is described as an example.

In FIG. 1A, a memory cell including a writing transistor Trl(n,/n), a reading transistor

Tr2(n,m), and a capacitor C(n,m) is illustrated. Here, a drain of the writing transistor

Trl(«,/n) is connected to a gate of the reading transistor Tr2(n,m) and one electrode of

the capacitor C(n n).

[0024]

Further, a gate of the writing transistor Trl(«,m) is connected to a writing word

line Q«; a source of the writing transistor Trl(«,m) is connected to a writing bit line R n;

a source of the reading transistor Tr2(n,m) is connected to a reading bit line Om; a drain

of the reading transistor Tr2(n,m) is connected to a bias line Sm; and the other electrode



of the capacitor C(n,m) is connected to a reading word line Pn.

[0025]

In FIG. 1A, the writing word line Qn is parallel to the reading word line Pn and

the writing bit line R , the reading bit line Om, and the bias line Sm are parallel to one

another. Further, the writing word line Qn and the reading word line Pn are orthogonal

to the writing bit line Rm, the reading bit line Om, and the bias line Sm.

[0026]

In FIG. IB, the memory cell in the n-th row and the m-th column and a portion

around the memory cell are illustrated. As apparent from the diagram, two wirings per

row and three wirings per column are needed; thus, (2N + 3M wirings are needed in a

matrix of N rows and M columns.

[0027]

FIG. 1A illustrates a circuit of the memory cell which is described as a gain cell

in Patent Document 2. Memory cells of this kind have been developed because the

capacitance of a capacitor therein can be sufficiently small as compared to that in

DRAMs. That is, in a gain cell, the necessary capacitance of the capacitor is

determined relative to the gate capacitance of a reading transistor, whereas in a DRAM,

the necessary capacitance of the capacitor is determined relative to the parasitic

capacitance of a bit line.

[0028]

When the capacitance of the capacitor can be made small, time required for

charging and discharging of the capacitor, i.e., a switching period can be short. In a

DRAM, charging and discharging of the capacitor is a rate-limiting factor which leads

to limitation on operation speed. On the other hand, in a gain cell, as a design rule is

decreased, the gate capacitance of a reading transistor and the capacitance of a capacitor

are decreased; thus, a memory capable of extremely fast response can be manufactured.

[0029]

Specifically, when the design rule is decreased to one tenth, the capacitance of

the capacitor is reduced to one tenth and on resistance of the transistor is reduced to one

tenth; as a result, time required for switching is shortened to one hundredth. However,

since the capacitance of the capacitor of a DRAM is not changed even when the on

resistance of a transistor is reduced to one tenth, a switching time is reduced only to one



thenth. In other words, a rate at which operation speed of a gain cell is increased can

be approximately 10 times as high as a rate at which operation speed of a DRAM is

increased.

[0030]

As described above, gain cells are expected to have excellent characteristics;

however, gain cells have not been put to practical use because leakage current between a

source and a drain in a transistor cannot be sufficiently suppressed in the gain cells. In

general, even when a design rule is decreased to one tenth, leakage current cannot be

reduced to one tenth. In fact, leakage current is rather increased in some cases due to a

variety of factors caused by miniaturization.

[0031]

For instance, in a transistor in which a P-N junction is used for insulation, as

the transistor is miniaturized, leakage current due to tunneling current between bands at

the P-N junction is increased. Besides, in the case of a semiconductor with a small

band gap (less than 2.5 electron volts), leakage current due to thermally excited carriers

is also considerable. If leakage current cannot be suppressed, there is still difficulty in

reducing the capacitance of the capacitor.

[0032]

In the case of forming a known insulated gate transistor using silicon as a

writing transistor of a gain cell, an advantage obtained by using two transistors becomes

meaningless. For example, if the capacitance of the capacitor is approximately 10 fF

similarly to a general DRAM, leakage current in the transistor using silicon in an off

state is approximately 10~14 A at the lowest; therefore, charge stored in the capacitor is

lost in one second or so. Thus, refreshing needs to be performed more than 10 times

per second similarly to a general DRAM.

[0033]

In the first place, the capacitance of the capacitor in a gain cell needs to be

reduced because cost cannot be offset when a capacitor having the same capacitance is

used in the gain cell in which one more transistor is provided than in a DRAM. Gain

cells have a characteristic in that data can be read even when the capacitance of the

capacitor is reduced to one tenth, for example.

[0034]



However, when the capacitance of the capacitor is reduced to one tenth, an

interval between refreshing operations is also reduced to one tenth. Thus, power

consumption is increased and access to a memory is limited. Similarly, when the

capacitance of the capacitor is reduced to one hundredth, an interval between refreshing

operations is reduced to one hundredth, in which case the gain cell is not practical at all.

Conventionally, leakage current in a writing transistor cannot be sufficiently reduced

and thus such a gain cell has not been put to practical use.

[0035]

Leakage current between a source and a drain of a writing transistor can be so

low that it cannot be measured by an ordinary method in the case where the writing

transistor is an insulated gate transistor which is formed using the above-described wide

band gap semiconductor in its channel. By utilizing this fact, according to an

embodiment of the present invention, a gain cell can be a practical memory cell.

[0036]

A gain cell can be an extremely promising memory cell when leakage current

in a transistor is sufficiently low. That is, since the capacitance of a capacitor can be as

small as the gate capacitance of a writing transistor or a reading transistor, a capacitor in

a special shape (a stack capacitor or a trench capacitor) which are used in a DRAM need

not to be provided, whereby the degree of freedom for design is increased and the

process is made simpler. In addition, a memory can be manufactured in which an

operation speed is increased as described above.

[0037]

For example, when leakage current is one hundred thousandth (approximately

l O-20 A) of that in a silicon transistor, an interval between refreshing operations can be

one thousand times as long as that in a DRAM (i.e., refreshing is performed once per

minute) even when the capacitance of a capacitor is one thousandth of that in a DRAM.

When leakage current is lower, for example, 10~24 A or lower, refreshing may be

performed once every few days.

[0038]

Writing in such a gain cell means charging of a capacitor having much smaller

capacitance than that in a DRAM as described above; therefore, even when the



characteristics of a writing transistor, which mean on-state current, mobility, or the like

thereof, are not so excellent, writing can be performed as fast as that performed in an

existing DRAM. For example, in the case where the capacitance of the capacitor

illustrated in FIG. 1A is one thousandth of that of a capacitor of a DRAM, on-state

current (or mobility) in the writing transistor may be one thousandth of that in a

transistor of the DRAM.

[0039]

Even if the mobility of the writing transistor is one hundredth of that of a

transistor using silicon, writing can be performed at a speed 10 times as high as in an

ordinary DRAM. As described above, higher speed can be realized as the design rule

is decreased.

[0040]

An example of operation of the circuit illustrated in FIG. 1A is described below.

In order that data be written in the memory cell illustrated in FIG. 1A, the writing

transistor Trl(«,/n) is turned on by applying appropriate potential to the writing word

line Qn. By the potential of the writing bit line Rm at that time, charge is injected to

the drain side of the writing transistor Trl ( , ). The amount of the charge injected at

that time is determined depending on the potential of the writing bit line Rm, the gate

capacitance of the reading transistor Tr2(n,w), the capacitance of the capacitor C(n,m),

and the like and the result is thus always almost the same in the case where the

conditions are the same, and variation is small. In this manner, data is written.

[0041]

Then, by applying different appropriate potential to the writing word line Qn,

the writing transistor Trl(n,m) is turned off. Even in this state, the charge on the drain

side of the writing transistor Trl(n,m) is held. The charge is held even after the power

supply to the matrix is stopped.

[0042]

When the data is read, appropriate potential is applied to the reading word line

Pn and a state of the reading transistor Tr2(n,m) is monitored. For example, the

following two states are considered as data: a state where there is no charge on the drain

side of the writing transistor Trl(«,m); and a state where there is positive charge on the

drain side of the writing transistor Trl(n,m).



[0043]

It is also assumed that the reading transistor Tr2(n,m) is an n-channel transistor;

the bias line Sm is held at appropriate positive potential; and appropriate potential lower

than or equal to the threshold value of the reading transistor Tr2(n,m) is applied to the

reading word line P .

[0044]

In the state where there is no charge, since the potential of the gate of the

reading transistor Tr2(«,m) is lower than or equal to the threshold value, the reading

transistor Tr2(n,w) is in an off state. Thus, resistance between the source and the drain

is extremely high. Therefore, the potential of the reading bit line m is largely

different from the potential of the bias line Sm. However, when there is positive

charge on the drain side of the writing transistor Trl(«,m), the reading transistor

Tr2( , ) can be turned on in some cases even when the potential of the reading word

line P« is lower than the threshold value; accordingly, the potential of the reading bit

line Om is the same as or extremely close to the potential of the bias line Sm in some

cases. In this manner, what data is held can be known.

[0045]

With the use of the same principle, a stage to which the amount of the charge

stored in one memory cell corresponds can be known. A circuit at the time of reading

is equivalently illustrated in FIG. 4A. By changing the potential of the writing bit line

R n at the time of writing, a value of charge Q is at four stages (Q0, Ql, Q2, and Q3,

where Q0 < Ql < Q2 < Q3). At the time of reading, the writing transistor Trl(«,m)

can be regarded as an insulator and thus is omitted together with the writing word line

Q and the writing bit line m from the diagram.

[0046]

In accordance with the value of the charge Q, apparent characteristics of the

reading transistor Tr2(«,m) are changed. When the potential of the reading bit line Om

is 0, the potential of the bias line Sm is V (> 0), and the potential of the reading word

line Pn is changed, the amount of current flowing in the reading transistor Tr2( , ) is

changed. The state is illustrated in FIG. 4B.

[0047]

In the case where the largest amount of charge is held (Q = Q3), even when Vg



is negative, a sufficiently large amount of current flows and the reading transistor Tr2 is

turned on. For example, the reading transistor Tr2 is turned on when Vg = P1. In

order to turn the reading transistor Tr2 off, Vg needs to be a sufficiently large negative

value (e.g., L). The second curve from the left shows a case where the amount of

charge is the second largest (Q = Q2). At this time, the reading transistor Tr2 is in an

off state when V = V \ . On the other hand, the reading transistor Tr2 is turned on

when Vg = 2. The third curve from the left shows a case where the amount of charge

is the third largest (Q = Ql). At this time, the reading transistor Tr2 is in an off state

when g = P2 but turned on when V = P3 . In the case where Q = Q0, the reading

transistor Tr2 is in an off state even when V = 3 .

[0048]

That is, by applying potential at some levels to the reading word line P , the

amount of the charge held can be known. At first, V = PL. In this case, the reading

transistor Tr2 is in an off state regardless of the amount of the charge held. Then,

when V = P1, the reading transistor Tr2 is turned on only when the amount of the

charge held is Q3. If the reading transistor Tr2 is turned on at this stage, it can be

judged that the amount of the charge held is Q3.

[0049]

When V = 2, the reading transistor Tr2 is turned on only when the amount of

the charge held is Q3 or Q2. If the reading transistor Tr2 is turned on for the first time

at this stage, it can be judged that the amount of the charge held is Q2.

[0050]

When V = ¾ , the reading transistor Tr2 is turned on only when the amount of

the charge held is Q3, Q2, or Ql. If the reading transistor Tr2 is turned on for the first

time at this stage, it can be judged that the amount of the charge held is Ql. If the

reading transistor Tr2 is not turned on even at this stage, it can be judged that the

amount of the charge is Q0. In this manner, the data (2 bits) at four stages can be

written and read. Needless to say, in a similar manner, much more data such as data (3

bits) at eight stages or data (4 bits) at 16 stages can be written and read.

[0051]

As described above, in order that much data be stored by making the amount of



1

the charge held in the memory cell be at a plurality of stages, it is necessary that a

variation in the amount of the charge held is small. This is because when the variation

in the amount of the charge is large, each gap between , V , V 2, d 3 in FIG. 4B

needs to be made larger. The matrix type semiconductor memory device according to

the first embodiment of the present invention is suitable for this purpose because a

variation in the amount of the charge held is small.

[0052]

In a second embodiment of the present invention, the reading word line in the

above-described first embodiment of the present invention is replaced with the writing

word line in another row. A memory cell having such a structure is illustrated in FIG.

5A. Here, the memory cell in the n-th row and the nz-fh column is described as an

example. In FIG. 5A, the memory cell including the writing transistor Trl(n,w), the

reading transistor Tr2(«,m), and the capacitor C(n,m) is illustrated. The drain of the

writing transistor Trl(n,/n) is connected to the gate of the reading transistor Tr2( , )

and one electrode of the capacitor C(n,m).

[0053]

Further, the gate of the writing transistor Trl(n,/n) is connected to the writing

word line Qn; the source of the writing transistor Trl(n,m) is connected to the writing

bit line R ; the source of the reading transistor Tr2(n,m) is connected to the reading bit

line Om the drain of the reading transistor τ2 η η) is connected to the bias line Sm

and the other electrode of the capacitor C(n,m) is connected to a writing word line Qn-1

in one row before the n-th row.

[0054]

In FIG. 5B, the memory cell in the n-th row and the m-th column and a portion

around the memory cell are illustrated. As apparent from the diagram, one wiring per

row and three wirings per column are needed; thus, (N + 3M + 1) wirings are needed in

a matrix of N rows and M columns. The reading word line of the first embodiment of

the present invention is replaced with the writing word line in another row, whereby the

number of wirings can be made smaller than that of the first embodiment of the present

invention.

[0055]



In a third embodiment of the present invention, the writing bit line is

substituted for the reading bit line in the above-described second embodiment of the

present invention. A memory cell having such a structure is illustrated in FIG 10A.

Here, the memory cell in the n-fh row and the -th column is described as an example.

In FIG. 10A, the memory cell including the writing transistor Trl («,m), the reading

transistor Tr2(n,m), and the capacitor C(n,m) is illustrated. The drain of the writing

transistor Trl(n ,m) is connected to the gate of the reading transistor Tr2(«,m) and one

electrode of the capacitor C(n,m).

[0056]

Further, the gate of the writing transistor Trl(«,m) is connected to the writing

word line Qn the source of the writing transistor Trl («,m) is connected to the writing

bit line Rm ; the source of the reading transistor Tr2(«,m) is also connected to the writing

bit line Rm ; the drain of the reading transistor Tr2(n ,m) is connected to the bias line Sm

and the other electrode of the capacitor C(n,m) is connected to the writing word line

Q - 1 in one row before the n-th row.

[0057]

In FIG. 10B, the memory cell in the «-th row and the -th column and a portion

around the memory cell are illustrated. As apparent from the diagram, one wiring per

row and two wirings per column are needed; thus, (N + 2M + 1) wirings are needed in a

matrix of N rows and M columns. The writing bit line is substituted for the reading bit

line of the first embodiment of the present invention, whereby the number of wirings

can be made smaller than that of the first embodiment of the present invention.

[0058]

Although the three structures are described above as means for achieving the

objects, a different solution is also disclosed in this specification. Further, the objects

can be achieved also by making modifications obvious to those skilled in the art to the

above three structures or any means for achieving the objects which is disclosed in this

specification. Therefore, means for achieving the objects are not limited to the above

three structures.

[0059]

By employing any of the above-described structures, at least one of the



above-described objects can be achieved. In each of the above structures, since

writing is performed by ordinarily turning a transistor on or off, the problem of

deterioration of an insulating film cannot occur. Therefore, the number of writing

times in the above structures can be large. By optimizing conditions, even after

performing writing a billion times, change in main characteristics of a transistor

(threshold voltage, on-state current, and an S value) which is measured is in the range of

measurement error or is only less than 1 %.

[0060]

FIG. 14 is a graph showing change in the threshold value of a transistor due to

rewriting in a memory cell of a conventional FGNVM and that in a memory cell of the

first embodiment of the present invention. In the memory cell of the FGNVM, when

the number of rewriting times exceeds 1000, the threshold value obviously starts to

change regardless of whether data "0" is written (i.e., an electron is not injected to the

floating gate) or data "1" is written (i.e., an electron is injected to the floating gate).

When the number of rewriting times is 10000, the difference between the threshold

value when data "0" is written and the threshold value when data "1" is written is 3 volts

or less. On the other hand, in the memory cell of the first mode of the present

invention, no obvious change from the beginning can be seen even after rewriting is

performed a billion times.

[0061]

FIG 15 is a graph showing change in the conductance of a transistor due to

rewriting in a memory cell of a conventional FGNVM and that in a memory cell of the

first embodiment of the present invention. In the memory cell of the FGNVM, when

the number of rewriting times exceeds 100, the conductance obviously starts to decrease.

When the number of rewriting times is 10000, the conductance is 20 % or less of that of

the beginning. This means that on resistance of the transistor is increased. In other

words, response speed of the memory cell decreases as the number of rewriting times

increases. On the other hand, in the memory cell of the first embodiment of the

present invention, no obvious change from the beginning can be seen even after

rewriting is performed a billion times. Thus, there is substantially no limit on the

number of rewriting times in the semiconductor memory device according to an
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embodiment of the present invention.

[0062]

An embodiment of the present invention also shows excellent characteristics

related to a period during which data can be stored. Charge can be held for 10 hours or

longer, preferably 100 hours or longer by making leakage current between the source

and the drain of the transistor in an off state which is used, gate leakage current, and

internal leakage current in the capacitor meet the above-described conditions.

Moreover, by optimizing conditions, charge can be held for one month or longer, or one

year or longer.

[0063]

In the case where the charge is reduced due to the leakage current, refreshing

may be performed similarly to a conventional DRAM; an interval between refreshing

operations is determined depending on a period during which the charge can be held.

In the case where the charge is held for such a long period as described above,

refreshing is necessary, for example, only once a month or once a year. Frequent

refreshing which is needed in a conventional DRAM is not necessary and thus power

consumption of a semiconductor memory device is reduced.

[0064]

In the semiconductor memory device of an embodiment of the present

invention, data is not lost even when reading of data is performed. Such a feature

could be realized only in an SRAM; however, in the semiconductor memory device

according to an embodiment of the present invention, the number of transistors used in

one memory cell is five or less, typically two, which is smaller than that in the case of a

conventional SRAM. Furthermore, when one of the transistors is formed using an

oxide semiconductor in a thin film shape, an increased integration degree can be

obtained because the transistor can be stacked over a conventional silicon

semiconductor.

[0065]

In an embodiment of the present invention, an absolute value of necessary

capacitance for a memory cell can be reduced. In a DRAM, for example, the

capacitance of a capacitor needs to be at least 30 fF because operation is interfered with

if the capacitance is smaller than or equal to the wiring capacitance. However,



capacitance is proportional to the area. In the case where the integration degree is

increased, the area of one memory cell decreases; thus, necessary capacitance cannot be

secured.

[0066]

On the other hand, the capacitance of the capacitor in an embodiment of the

present invention can be determined relative to the gate capacitance of the reading

transistor. That is, as the integration degree is increased, the gate capacitance of the

reading transistor is decreased; therefore, the capacitance necessary in the capacitor is

also decreased in the same proportion. Therefore, even when the integration degree is

increased, a capacitor having basically the same structure can be used.

[0067]

Further, in a semiconductor memory device having the above-described

structure, high voltage, which is needed for writing and erasing in an FGNVM, is not

needed. Among FGNVMs, a so-called flash memory (especially a NAND-type flash

memory) is superior to an SRAM and a DRAM in view of the integration degree;

however, in order that data in even one memory cell be rewritten, data in a

predetermined region needs to be collectively erased with the use of high voltage. In

this point, in the semiconductor memory device according to an embodiment of the

present invention, rewriting is performed per row and thus completes through the

minimum necessary operation.

[0068]

Further, since at the time of writing, charge is injected to the floating gate in

one direction in a thermal non-equilibrium state in an FGNVM, a variation in the

amount of charge is large. Data at a plurality of stages which depends on the amount

of the charge held in the floating gate can be stored. However, when the variation in

the amount of the charge is considered, data at around four stages (2 bits) is general.

Higher voltage needs to be used in order that data of a larger number of bits be stored.

[0069]

On the other hand, charge is reversibly injected in an embodiment of the

present invention and thus a variation is small; for example, a variation in the threshold

value among transistor characteristics which is illustrated in FIG. 4B can be 0.5 volts or

smaller. Thus, data at more stages can be held in one memory cell within a narrower
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voltage range; consequently, voltage for writing or reading can be lower. For example,

voltage used for writing or reading data of 4 bits (16 stages) can be 10 volts or lower,

[0070]

Since voltage used is relatively low in an embodiment of the present invention,

a phenomenon such as interference with an adjacent element or leakage of a signal to an

adjacent element is less likely to occur than in an FGNVM, and in addition, the length

of one side of one memory cell can be as small as 10 nm in simulation.

[0071]

In order to further increase such an effect, an S value of a transistor used may

be grater than or equal to 59 mV/dec and less than or equal to 70 mV/dec, preferably

greater than or equal to 59 mV/dec and less than or equal to 63 mV/dec at a temperature

when the transistor is in use. In this manner, a variation in threshold values in the

whole semiconductor memory device can be reduced, which is a matter of course.

[0072]

In particular, when the writing transistor has an S value in the above range, a

variation in the amount of charge at the time of writing data becomes small. In

addition, when the reading transistor has an S value in the above range, the potential to

be applied to the reading word line at the time of reading can be set with a short interval.

These features are advantageous in the case of dealing with multivalued data in a

semiconductor memory device.

BRIEF DESCRIPTION OF DRAWINGS

[0073]

In the accompanying drawings:

FIGS, 1A and IB are diagrams illustrating a semiconductor memory device

according to an embodiment of the present invention;

FIGS. 2A and 2B are diagrams illustrating a driving method (writing) of a

semiconductor memory device according to an embodiment of the present invention;

FIGS. 3A and 3B are diagrams illustrating a driving method (reading) of a

semiconductor memory device according to an embodiment of the present invention;

FIGS. 4A and 4B are diagrams illustrating a principle of reading data at a

plurality of stages in an embodiment of the present invention;



FIGS. 5A and 5B are diagrams illustrating a semiconductor memory device

according to an embodiment of the present invention;

FIGS. 6A and 6B are diagrams illustrating a driving method (reading) of a

semiconductor memory device according to an embodiment of the present invention;

FIGS. 7A to 7C are diagrams each illustrating layout and the like of wirings of

a semiconductor memory device according to an embodiment of the present invention;

FIGS. 8A to 8D are diagrams illustrating manufacturing steps of a

semiconductor memory device according to an embodiment of the present invention;

FIGS. 9A to 9C are diagrams illustrating manufacturing steps of a

semiconductor memory device according to an embodiment of the present invention;

FIGS. 10A and 10B are circuit diagrams of a semiconductor memory device

according to an embodiment of the present invention;

FIGS. 11A to 11D are diagrams illustrating manufacturing steps of a

semiconductor memory device according to an embodiment of the present invention;

FIGS. 12A and 12B are diagrams illustrating manufacturing steps of a

semiconductor memory device according to an embodiment of the present invention;

FIGS. 13A and 13B are circuit diagrams illustrating a semiconductor memory

device according to an embodiment of the present invention;

FIG. 14 is a graph showing deterioration (change in a threshold value) due to

rewriting in a memory cell of an embodiment of the present invention and that in a

memory cell of a conventional FGNVM;

FIG. 15 is a graph showing deterioration of conductance due to rewriting in a

memory cell of an embodiment of the present invention and a memory cell of a

conventional FGNVM;

FIGS. 16A and 16B are circuit diagrams of a semiconductor memory device

according to an embodiment of the present invention;

FIGS. 17A and 17B are diagrams illustrating a driving method (reading) of a

semiconductor memory device according to an embodiment of the present invention;

and

FIGS. 18A to 18E are diagrams illustrating a driving method (reading) of a

semiconductor memory device according to an embodiment of the present invention.



BEST MODE FOR CARRYING OUT THE INVENTION

[0074]

Hereinafter, embodiments will be described with reference to drawings.

However, the embodiments can be implemented in various different ways. It will be

readily appreciated by those skilled in the art that modes and details can be changed in

various ways without departing from the spirit and scope of the present invention.

Therefore, the present invention is not interpreted as being limited to the description of

the embodiments below. Note that in structures of the invention described below, the

same portions or portions having similar functions are denoted by the same reference

numerals, and description thereof is not repeated.

[0075]

Further, in the embodiments described below, for easy understanding, timing,

width, height, or the like of a pulse is explained to have a fixed value; however, in

consideration of the spirit of the present invention, it can be easily understood that the

timing of the pulse is not necessarily synchronized or the width or height of the pulse is

not necessarily fixed.

[0076]

[Embodiment 1]

In this embodiment, operation of a semiconductor memory circuit illustrated in

FIGS. 1A and I B is described. Here, both the writing transistor Trl and the reading

transistor Tr2 are n-channel transistors. First, a writing method is described with

reference to FIGS. 2A and 2B. At the time of writing, the reading bit lines ( . . ., Om-1,

Om, Om+\, ...), the bias lines (..., Sm-1, Sm, Sm+1, ...), and the reading word lines

(..., P«-l, Pn, Pn+1, ...) are held at constant potential. Although potential may be

different depending on the kind of a wiring, the potential of any wiring is set to 0 volts

here.

[0077]

In this state, a pulse is sequentially applied to the writing word lines (..., Qn-1,

Qn, Q«+l, ...) so that the writing transistor is turned on/off. Here, the potential of the

writing word line when the pulse is not applied is VQ and potential of the pulse is QH.

As illustrated in FIG. 2A, by sequentially applying the pulse in each row, the writing



transistor is turned on/off per row. A time for which the pulse continues may be

determined in consideration of the characteristics of the writing transistor.

[0078]

Although periods during which the pulse is applied are prevented from

overlapping with each other in the diagram, for example, a period during which a pulse

is applied to Q«-l may partly overlap with a period during which a pulse is applied to

Q . In addition, QL needs to be lower than or equal to the threshold value of the

writing transistor Trl and can be set to - 2 volts, for example. Further, QH needs to be

higher than or equal to the threshold value of the writing transistor Trl and can be set to

+2 volts, for example.

[0079]

At the same time, a signal is applied to the writing bit lines (..., Rm-1, Rm,

Rm+1, . . .). The signal applied to the writing bit lines includes a plurality of pulses and

the height of the pulses can be various. Here, the pulses have four levels of heights

R , RL+ RL+2 , and RL+3 (a > 0). These pulses are not always completely

synchronized with the pulses applied to the writing word line. For example, the pulses

to the writing bit lines are preferably applied after a predetermined period (τ after

application of the pulses to the writing word lines. Further, application of the pulses to

the writing bit lines is preferably stopped after a predetermined period (τ 2) after

application of the pulses to the writing word lines is stopped. Here, \ and τ 2 may be

set so that i < τ 2 or i > τ 2; however, for design of a circuit, it is preferable that they are

set so that i = τ .

[0080]

A state of the memory cell in the n-th row and the m-th column is illustrated in

FIG. 2B. Here, the potential of the writing word line Qn is QH and the writing

transistor Til(n,m) is thus in an on state. Therefore, the drain of the writing transistor

Trl («,m) (i.e., the gate of the reading transistor Ύτ2(η,η ) is at the potential RL+ 3 of the

writing bit line Rm at the time or at potential close to this potential.

[0081]

In this manner, potential in each memory cell is determined. Based on the

potential in each memory cell, the amount of charge generated on the drain side of each



of the writing transistors Trl is determined. Here, the amount of charge in each of the

memory cells is shown in Table 1 when the amount of charge corresponding to the

potential VR is QO, that corresponding to the potential V +A is Ql, that corresponding

to the potential RL+2 is Q2, and that corresponding to the potential L+3A is Q3.

[0082]

[Table 1]

[0083]

The amount of charge Q0, the amount of charge Ql, the amount of charge Q2,

and the amount of charge Q3 correspond to those already described with reference to

FIG. 4B. The above charge can be held for an extremely long time (10 hours or

longer) even after the power supply to the semiconductor memory device is stopped.

[0084]

Next, a reading method is described with reference to FIGS. 3A and 3B. As

illustrated in FIG. 3B, at the time of reading, constant potential is applied to the writing

word lines (..., Qw-1, Qn, Qn+1, ...) and the writing bit lines (..., R - 1, Rm, Rm+1,

. . .). It is necessary to apply potential lower than or equal to the threshold value of the

writing transistor to the writing word lines. Although the potential of the writing word

line is held at QL and the potential of the writing bit line is held at RL here, the lines

may be held at another potential. Further, the bias lines (..., Sw-1, Sm, Sm+1, ...) are

also held at constant potential V - The potential V can be set to, for example, +2

volts. In addition, a load (a resistor) with an appropriate magnitude is connected to an

end of the reading bit lines (..., Om-1, Om, Om+l, ...) and an end of the load is held at

constant potential (0 V here).

[0085]

The potential of the reading word lines is held at L except when a pulse is

applied. Then, as illustrated in FIG. 3A, pulses are sequentially applied to the reading



word lines (..., P - 1, P«, Pn+1, ...). First, the height of the pulse is V and the

potential of the reading word lines (..., Pn-1, n, Pn+1, ...) is sequentially set to the

initial potential P after a predetermined period. After the pulse is applied to all the

rows, a pulse at a height of V 2 is sequentially applied to the reading word lines. Then,

a pulse at a height of p3 is sequentially applied to the reading word lines. In this

manner, reading is performed. In the above description, PL, VP p , and P3

correspond to those already described with reference to FIG. 4B.

[0086]

Through the above steps, the reading transistor Tr2 is turned on in some cases

by the application of the pulse. For example, as already described with reference to

FIG. 4B, it is the reading transistor Tr2 of a memory cell in which the amount of charge

is Q3 that is turned on with the pulse at the height of pi , which is the lowest; therefore,

which of the memory cells has the amount of charge Q3 can be specified by observing

the potential of the reading bit lines (. . ., Om-1, Om, Om+1, . . .). This is because when

the reading transistor Tr2 is turned on, the potential of the reading bit line becomes the

same as or close to the potential of the bias line.

[0087]

In FIG. 3A, at the time when a pulse is applied to the reading word line Pn-1,

the potential of the reading bit line Om+1 is increased (a pulse is generated); at the time

when a pulse is applied to the reading word line Pn, the potential of the reading bit line

Om is increased. From this fact, it can be specified that the amount of charge in a

memory cell in the (n-l)-th row and the (m+l)-th column and the amount of charge in

the memory cell in the n-th row and the w-th column are Q3.

[0088]

Then, in the case where a pulse at the height of V is applied to the reading

word line, a reading transistor of a memory cell in which the amount of charge is Q3 or

Q2 is turned on; thus, in a similar manner, which of the memory cells has the amount of

charge of Q3 or Q2 can be known. Similarly, also in the case where a pulse at the

height of p3 is applied to the reading word line, the potential of the reading bit line is

changed depending on the amount of charge.

[0089]



Reading is thus completed. The number of times of generating a pulse in each

memory cell is recorded, whereby data written in the memory cell can be known. For

example, according to FIG 3A, in the memory cell in the n-th row and the -th column,

a pulse is generated three times for one reading operation. This is because the charge

held is Q3 so that the reading transistor Tr2 is turned on in response to all the pulses

which are applied to the reading word line P«, and the reading bit line Om has the same

potential as the bias line Sm or the potential of the reading bit line Om becomes close to

the potential of the bias line Sm.

[0090]

On the other hand, in a memory cell in the («+l)-th row and the (m-l)-th

column, no pulse is generated. This is because the amount of charge in the memory

cell is Q0 that is the smallest and the reading transistor Tr2 is not turned on even with

the pulse at the height of that is the highest pulse. Results of adding up the number

of pulses generated in each of the memory cells in this manner are shown in Table 2.

In this manner, data stored in each memory cell can be read. Although data is

sequentially read per row in the above example, it is also possible to read only data in a

specific memory cell in a similar manner.

[0091]

[Table 2]

[0092]

[Embodiment 2]

In this embodiment, operation of a semiconductor memory circuit illustrated in

FIGS. 5A and 5B is described. Here, both the writing transistor Trl and the reading

transistor Tr2 are n-channel transistors. In this embodiment, the reading word line is

replaced with the writing word line in another row in Embodiment 1. As described

above, by employing this structure, the number of wirings of a semiconductor memory



device can be smaller than that in Embodiment 1. In this embodiment, the writing

word line in the («-l)-th row is substituted for the reading word line in the n-th row.

[0093]

A writing method is basically the same as the writing method in Embodiment 1.

The reading bit lines (..., Om-1, Om, Om+1, ...) and the bias lines (..., S/n-1, Sm,

Sm+1, ...) are held at constant potential. Although the potential may be different

between the kinds of wirings, it is desirable that the potential of the reading bit line be

equal to that of the bias line in each column in order to prevent current from flowing

between a source and a drain of the reading transistor. Here, the potential of each line

is set to +3 volts.

[0094]

Note that, under such conditions, depending on the potential of the drain of the

writing transistor Trl (i.e., the potential of the gate of the reading transistor Tr2), the

reading transistor Tr2 is always in an off state. For example, when is +3 volts

or less, time when the reading transistor Tr2 is in an off state is long.

[0095]

Then, a pulse is sequentially applied to the writing word lines (..., Qn-1, Q ,

Qn+1, ...) as illustrated in FIG. 2A so that the writing transistor is turned on/off. At

the same time, a signal is applied to the writing bit lines (..., R/w-1, R n, R/n+1, ...) so

that data is written in a memory cell. The wave height VQ of the pulse applied to the

writing word line is set to +3 volts and QL is set to - 3 volts, for example. VR is set to

0 volts. The amount of charge held in each memory cell is similar to that described in

Embodiment 1, which is shown in Table 1.

[0096]

Next, a reading method is described with reference to FIGS. 6A and 6B.

Although data is sequentially read per row in an example below, it is also possible that

only data in a specific memory cell is read in a similar manner. As illustrated in FIG.

6B, at the time of reading, constant potential RL is applied to the writing bit lines (...,

Rm-1, R , R/n+1, ...). Further, the bias lines (..., Sm-1, Sm, Sm+1, ...) are also held

at constant potential V Each of the potential L and the potential V can be set to,

for example, 0 volts.



[0097]

Pulses are applied to the writing word lines (..., Qn-1, Qn, Qn+1, ...). The

pulses have three stages of wave heights which are illustrated in FIG. 4B as 1, P2, and

V (Vpi < V 2 < p3) and ¾ is preferably lower than the potential of the writing bit

lines (..., Rm -1, Rm, Rm+1, ...). Further, the potential of the writing word lines is

preferably PL when a pulse is not applied. For example, each height can be set as

follows: pL = - 6 [volt], Vn = - 5 [volt], V? = - 4 [volt], and ¾ = - 3 [volt].

[0098]

A group of three pulses, the potential of which is set in a stage-by-stage manner,

is sequentially applied to the writing word lines. It is to be noted here that although

the writing word line is connected to the gate of the writing transistor, the writing

transistor is not turned on when the following conditions are met. Therefore, the

charge held in the capacitor does not leak at the time of reading.

[0099]

As described above, the maximum potential of the pulse applied to the writing

word line is - 3 volts and the potential of the writing bit line connected to the source of

the writing transistor is 0 volts; thus, when the potential of the gate of the writing

transistor and that of the source are compared, the former is lower than the latter.

[0100]

On the other hand, when the potential of the gate of the writing transistor is

higher than that of the drain, the writing transistor is turned on and the charge held in

the capacitor leaks. It is to be noted that the potential of the drain of the writing

transistor is affected via the capacitor by change in the potential of the writing word line

in the preceding row so as to be different from the potential at the time of writing. In

consideration of such change in the potential, conditions at the time of writing or

reading need to be set in such a manner that the potential of the drain of the writing

transistor is always lower than the potential of the gate of the writing transistor.

[0101]

On condition that there is no parasitic capacitance in the writing transistor and

the reading transistor, ( RL - VQ - Vn + FPL) may be 0 or more. Since this condition

is met when V = 0 [volt], QL = - 3 [volt], PL = - 6 [volt], and = - 3 [volt] as



described above, the charge held in the memory cell does not leak from the writing

transistor due to a pulse applied to the writing word line.

[0102]

As illustrated in FIG. 6A, pulses are sequentially applied to the writing word

lines (..., Qn-2, Qn-1, Qn, ...). It is to be noted that data stored in the memory cells

in the n-th row is obtained at the time of applying a pulse to the writing word line in the

(n-l)-th row. Similarly to Embodiment 1, a state (an on state or an off state) of the

reading transistor Tr2 is changed depending on the amount of charge held on the drain

side of the writing transistor Trl.

[0103]

Similarly to Embodiment 1, by monitoring the potential of the reading bit line,

a state (an on state or an off state) of the reading transistor in response to a pulse applied

to the writing word line in the preceding row can be known. For example, in order that

a state of the reading transistor of the memory cell in the «-th row and the m-th column

be known, the potential of the reading bit line Om at the time of applying a pulse to the

writing word line Qn-1 in FIG. 5A or 5B may be monitored.

[0104]

In the case where the amount of charge in this memory cell is Q3, which is the

largest, the reading transistor is turned on even with the lowest pulse. The potential of

the reading bit line changes three times while three pulses are applied; therefore, three

pulses can be observed. On the other hand, in the case where the amount of the charge

is Q0, which is the smallest, the reading transistor is not turned on even with the highest

pulse; therefore, any pulse is not observed. In this manner, the number of pulses is

counted, whereby the amount of charge held in each memory cell, i.e., data, can be

known.

[0105]

[Embodiment 3]

In this embodiment, a shape and a manufacturing method of the semiconductor

memory device described in Embodiment 2 are described. In this embodiment, an

oxide semiconductor containing zinc and indium is used for the writing transistor and a

single crystal silicon semiconductor is used for the reading transistor. Therefore, the



writing transistor is stacked over the reading transistor.

[0106]

That is, an insulated gate transistor using a single crystal silicon semiconductor

which is provided over a single crystal silicon substrate is used as the reading transistor

and a transistor in which an oxide semiconductor is used for a semiconductor layer is

formed thereover as the writing transistor. Note that although an example in which a

semiconductor memory device is formed over a single crystal silicon substrate is

described in this embodiment, the semiconductor memory device can be provided over

another kind of semiconductor substrate or an insulating substrate, alternatively.

[0107]

An example of layout of a memory cell of the semiconductor memory device in

this embodiment is illustrated in FIGS. 7A to 7C. In FIG. 7A, main wirings, main

electrodes, and the like provided over a single crystal silicon substrate are illustrated.

An element separation region 102 is formed over the substrate. A wiring 106c and a

wiring 106d which contain a conductive material, doped silicon, or the like are formed

in the region other than the element separation region 102 and partly serve as a source

106a and a drain 106b of the reading transistor, respectively. The wirings 106c and

106d serve as a reading bit line and a bias line, respectively. The source 106a and the

drain 106b are separated from each other with a gate electrode 109 of the reading

transistor.

[0108]

Main wirings, main electrodes, and the like, focusing on the transistor using the

oxide semiconductor which is formed over the circuit of FIG. 7A are illustrated in FIG

7B. An oxide semiconductor region 110 having an island shape, a writing word line

112a, and a reading word line 112b are formed. Part of the writing word line 112a

overlaps with the oxide semiconductor region 110 and serves as a gate electrode of the

writing transistor. Further, a capacitor is formed in a portion where the reading word

line 112b overlaps with the gate electrode 109.

[0109]

FIG 7C illustrates a structure where the structure illustrated in FIG 7A

overlaps with the structure illustrated in FIG. 7B, with which a wiring 116 formed

thereover further overlaps. In FIG. 7C, the structures and the wiring are shifted a little



from one another so as to see the overlap. Note that points A and B denote the same

positions in FIGS. 7A to 7C. Although a design rule of such elements can be

appropriately selected, it is preferable that a channel width of each transistor is greater

than or equal to 10 nm and less than or equal to 0.4 µπ and a channel length thereof is

greater than or equal to 10 nm and less than or equal to 0.4 µιη for an increase in the

integration degree.

[0110]

Hereinafter, a manufacturing method of a semiconductor memory device

having the above-described structure is described. FIGS. 8A to 8D and FIGS. 9A to

9C are cross-sectional views taken along a line linking dot A to dot B in FIGS. 7A to 7C.

First, with the use of a known semiconductor manufacturing technique, the element

separation region 102, doped silicon regions (impurity regions) 105a and 105b, a gate

insulating film 103* and a dummy gate 104 are formed over the single crystal silicon

substrate 101 as illustrated in FIG. 8A. A sidewall may be provided on a side surface

of the dummy gate 104 as illustrated in FIG 8A.

[0111]

The thickness of the gate insulating film is preferably 10 nm or more so that

generation of leakage current is suppressed. In order that gate capacitance be less than

the capacitance of a capacitor to be formed later, a material having a relatively low

dielectric constant such as silicon oxide is preferably used as a material of the gate

insulating film.

[0112]

A silicide region may be provided over the impurity regions 105a and 105b so

that conductivity is increased. In this specification, silicide regions and impurity

regions which are formed in the above described manner are referred to as the source

106a and the drain 106b. As described referring to FIG. 7A, the regions partly serve as

the reading bit line (i.e., the wiring 106c) and the bias line (i.e., the wiring 106d).

[0113]

Next, an interlayer insulator 107 is formed as illustrated in FIG. 8B. The

interlayer insulator 107 may be formed as a single layer or a multilayer and may include

a stress liner for causing a distortion in the channel of the transistor. Then, the



3

interlay er insulator 107 is etched and planarized by a chemical mechanical polishing

(CMP) method; the etching is stopped upon exposure of the dummy gate 104. After

that, as illustrated in FIG. 8C, a hole portion 108 is formed by selectively removing the

dummy gate.

[0114]

Then, a single-layer film or a stacked-layer film which contains a conductive

material is deposited and planarized, whereby the gate electrode 109 is formed in the

hole portion 108 as illustrated in FIG. 8D. Then, surface treatment using rare gas ions

such as argon ions may be performed in order to reduce hydrogen concentration at a

surface of the interlayer insulator 107. A material which forms an ohmic contact with

an oxide semiconductor film to be formed later is preferable as a material of the gate

electrode 109.

[0115]

An example of such a material is a material whose work function W is almost

the same as or smaller than electron affinity φ (an energy gap between the lowest end of

the conduction band of the oxide semiconductor and the vacuum level) of the oxide

semiconductor. In other words, W < φ + 0.3 [electron volt] may be satisfied. For

example, titanium, molybdenum, and titanium nitride can be given.

[0116]

Then, the oxide semiconductor film having a thickness of 3 nm to 10 nm is

formed by a sputtering method. A method other than a sputtering method may be

employed as a method for forming the oxide semiconductor film. The oxide

semiconductor contains at least one element selected from In, Ga, Sn, and Zn.

[0117]

For example, a four-component oxide (an oxide containing four kinds of

elements) such as an In-Sn-Ga-Zn-based oxide, a three-component oxide such as an

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

Sn-Ga-Zn-based oxide, an Al-Ga-Zn-based oxide, or a Sn-Al-Zn-based oxide, a

two-component metal oxide such as an In-Zn-based oxide, a Sn-Zn-based oxide, an

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

or an In-Ga-based oxide, a single-component metal oxide such as an indium oxide, a tin



1

oxide, a zinc oxide, or the like can be used. Further, Si, for example, may be contained

in the above oxide semiconductor.

[0118]

Here, for example, an In-Ga-Zn-based oxide means an oxide containing indium

(In), gallium (Ga), and zinc (Zn), and there is no limitation on the composition ratio

thereof.

[0119]

As the oxide semiconductor, a material represented by the chemical formula,

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

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

Mn, Ga and Co, or the like.

[0120]

When an In-Zn-based oxide is used as the oxide semiconductor, a target to be

used has a composition ratio of In/Zn = 0.5 to 50, preferably In/Zn = 1 to 20, further

preferably In/Zn = 1.5 to 15 in an atomic ratio. For example, a target used for the

formation of an In-Zn-based oxide has an atomic ratio of In: Zn: O = l ' ' , where X > 1,

preferably X > 1.5.

[0121]

As illustrated in FIG. 9A, by etching the oxide semiconductor film which is

formed in the above-described manner, the oxide semiconductor region 110 having an

island shape is formed. The oxide semiconductor region 110 may be subjected to heat

treatment so that semiconductor characteristics are improved. Thus, a structure can be

obtained in which the gate electrode 109 and the oxide semiconductor region 110 are in

contact with each other.

[0122]

Then, a gate insulating film 111 is formed by a known deposition method such

as a sputtering method as illustrated in FIG. 9A. In order that generation of leakage

current be reduced, the thickness of the gate insulating film 111 is preferably 20 n or

more and the hydrogen concentration in the gate insulating film is preferably 1 x 10~19

cm or less. Silicon oxide, aluminum oxide, hafnium oxide, lanthanum oxide,

aluminum nitride, or the like may be used for the gate insulating film.



[0123]

The gate insulating film 111 is a dielectric of a capacitor which is preferably

formed using a material with a relative permittivity of 10 or more so that the

capacitance of the capacitor is larger than the gate capacitance of the reading transistor.

Heat treatment may be performed after the gate insulating film is formed so as to

improve semiconductor characteristics.

[0124]

After that, the writing word line 112a and the reading word line 112b are

formed using a conductive material. As illustrated in FIG. 9B, part of the writing word

line 112a serves as the gate electrode of the transistor using the oxide semiconductor.

Further, a capacitor is formed using part of the reading word line 112b and the gate

electrode 109. As a material of the writing word line 112a, a material whose work

function is larger than the electron affinity of the oxide semiconductor by 0.5 electron

volts or more is preferable. Tungsten, gold, platinum, p-type silicon and the like can

be given as examples.

[0125]

Then, as illustrated in FIG. 9B, ions of an element which is more easily

oxidized than the oxide semiconductor are implanted to the oxide semiconductor region

by a known method for implanting ions. Examples of such an element are titanium,

zinc, magnesium, silicon, phosphorus, boron, and the like. In general, boron and

phosphorus are used in a conventional semiconductor process and thus easy to be used;

particularly, as an ion to be implanted to the above-described thin gate insulating film

111 or the oxide semiconductor region 110, an ion of phosphorus whose atomic weight

is greater than the atomic weight of boron is preferable.

[0126]

It is desirable that the ions contain hydrogen as little as possible. The

hydrogen concentration in the ions is preferably 0.1 % or less. It is known that

hydrogen is a donor in an oxide semiconductor; when hydrogen is contained in an ion,

hydrogen implanted to an oxide semiconductor moves in the oxide semiconductor and

causes a reduction in reliability of an element.

[0127]

In the oxide semiconductor, oxygen deficiency is caused by the



above-described implantation of ions and n-type conductivity is exhibited. An oxide

semiconductor is different from a silicon semiconductor in that many oxide

semiconductors can obtain high conductivity without such heat treatment which is

needed in the case of a silicon semiconductor for recovery of crystallinity after

implantation of ions. Needless to say, heat treatment may be performed on the oxide

semiconductor after the implantation of ions. In this manner, a region 113 exhibiting

n-type conductivity is formed in the oxide semiconductor region 110. It is preferable

that conditions of implantation of ions be set so that carrier (electron) concentration in

this region is 1 x 10~19 cm- 3 or more.

[0128]

A basic element structure is completed through the above steps. After that, an

interlayer insulator 114 of a single-layer thin film or a multilayer thin film is formed.

A surface of the interlayer insulator 114 is planarized and a contact hole reaching the

oxide semiconductor region 110 is formed, and a connection electrode 115 is embedded

therein. Then, the wiring 116 is formed. The wiring 116 is a writing bit line. A

similar wiring may be provided parallel to the writing word line 112a and the reading

word line 112b. In this manner, the memory cell of the semiconductor memory device

illustrated in FIG. 9C is manufactured.

[0129]

[Embodiment 4]

In this embodiment, a semiconductor memory device is described in which the

number of wirings is smaller than that in the semiconductor memory device described in

Embodiment 2. FIGS. 10A and 10B are circuit diagrams of a semiconductor memory

device of this embodiment. In this embodiment, the writing bit line is substituted for

the reading bit line in Embodiment 2. Therefore, the number of wirings is smaller than

that in Embodiment 2. For example, in a semiconductor memory device having a

matrix of N rows and M columns, the number of wirings is (N + 2M + 1).

[0130]

Operation of a semiconductor memory circuit illustrated in FIGS. 10A and 10B

is described. Here, both the writing transistor Trl and the reading transistor Tr2 are

n-channel transistors.



[0131]

A writing method is basically the same as the writing method in Embodiment 2.

A pulse is sequentially applied to the writing word lines (..., Q - 1, Q«, Qn+1, ...) as

illustrated in FIG. 2A so that the writing transistor is turned on/off. At the same time, a

signal is applied to the writing bit lines (..., Rm-1, Rm, Rm+1, ...) so that data is

written in a memory cell. The amount of charge held in each memory cell is similar to

that described in Embodiment 1, which is shown in Table 1.

[0132]

It is to be noted that a problem is caused by this structure where the writing bit

line is substituted for the reading bit line. For example, positive charge is held in the

memory cell in the n-th row and the -th column and as a result, the reading transistor

Tr2(n,m) of the memory cell is turned on at the time of writing in some cases. The

potential of the writing bit line Rm is always changed because data is written in another

memory cell in the same column. In the case where the bias line S is held at constant

potential, current flows between the source and the drain of the reading transistor

Tr2(n,m).

[0133]

In order to prevent such current, a signal which is the same as a signal applied

to the writing bit line Rm may be applied to the bias line in the same phase as the signal

applied to the writing bit line Rm, so that the potential of the bias line Sm is the same as

the potential of the writing bit line Rm. Alternatively, a signal applied to the bias line

Sm may be synchronized with a signal applied to the writing bit line Rm.

[0134]

Current does not flow between the source and the drain of the reading transistor

Tr2(«,m) in theory because the potential of the writing bit line Rm and that of the bias

line Sm are set to be equal to each other. Even when the potential of the writing bit

line Rm and that of the bias line Sm are not the same, current flowing between the

source and the drain of the reading transistor Tr2(«,m) can be sufficiently reduced by

adjusting the potential of the bias line Sm to that of the writing bit line Rm so that an

effective potential difference is sufficiently small. In order that an effect of this

embodiment is obtained, the phase of the potential of the bias line Sm is preferably



deviated from the phase of the potential of the writing bit line m by 5 % or less.

[0135]

Next, a reading method is described. In an example below, data is

sequentially read per row; it is also possible that only data in a specific memory cell is

read in a similar manner. The reading method is similar to that in Embodiment 2. At

the time of reading, the bias lines (..., Sm-1, Sm, Sm+1, ...) are held at constant

potential V - The potential V can be set to, for example, 0 volts.

[0136]

Pulses are applied to the writing word lines as illustrated in FIG. 6A. For

example, each height can be set as follows: L = - 6 [volt], pi = - 5 [volt], 2 = - 4

[volt], and 3 = - 3 [volt].

[0137]

Similarly to Embodiment 2, a state (an on state or an off state) of the reading

transistor Tr2 is changed depending on the amount of charge held on the drain side of

the writing transistor Trl. By monitoring the potential of the writing bit line, a state

(an on state or an off state) of the reading transistor in response to a pulse applied to the

writing word line in the preceding row can be known. Further, similarly to

Embodiment 2, the amount of charge held in each memory cell, i.e., data, can be known

by counting the number of pulses.

[0138]

[Embodiment 5]

In this embodiment, a manufacturing method of a semiconductor memory

device having the structure described in Embodiment 4, in which a writing bit line also

serves as a reading bit line, is described with reference to FIGS. 11A to 11D and FIGS.

12A and 12B. First, with the use of a known semiconductor manufacturing technique,

over a single crystal silicon substrate 201, an element separation region 202, doped

silicon regions (impurity regions) 205a and 205b, a gate insulating film 203, and a

dummy gate 204 are formed as illustrated in FIG. 11A. A sidewall may be provided on

a side surface of the dummy gate 204 as illustrated in FIG. 11A.

[0139]

A silicide region 206a and a silicide region 206b are provided over the impurity



region 205a and the impurity region 205b, respectively, so that conductivity is increased.

The impurity regions 205a and 205b and the silicide regions 206a and 206b partly serve

as the writing bit line and the bias line.

[0140]

Then, an interlayer insulator 207 is formed. Then, as in the method described

in Embodiment 3 the interlayer insulator 207 is etched and planarized; the etching is

stopped upon exposure of the dummy gate 204. After that, as illustrated in FIG. 11B, a

hole portion 208 is formed by selectively removing the dummy gate 204. Further, as

illustrated in FIG. 11C, a contact hole 209 reaching the silicide region 206a is formed in

the interlayer insulator 207.

[0141]

Then, a single-layer film or a stacked-layer film which contains a conductive

material is deposited and planarized, whereby a gate electrode 211 and a connection

electrode 210 are formed in the hole portion 208 and the contact hole 209, respectively,

as illustrated in FIG. 11D.

[0142]

Next, an oxide semiconductor region 212 having an island shape is formed to a

thickness of 3 nm to 10 nm and a gate insulating film 213 is then formed as illustrated

in FIG. 12A.

[0143]

After that, a writing word line 214a and a writing word line 214b are formed

using a conductive material. As illustrated in FIG. 12B, part of the writing word line

214a serves as a gate electrode of a transistor using an oxide semiconductor. A

capacitor is formed using part of the writing word line 214b and the gate electrode 211.

[0144]

Then, ions of an element which is more easily oxidized than the oxide

semiconductor are implanted to the oxide semiconductor region by a known method for

implanting ions. After that, an interlayer insulator 215 of a single-layer thin film or a

multilayer thin film is formed. In this manner, a memory cell of a semiconductor

memory device which is illustrated in FIG. 12B is manufactured.

[0145]

[Embodiment 6]



In this embodiment, a semiconductor memory device is described in which the

number of wirings is smaller than that in the semiconductor memory device described in

Embodiment 4. FIGS. 13A and 13B are circuit diagrams of a semiconductor memory

device of this embodiment. In this embodiment, a bias line, which is provided in each

column in Embodiment 4, is shared by adjacent memory cells. As illustrated in FIG.

13A, the bias line Sm of a memory cell in the n-th row and the (2m-l)-th column also

serves as a bias line of a memory cell in the -th row and the 2m-th column.

[0146]

Therefore, the number of wirings is smaller than that in Embodiment 4. For

example, in a semiconductor memory device having a matrix of N rows and 2M

columns, the number of wirings is (N + 3M + 1). The number of wirings in a

semiconductor memory device having a matrix of N rows and 2M columns is (2N + 6 )

according to Embodiment 1, (IN + 6 + 1) according to Embodiment 2, or (IN +AM +

1) according to Embodiment 4.

[0147]

The memory cell in the n-th row and the 2m -th column and a portion around

the memory cell are illustrated in FIG. 13B. A driving method of the semiconductor

memory device in this embodiment is basically the same as that in Embodiment 4.

[0148]

[Embodiment 7]

In this embodiment, a semiconductor memory device is described in which the

number of wirings is smaller than that in the semiconductor memory device described in

Embodiment 4. FIGS. 16A and 16B are circuit diagrams of a semiconductor memory

device of this embodiment. In this embodiment, a writing bit line in an adjacent

column is substituted for a bias line which is provided in each column in Embodiment 4.

As illustrated in FIG. 16A, the writing bit line Rm+1 in the (/n+l)-th column is

substituted for the bias line of the memory cell in the m-t column.

[0149]

Therefore, the number of wirings is smaller than that in Embodiment 4. For

example, in a semiconductor memory device having a matrix of N rows and M columns,

the number of wirings is (N +M + 2).



[0150]

The memory cell in the «-th row and the m -th column and a portion around the

memory cell are illustrated in FIG. 16B. A writing method of the semiconductor

memory device in this embodiment is basically the same as that in Embodiment 4.

[0151]

Next, a reading method is described with reference to FIGS. 17A and 17B and

FIGS. 18A to 18E. Similarly to Embodiment 2 or 4, a pulse is applied to the writing

word lines (..., Qn-1, Qn, Qn+1, ...) at the time of reading.

[0152]

Further, the writing bit lines (..., Rm -1, Rm, Rrn+1, ...) are held at potential

V or potential V Vs > S or is connected to a potential determination circuit,

depending on a column in which reading is performed. The potential determination

circuit may include a means for supplying potential. The potential determination

circuit is provided for each column and is electrically connected to the writing bit line

Rm in the m-th column when reading is performed in a memory cell in the (m -l)-th

column.

[0153]

The potential determination circuit includes at least a terminal of a wiring

connectable to the writing bit line, a potential measure means, a capacitor, and a

switching mechanism which switches connection of the capacitor between the potential

measure means and the terminal. The writing bit line Rm is connected to the capacitor

or the potential measure means by the switching mechanism at the time of reading data

in the (m -l)-th column.

[0154]

In FIG. 17B, the potential determination circuit and a means for supplying the

writing bit line Rm with the potential VS or V are illustrated. The writing bit line

Rm can be connected to one of the potential determination circuit and the means by a

switch SWl m. The potential determination circuit in the m -th column includes, as

illustrated in FIG. 17B, a switch SW2m, a potential measure means Vm, a capacitor Cm,

and a terminal connected to the means for supplying the potential SL. The switch

SW2m connects the capacitor to any of a wiring on the writing bit line Rm side, the



terminal, and the potential measure means V . The potential of the capacitor is

preferably set to SL by connecting the capacitor to the terminal except when reading of

data is performed.

[0155]

A method for reading data in the «-th row and the (m-l)-th column is described

below. The circuit illustrated in FIG. 16A at the time of reading is expressed by an

equivalent circuit illustrated in FIG. 17A. Thus, the memory cell in the -th row and

the (m-l)-th column and memory cells around the memory cell are expressed as a

matrix illustrated in FIG. 17B at the time of reading. When data in a memory cell in

the (m-l)-th column is read, the potential of the writing bit lines in the (m -l)-th column

and columns on the left side of the (m -l)-th column is set to SH and the potential of the

writing bit lines in the (m +l)-th column and columns on the right side of the (m +l)-th

column is set to V -

[0156]

The potential of the writing bit line Rm is set to V by the switch SWl m

before the writing bit line Rm is connected to the potential determination circuit. Then,

the writing bit line Rm and the potential determination circuit are connected to each

other by the switch SWl m . At this time, in the potential determination circuit, the

writing bit line Rm and the capacitor Cm are connected to each other. Power is stored

in the capacitor Cm so that the potential of the capacitor Cm on the writing bit line Rm

side is V L-

[0157]

In each of memory cells on the left side of the writing bit line Rm - 1 and

memory cells on the right side of the writing bit line Rm +1, the source and the drain of

the reading transistor are at the same potential and current does not flow; therefore, the

memory cells can be considered not to exist in the circuit. The memory cells other

than the memory cells connected to the writing word line Qn-1 can also be considered

not to exist in the circuit because the reading transistors therein are set so as to be in an

off state.

[0158]

As a result, as illustrated in FIG. 18A, circuits which can be considered to



function as part of the circuit are the memory cell in the «-th row and the (nz-l)-th

column and the memory cell in the n-th row and the -th column with the writing bit

line Rm provided therebetween, particularly a circuit including the reading transistor

Tr2(n,m-1) and the reading transistor Tr2(«,m) in its center portion. These transistors

are turned on/off in accordance with the potential of the writing word line Qn-1 in the

(n-l)-th row.

[0159]

It is considered that a transistor in an off state becomes extremely high

resistance and breaks a circuit. This state can be expressed as a capacitor having an

extremely small capacitance. On the other hand, the transistor has limited resistance

even in an on state. Therefore, depending on combination of an on state and an off

state of the reading transistor Tr2(n,m-1) and the reading transistor Tr2(n,m) (that is,

combination of data in the memory cell in the n-th row and the (zn-l)-th column and

data in the memory cell in the n-th row and the -th column), equivalent circuits

illustrated in FIGS. 18B to 18E are obtained.

[0160]

For example, when the reading transistor Tr2(n,m-1) is in an off state and the

reading transistor Tr2(n,m) is in an on state, the circuit illustrated in FIG. 18B is realized.

Similarly, when the reading transistor Tr2(n,m-1) is in an on state and the reading

transistor Tr2(n,m) is in an off state, the circuit illustrated in FIG 18C is realized.

When both the reading transistor Tr2(n,/n-l) and the reading transistor Tr2(n,/n) are in

an on state, the circuit illustrated in FIG. 18D is realized. When the reading transistor

Tr2(n,m-1) and the reading transistor Tr2(n,w) are in an off state, the circuit illustrated

in FIG. 18E is realized.

[0161]

The more uniform the size or shape of the transistors, the closer the resistances

of the transistors to each other. Transistors of exactly the same size have the same

resistance. Since the reading transistors used in the memory cells are designed to have

the same volume, size, material, or shape, it can be considered that the reading

transistors have almost the same resistance.

[0162]



The potential of the capacitor Cm on the writing bit line Rm side when the

circuit becomes stable and current stops flowing (i.e., when a constant state is realized;

in other words, when charge corresponding to the state is stored in the capacitor Cm) is

ideally SL in FIG. 18B, V in FIG. 18C, ( SL + S )/2 in FIG. 18D, and VSL in FIG.

18E. In FIG. 18E, since a state of the bias line is not changed from the initial state, the

potential of the capacitor Cm on the writing bit line Rm side is V L-

[0163]

Here, regardless of the state of the reading transistor Tr2(«,m), the potential of

the capacitor Cm on the writing bit line Rm side is SL when the reading transistor

Tr2(n,m-1) is in an off state (the state illustrated in FIG. 18B and that illustrated in FIG.

18E). Alternatively, regardless of the state of the reading transistor Tr2(n,m), the

potential of the capacitor Cm on the writing bit line Rm side has a value other than VSL

when the reading transistor Tr2(«,m-1) is in an on state (the state illustrated in FIG. 18C

and that illustrated in FIG. 18D). Thus, by observing the potential of the capacitor Cm

on the writing bit line Rm side, the state of the reading transistor Tr2(n,m-1) can be

known.

[0164]

The value of Vs and that of VSL can be, for example, +3 volts and 0 volts,

respectively. The potential of the capacitor Cm on the writing bit line Rm side can be

measured by connecting the capacitor Cm and the potential measure means V by the

switch SW2m. In the case where the ground potential is 0 volts and it is observed that

some charge is stored in the capacitor Cm by the potential measure means Vm, it can be

known that the reading transistor Tr2(n,m-1) is in an on state. Alternatively, in the

case where it is observed that no charge is stored in the capacitor, it can be known that

the reading transistor Tr2(n,m-1) is in an off state. In this manner, reading can be

performed in each memory cell.

[0165]

In the above-described example, the potential of the writing bit lines in the

(m-l)-th column and the columns on the left side of the (m-l)-th column is set to SH

and the potential of the writing bit lines in the (m+l)-th column and the columns on the

right side of the (m+l)-th column is set to V L alternatively, the potential of the writing



bit lines in the (m-l)-th column and the columns on the left side of the (m-l)-th column

may be set to V and the potential of the writing bit lines in the (m+l)-th column and

the columns on the right side of the (w+l)-th column may be set to Vs - I addition,

the potential of the capacitor Cm may be FSH at the time of reading, although the

potential of the capacitor Cm is SL in the above-described example. When each

potential is changed as described above, it is to be noted that a cell in which reading can

be performed is different.

This application is based on Japanese Patent Application serial no.

2010-047902 filed with Japan Patent Office on March 4, 2010, the entire contents of

which are hereby incorporated by reference.



CLAIMS

1. A semiconductor memory device comprising:

a first memory cell including a first transistor, a second transistor, and a

capacitor;

a second memory cell including a third transistor;

a first line;

a second line;

a third line;

a fourth line; and

a fifth line,

wherein a gate of the first transistor is electrically connected to the first line,

wherein one of a source and a drain of the first transistor is electrically

connected to a gate of the second transistor and a first electrode of the capacitor,

wherein a second electrode of the capacitor and a gate of the third transistor are

electrically connected to the second line,

wherein the other of the source and the drain of the first transistor is electrically

connected to the third line,

wherein one of a source and a drain of the second transistor is electrically

connected to the fourth line, and

wherein the other of the source and the drain of the second transistor is

electrically connected to the fifth line.

2. The semiconductor memory device according to claim 1,

wherein the first line and the second line are parallel to each other, and

wherein the third line, the fourth line, and the fifth line are parallel to each

other.

3. The semiconductor memory device according to claim 1,

wherein the first line and the third line are orthogonal to each other.

4. The semiconductor memory device according to claim 1,

wherein one of a source and a drain of the third transistor is electrically



connected to the third line.

5. The semiconductor memory device according to claim 1,

wherein at least one of the first transistor, the second transistor, and the third

transistor includes an oxide semiconductor.

6. The semiconductor memory device according to claim 1,

wherein, when the third line is supplied with a first potential, the fourth line is

supplied with a second potential which is substantially the same potential as the first

potential.

7. A semiconductor device including the semiconductor memory device

according to claim 1.

8. A semiconductor memory device comprising:

a first memory cell including a first transistor, a second transistor, and a

capacitor;

a second memory cell including a third transistor;

a first line;

a second line;

a third line; and

a fourth line,

wherein a gate of the first transistor is electrically connected to the first line,

wherein one of a source and a drain of the first transistor is electrically

connected to a gate of the second transistor and a first electrode of the capacitor,

wherein a second electrode of the capacitor and a gate of the third transistor are

electrically connected to the second line,

wherein the other of the source and the drain of the first transistor is electrically

connected to the third line,

wherein one of a source and a drain of the second transistor is electrically

connected to the fourth line, and

wherein the other of the source and the drain of the second transistor is



electrically connected to the third line.

9. The semiconductor memory device according to claim 8,

wherein the first line and the second line are parallel to each other, and

wherein the third line and the fourth line are parallel to each other.

10. The semiconductor memory device according to claim 8,

wherein the first line and the third line are orthogonal to each other.

11. The semiconductor memory device according to claim 8,

wherein one of a source and a drain of the third transistor is electrically

connected to the third line.

12. The semiconductor memory device according to claim 8,

wherein at least one of the first transistor, the second transistor, and the third

transistor includes an oxide semiconductor.

13. The semiconductor memory device according to claim 8,

wherein, when the third line is supplied with a first potential, the fourth line is

supplied with a second potential which is substantially the same potential as the first

potential.

14. A semiconductor device including the semiconductor memory device

according to claim 8.

15. A semiconductor memory device comprising:

a first memory cell including a first transistor, a second transistor, and a first

capacitor;

a second memory cell including a third transistor;

a third memory cell including a fourth transistor, a fifth transistor, and a second

capacitor;

a first line;



a second line;

a third line; and

a fourth line,

wherein a gate of the first transistor and a gate of the fourth transistor are

electrically connected to the first line,

wherein one of a source and a drain of the first transistor is electrically

connected to a gate of the second transistor and a first electrode of the first capacitor,

wherein one of a source and a drain of the fourth transistor is electrically

connected to a gate of the fifth transistor and a first electrode of the second capacitor,

wherein a second electrode of the first capacitor, a second electrode of the

second capacitor, and a gate of the third transistor are electrically connected to the

second line,

wherein the other of the source and the drain of the first transistor is electrically

connected to the third line,

wherein one of a source and a drain of the second transistor and one of a source

and a drain of the fifth transistor are electrically connected to the fourth line, and

wherein the other of the source and the drain of the second transistor is

electrically connected to the third line.

16. The semiconductor memory device according to claim 15,

wherein the first line and the second line are parallel to each other, and

wherein the third line and the fourth line are parallel to each other.

17. The semiconductor memory device according to claim 15,

wherein the first line and the third line are orthogonal to each other.

18. The semiconductor memory device according to claim 15,

wherein one of a source and a drain of the third transistor is electrically

connected to the third line.

19. The semiconductor memory device according to claim 15,

wherein at least one of the first transistor, the second transistor, and the third



transistor includes an oxide semiconductor.

20. The semiconductor memory device according to claim 15,

wherein, when the third line is supplied with a first potential, the fourth line is

supplied with a second potential which is substantially the same potential as the first

potential.

21. A semiconductor device including the semiconductor memory device

according to claim 15.
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