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memory cell having a transistor using silicon
and a transistor using an oxide semiconductor,
without switching a signal for reading the
multilevel data in accordance with the number
of the levels of the multilevel data. The poten-
tial of the bit line is precharged, the electrical
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charge of the bit line is discharged via a tran-

RWL

sistor for writing data, and the potential of the
bit line which is changed by the discharging is
read as multilevel data. With such a structure,
the potential corresponding to data held in a
gate of the transistor can be read by only one-
time switching of a signal for reading data.
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DESCRIPTION

METHOD FOR DRIVING SEMICONDUCTOR DEVICE AND
SEMICONDUCTOR DEVICE

TECHNICAL FIELD
[0001]

The present invention relates to a method for driving a semiconductor device.

BACKGROUND ART
[0002]

A semiconductor device capable of holding data that includes a transistor
whose semiconductor layer is formed using silicon (Si) and a transistor whose
semiconductor layer'is formed using an oxide semiconductor (OS) has attracted
attention (see Patent Document 1).

[0003]

In recent years, with fhe increase in the amount of data manipulated, a
semiconductor device having a large storage capacity has been required. In such
situations, the semiconductor device disclosed in Patent Document 1 has a structure in
which multilevel data is stored and read.

[Reference]

[Patent Document]

[0004]

[Patent Document 1] Japanese Published Patent Application No. 2012-256400

DISCLOSURE OF INVENTION
[0005]

In the case where multilevel data is read from a memory cell, a signal for
reading data needs to be switched two or more times in accordance with the number of
levels of the multilevel data.

[0006]

For example, in the semiconductor device disclosed in Patent Document 1, a
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read signal having a step-like waveform is supplied to a memory cell. The number of
steps of the waveform corresponds to the number of levels of multilevel data. The
data is read by determining change of data to be read. In such a structure, the larger
the number of the levels of the multilevel data is, the larger the number of times the
voltage level of the read signal needs to be switched; accordingly, reading of data takes
a long time. |

[0007]

An object of one embodiment of the present invention is to provide a method
for driving a semiconductor device having a novel structure. In the semiconductor
device, a transistor using silicon and a transistor using an oxide semiconductor are
provided in a memory cell. Multilevel data can be read from the memory cell without
switching a signal for reading the multilevel data in accordance with the number of
levels of the multilevel data.

[0008]

In one embodiment of the present invention, the potential of a bit line is
precharged, the electrical charge of the bit line is discharged via a transistor for reading
data, and the potential of the bit line which has been changed by the discharging is read
as multilevel data. With such a structure, the potential corresponding to data held in a
gate of the transistor can be read by only one-time switching of a signal for reading
data.

[0009]

In a structure according to one embodiment of the present invention, the
following phenomenon is used: by the discharging of the potential of a bit line, the
voltage held between a gate and a source of a transistor reaches the threshold voltage of
the transistor. Here, the gate of the transistor for reading data has a potential
corresponding to multilevel data, and the source has the potential of the bit line. Thus,
by the above-described discharging of the potential of the bit line, the potential of the bit
line reaches a value obtained by subtracting the threshold voltage from the potential
corresponding to multilevel data. By reading the potential of the bit line, the potential
corresponding to the multilevel data can be obtained.

[0010]

One embodiment of the present invention is a method for driving a
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semiconductor device including a memory cell in which a plurality of pieces of data is
written by holding a potential based on the data supplied to a gate of a second transistor
via a first transistor, including the steps of precharging the potential of a bit line
electrically connected to the second transistor and discharging the potential of the bit
line via the second transistor after the precharging, so that the data is read.

[0011]

Another embodiment of the present invention is a method for driving a
semiconductor device including a memory cell in which a plurality of pieces of data is
written by holding a potential based on the data supplied to a gate of a second transistor
via a first transistor, including the steps of precharging the potential of the bit line
electrically connected to the second transistor, discharging the potential of the bit line
via the second transistor after the precharging, and determining the data using the
potential of the bit line that is changed by the discharging, so that the data is read.

[0012]

. Another embodiment of the present invention is a method for driving a
semiconductor device including a memory cell in which a plurality of pieces of data is
written by holding a potential based on the data supplied to a gate of a second transistor
via a first transistor and the data is read by electrically connecting one electrode of a
capacitor to the gate of the second transistor and by supplying a read signal to another
electrode of the capacitor, including the steps of precharging the potential of the bit line
electrically connected to the second transistor, discharging the potential of the bit line
via the second transistor after the precharging by changing a level of the read signal
from a high level to a low level, and determining the data using the potential of the bit
line that is changed by the discharging. -

[0013]

In the method for driving a semiconductor device in one embodiment of the
present invention, the data is preferably written in a state where the read signal is
changed from a high level to a low level.

[0014]

In the method for driving a semiconductor device in one embodiment of the

- present invention, the first transistor preferably includes an oxide semiconductor in a

semiconductor layer.
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[0015]

In the method for driving a semiconductor device in one embodiment of the
present invention, the second transistor is preferably a p-channel transistor.
[0016]

One embodiment of the present invention can provide a method for driving a
semiconductor device having a novel structure in which multilevel data can be read
from the memory cell without switching a signal for reading the multilevel data in

accordance with the number of levels of the multilevel data.

BRIEF DESCRIPTION OF DRAWINGS
[0017] '

FIG. 1A is a circuit diagram of a memory cell, and FIG. 1B is a timing chart of
the memory cell.

FIG. 2 is a circuit block diagram of a semiconductor device.

FIG. 3 is a circuit block diagram of a row driver.

FIG. 4 is a circuit block diagram of a column driver.

FIG. 5 is a circuit block diagram of an A/D converter.

FIG. 6 is a circuit diagram of a memory cell.

FIG; 7 is a timing chart of the memory cell.

FIG. 8 is a timing chart of the memory cell.

FIG. 9 is a cross-sectional view of a semiconductor device.

FIGS. 10A and 10B are cross-sectional views of a transistor.

FIGS. 11A and 11B are a flow chart illustrating steps of manufacturing a
semiconductor device and a schematic perspective view of the semiconductor device.

FIGS. 12A to 12E are diagrams each illustrating an electronic device including
a semiconductor device. _

FIG. 13A is a circuit diagram of a memory cell, FIG. 13B shows Ip-Vwic
characteristics at the time of writing of 8-level data to the memory cell, FIG. 13C shows
the relationship between Vy, and a write time of the memory cell, and FIG. 13D shows
rewrite endurance of the memory cell.

FIG. 14 is a block diagram of a semiconductor device.

FIG. 15 shows distributions of data of a 3bit/cell memory cell.
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FIG. 16 shows reading waveforms.

FIG. 17A shows the relationship between Vi, and write time, and FIG. 17B
shows the relationship between 6a of a cell threshold voltage and write time.

FIG. 18A shows reading waveforms, and FIG. 18B shows enlarged BL reading
waveforms. ’

FIG. 19 shows retention.

FIG. 20 is a photograph of a semiconductor device.

BEST MODE FOR CARRYING OUT THE INVENTION
[0018] ’

Embodiments will be described below with reference to drawings. However,
the embodiments can be implemented with various modes. 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. -Thus, the
present invention should not be interpreted as being limited to the following description
of the embodiments. Note that in structures of the present invention described below,
reference numerals denoting the same portions are used in common in different
drawings.

[0019]

In the drawings, the size, the layer thickness, or the region is exaggerated for
clarity in some cases. Therefore, the embodiments are not necessarily limited to such a
scale. Note that the drawings are schematic views showing ideal examples, and the
embodiments are not limited to shapes or values shown in the drawings. For example,
the following can be included: variation in signal, voltage, or current due to noise or
difference in timing.

[0020] ,

In this specification and the like, a transistor is an element having at least three
terminals: a gate, a drain, and a source. The transistor includes a channel region
between the drain (a drain terminal, a drain region, or a drain electrode) and the source
(a source terminal, a source region, or a sburce electrode) and current can flow through
the drain, the channel region, and the source.

[0021]
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Here, since the source and the drain of the transistor change depending on the
structure, the operating condition, and the like of the transistor, it is difficult to define
which is a source or a drain.  Thus, a portion that functions as a source or a portion that
functions as a drain is not referred to as a source or a drain in some cases. In that case,
one of the source and the drain might be referred to as a first electrode, and the other of
the source and the drain might be referred to as a second electrode.

[0022]

Note that in this specification, ordinal numbers such as “first”, “second”, and
“third” are used in order to avoid confusion among components, and thus do not limit
the number of the components.

[0023]

Note that in this specification, when it is described that “4 and B are connected
‘to each other”, the case where 4 and B are electrically connected to each other is
included in addition to the case where 4 and B are directly connected to each other.
Here, the expression “4 and B are electrically connected” means the case where electric
signals can be transmitted and received between 4 and B when an object having any
electric action exists between 4 and B. |
[0024]

Note that in this specification, terms for describing arrangement, such as “over”

and “under”, are used for convenience for describing the positional relation between

- components with reference to drawings. Further, the positional relation between

components is changed as appropriate in accordance with a direction in which each
component is described. Thus, there is no limitation on terms used in this specification,
and description can be made appropriately depending on the situation.

[0025]

Note that the layout of circuit blocks in drawings specifies the positional
relation for description. Thus, even when a drawing shows that different functions are
achieved in different circuit blocks, an actual circuit or region may be configured so that
the different functions are achieved in the same circuit or region. In addition,
functions of circuit blocks in diagrams are specified for description, and even in the case
where one circuit block is illustrated, blocks may be provided in an actual circuit or

region so that processing performed by one circuit block is performed by a plurality of
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circuit blocks.
[0026]

Note that a voltage refers to a potential difference between a given potential
and a reference potential (e.g., a ground potential) in many cases. Accordingly, the
voltage, the potential, and the potential difference can also be referred to as a potential,
a voltage, and a voltage difference, respectively. Note that a voltage refers to the
difference between potentials of two points, and a potential refers to electrostatic energy
(electric potential energy) of a unit charge at a given point in an electrostatic field.
[0027]

In this specification, embodiments and an example of the present invention will
be described with reference to the drawings. The embodiments and the example are
described in the following order:

1. Embodiment 1 (memory cell according to one embodiment of the present invention)
2. Embodiment 2 (configuration example of semiconductor device)

3. Embodiment 3 (oxide semiconductor)

- 4. Embodiment 4 (elements of semiconductor device)

5. Embodiment 5 (structure examples of electronic components of semiconductor
device and electronic devices including electronic components)

6. Example (fabricated semiconductor device)

[0028]

(Embodiment 1)

In this embodiment, a circuit configuration and operation of a memory cell
included in a semiconductor device according to one embodiment of the invention to be
disclosed will be described with reference to FIGS. 1A and 1B.

[0029]

Note that a semiconductor device refers to a device including a semiconductor
element. The semiconductor device includes a driver circuit or the like for driving a
circuit including a semiconductor element. Note that a semiconductor device includes
a memory cell, and in some cases, further includes a driver circuit, a power supply
circuit, or the like provided over a substrate which is different from a substrate provided
with the memory cell.

{0030]



10

15

20

25

30

WO 2014/142043 PCT/JP2014/056088

FIG. 1A is a circuit diagram showing an example of a memory cell 100.
[0031]

The memory cell 100 shown in FIG. 1A includes a transistor 111, a transistor
112, and a capacitor 114. Note that in the actual case, a plurality of memory cells 100
is arranged in a matrix, though not shown in FIG. 1A.

[0032]

A gate of the transistor 111 is connected to a write word line WWL. One of a
source and a drain of the transistor 111 is connected to a bit line BL. The other of the
source and the drain of the transistor 111 is connected to a floating node FN.

[0033]

A gate of the transistor 112 is connected to the floating node FN. One of a
source and a drain of the transistor 112 is connected to the bit line BL. The other of
the source and the drain of the transistor 112 is connected to a power supply line SL.
[0034]

One electrode of the capacitor 114 is connected to the floating node FN. The
other electrode of the capacitor 114 is connected to a read word line RWL.

[0035]

A word signal is supplied to the write word line WWL.
[0036]

The word signal is a signal which turns on the transistor 111 so that the voltage
of the bit line BL is supplied to the floating node FN.
[0037]

Note that in this specification, “writing of data to the memory cell” means that
a word signal supplied to the write word line WWL is controlled so that the potential of
the floating node FN reaches a potential corresponding to the voltage of the bit line BL.
Further, “reading of data from the memory cell” means that a read signal supplied to the
read word line RWL is controlled so that the voltage of the bit line BL reaches a voltage
corresponding to the potential of the floating node FN.

[0038]

Multilevel data is supplied to the bit line BL. Further, a precharge voltage

Virecharge fOr reading data and an initialization voltage Vipigia aré supplied to the bit line

BL.
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[0039]

The multilevel data is k-bit (k£ is a natural number of 2 or more) data.
Specifically, 2-bit data is 4-level data, namely, a signal having any one of the four levels
of voltages.

[0040]
The precharge voltage Vprecharge iS @ voltage which is supplied to the bit line BL

to perform reading of data. After the precharge voltage Vprecharge is supplied, the bit
line BL is brought into an electrically floating state.

[0041]

Note that in this specification, “electrically floating state” refers to a state of
being isolated electrically, i.e., being not connected electrically to a wiring to which a
signal is applied or a wiring to which a potential is applied.

[0042]

The initialization voltage Vinia is a voltage which is supplied to initialize the

voltage of the bit line BL.
[0043]

A read signal is supplied to the read word line RWL.
[0044]

The read signal is a signal which is supplied to the other electrode of the
capacitor 114 to perform reading of data from the memory cell in a selective manner.
[0045] '

The floating node FN corresponds to any node on a wiring which connects one
électrode of the capacitor 114, the other of the source and the drain of the transistor 111,
and the gate of the transistor 112.

[0046] ‘

Note that in this specification, “node” refers to any point on a wiring provided
to connect elements electrically.
[0047]

Note that the potential of the floating node FN is based on the multilevel data
supplied to the bit line BL. The floating node FN is in an electrically floating state
when the transistor 111 is turned off. Thus, in the case where the voltage of the read

signal supplied to the read word line RWL is changed, the potential of the floating node
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FN reaches a potential which is the sum of the previous potential and the amount of
change in the voltage of the read signal. The change in the potential is due to
capacitive coupling of the capacitor 114 which is caused by the change of the read
signal supplied to the read word line RWL.

[0048] |

The power supply line SL is supplied with a discharge voltage Viischarge Which is
lower than the precharge voltage Vprecharge SUpplied to the bit line BL.
[0049] |

The discharge voltage Viischarge 1S supplied to the power supply line SL to
change the precharge voltage Vprecharge SUpplied to the bit line BL by discharging via the
transistor 112.

[0050]

The transistor 111 has a function of a switch for controlling writing of data by
being switched between a conducting state and a non-conducting state. The transistor
111 also has a function of holding a potential based on written data by keeping a
non-conducting state. Note that the transistor 111 is also referred to as a first transistor.
Further, the transistor 111 is an n-channel transistor in the description.

[0051]

Note that, as the transistor 111, a transistor having a low current (low off-state
current) which flows between a source and a drain in a non-conducting state is
preferably used. Here, the “low off-state current” means that the normalized off-state
current per micrometer of a channel width with a drain-source voltage of 10 V at room
temperature is less than or equal to 10 zA. An example of a transistor having such a
low off-state current is a transistor including an oxide semiconductor as a
semiconductor layer.

[0052]

In the configuration of the memory cell 100 shown in FIG. 1A, a potential
based on written data is held by keeping the non-conducting state. Thus, it is
particularly preferable to use a transistor with a low off-state current as a switch for
suppressing change in the potential in the floating node FN which is accompanied by
the transfer of electrical charge.

[0053]
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When a transistor having a low off-state current is used as the transistor 111
and the transistor 111 is kept turned off, the memory cell 100 can be a non-volatile
memory. Thus, once data is written to the memory cell 100, the data can be held in the
floating node FN until the transistor 111 is turned on again.

[0054]

In the transistor 112, a current Iy flows between the source and the drain in
accordance with the potential of the floating node FN. Note that in the memory cell
100 shown in FIG. 1A, the current Iy that flows between the source and the drain of the
transistor 112 is a current that flows between the bit line BL and the power supply line
SL. Note that the transistor 112 is also referred to as a second transistor. Further, the
transistor 112 is a p-channel transistor in the description.

[0055]

The transistor 112 preferably has little variation in threshold voltage. Here,
transistors with little variation in threshold voltage mean as follows: transistors
produced in the same process have an acceptable difference in threshold voltage of 20
mV or lower, examples of which are transistors including single crystal silicon in
channels. It is needless to say that the variation in threshold voltage is preferably as
little as possible; however, even the transistors including single crystal silicon in
channels may have a difference in threshold voltage of approximately 20 mV.

[0056]

Next, the operation of the memory cell 100 shown in FIG. 1A is described, and
vfurther, the action and effect of the structure of this embodiment are described.
[0057]

FIG. 1B is a timing chart illustrating change of signals supplied to the write
word line WWL, the read word line RWL, the floating node FN, the bit line BL, and the
power supply line SL which are shown in FIG. 1A.

[0058]

The following periods are shown in the timing chart of FIG. 1B: a period TO
which is in an initial state; a period T1 in which the potential of the bit line BL is
precharged; and a period T2 in which the electrical charge of the bit line BL is
discharged to perform reading of data.

[0059]
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In the period TO of FIG. 1B, the potential of the bit line BL is initialized. At
this time, the write word line WWL is supplied with a low-level potential, and the read
word line RWL is supplied with a high-level potential. The floating node FN holds a
potential corresponding to the multilevel data. The bit line BL is supplied with an
initialization voltage Viniia. The power supply line SL is supplied with a discharge
voltage Viischarge-

[0060] _

Note that as an example of the multilevel data, 2-bit data, i.e., 4-level data is
shown in FIG. 1B. Specifically, 4-level data (Vyo, Vo1, V0, and Vyy) are shown in FIG.
1B, and the data can be represented by four levels of potentials.

[0061]

Next, in the period T1 of FIG. 1B, the potential of the bit line BL is precharged.
At this time, the write word line WWL is supplied with the low-level potential as in the
previous period. The read word line RWL is supplied with the high-level potential as
in the previous period. In the floating node FN, the potential corresponding to the
multilevel data is held as in the previous period. The bit line BL is supplied with a
precharge voltage Vpwecharge- The power supply line SL is supplied with the low-level
potential, which is lower than the precharge voltage Fprecharge, as in the previous period.
[0062]

At this time, the bit line BL is brought into an electrically floating state after
the precharge voltage Vprecharge 1S supplied. That is, the bit line BL is brought into a
state in which the potential is changed by the charging or discharging of electrical
charge. The floating state can be achieved by turning off a switch for supplying a
potential to the bit line BL.

[0063]

Next, in the period T2 of FIG. 1B, the electrical charge of the bit line BL is
discharged to perform data reading. At this time, the write word line WWL is supplied
with the low-level potential as in the previous period. The read word line RWL is
supplied with the low-level potential. In the floating node FN, each of the potentials
corresponding to the multilevel data is lowered. In the bit line BL, the voltage is
lowered from the precharge voltage Vprecharge in accordance with the potential of the

floating node FN.  The power supply line SL is supplied with the discharge voltage
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Viischarge @s in the previous period.
[0064]

The potential of the floating node FN is lowered in accordance with the change
in the potential of the read word line RWL. The lowering of the potential is derived
from the electrically floating state of the floating node FN and is caused by capacitive
coupling due to the capacitor 114 connected to the floating node FN.

[0065]

The lowering of the floating node FN leads to a decrease in the potential of the
gate of the transistor 112. The transistor 112 is a p-channel transistor, and the absolute
value of a voltage between the gate and the source (gate-source voltage: V) is
increased as the potential of the gate is lowered. With the increase in Vi, the current Iy
flows between the source and the drain of the transistor 112.

[0066]

When the current /4y flows in the transistor 112, the electrical charge of the bit
line BL is discharged to the power supply line SL. The potential of the bit line BL
corresponding to the source of the transistor 112 is lowered by the discharging. The
lowering of the potential of the bit line BL leads to a gradual decrease in Vg of the
transistor 112.

[0067]

When Vs reaches the threshold voltage of the transistor 112, the current /4 that
flows in the period T2 stops flowing. Hence, the lowering of the potential of the bit
line BL proceeds, and when Vg of the transistor 112 reaches the threshold voltage, the
discharging is completed and the bit line BL has a constant poténtial. The potential of
the bit line BL at this time is approximately a value obtained by subtracting the
threshold voltage from the potential of the floating node FN.

[0068]

That is, the potential of the floating node FN can be reflected in the potential of
the bit line BL which is changed by the discharging. The difference in the potential is
used to determine the multilevel data. In this manner, the multilevel data written to the
memory cell 100 can be read.

[0069]

In this embodiment, the multilevel data can be read from the memory cell
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without switching a signal for reading data in accordance with the number of levels of

the multilevel data.
(0070]

The structure described above in this embodiment can be combined as
appropriate with any of the structures described in the other embodiments.
[0071]

(Embodiment 2)

In this embodiment, an example of a semiconductor device which can be
driven by the method illustrated in FIGS. 1A and 1B is described. Description below
is made with reference to FIG. 2 to FIG. 8.

[0072]
<Configuration example of semiconductor device>

FIG. 2 is a block diagram showing a configuration example of a semiconductor
device including the memory cell 100 shown in FIG. 1A.
[0073] _

A semiconductor device 200 shown in FIG. 2 includes a memory cell array 201
provided with a plurality of memory cells 100 shown in FIG. 1A, a row driver 202, a
column driver 203, and A/D converters 204. Note that in the semiconductor device
200, the memory cells 100 are arranged in a matrix of m rows and » columns. Further,
in FIG. 2, a write word line WWL[m-1] and a read word line RWL[m—1] for an (m—1)th
row, a write word line WWL[m] and a read word line RWL[m] for an mth row, a bit line
BL[rn—1] for an (n—1)th column, a bit line BL[#] for an nth column, and a power supply
line SL are shown as write word lines WWL, read word lines RWL, a bit line BL, and a
power sup‘ply line SL. |
[0074]

In the memory cell array 201 shown in FIG. 2, the memory cells 100 illustrated
in FIG. 1A are arranged in a matrix. Note that components of the memory cells 100
are similar to the components of the memory cell shown in FIG. 1A; thus, the
description of the components is omitted and the description of FIGS. 1A and 1B can be
referred to.

[0075]
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Note that the memory cell array 201 shown in FIG. 2 has a configuration in
which the power supply line SL is shared by adjacent memory cells. With such a
configuration, the area occupied by the power supply line SL is reduced. Thus, the
semiconductor device with the configuration can have a high storage capacity per unit
area.

[0076]

The row driver 202 is a circuit having a function of turning on the transistor
111 in the memory cell 100 of each row in a selective manner and changing the
potential of the floating node FN in the memory cell 100 of each row in a selective
manner. Specifically, the row driver 202 is a circuit which supplies the word signal to
the write word line WWL and supplies the read signal to the read word line RWL.
With the row driver 202, the memory cells 100 can be selected row by row, and data can
be written and read to/from the selected memory cells 100 in the semiconductor device
200.

[0077]

The column driver 203 is a circuit having a function of writing data to the
floating node FN in the memory cell 100 of each column in a selective manner,
precharging the potential of the bit line BL, initializing the potential of the bit line BL,
and bringing the bit line BL into an electrically floating state. ~Specifically, the column
driver 203 is a circuit which supplies a potential corresponding to multilevel data to the
bit line BL and supplies a precharge voltage Vprecnarge and an initialization voltage Vinitiai
to the bit line BL through a switch. With the column driver 203, the memory cells 100
can be selected column by column, and data can be written and read to/from the selected
memory cells 100 in the semiconductor device 200.

[0078] .

The A/D converters 204 are circuits having a function of converting the
potential of the bit line BL which is an analog value into a digital value and outputting
the digital value to the outside. Specifically, the A/D converters 204 include flash A/D
converters. The A/D converters 204 enable the semiconductor device 200 to output, to
the outside, the potential of the bit line BL that corresponds to data read from the
memory cell 100.

[0079]
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Note that although flash A/D converters are used as the A/D converters 204 in
the description, successive approximation A/D converters, multi-slope A/D converters,
or delta-sigma A/D converters may be used.

[0080]
<Configuration example of row driver>

FIG. 3 is a block diagram showing a configuration example of the row driver
202 illustrated in FIG. 2. ' |
[0081]

The row driver 202 shown in FIG. 3 includes a decoder 301 and read/write
controllers 302. The read/write controller 302 is provided for every row of the Write.
word line WWL and the read word line RWL. Further, the read/write controller 302 of
each row is connected to the write word line WWL and the read word line RWL.

[0082]

The decoder 301 is a circuit having a function of outputting a signal for
selecting a row provided with the write word line WWL and the read word line RWL.
Specifically, the decoder 301 is a circuit which receives an address signal (Address) and
selects the read/write controller 302 of any of rows in accordance with the Address.
With the decoder 301, the row driver 202 can select a given row to perform writing and
reading of data. '

[0083]

The read/write controller 302 is a circuit having a function of outputting a write
word signal and outputting a read word signal in a selective manner, in a row including
the write word line WWL and the read word line RWL which are selected by the
decoder 301. Specifically, the read/write controller 302 is a circuit which receives a
write control signal Write CONT and a read control signal Read_CONT and outputs a
write word signal or a read word signal in accordance with the signal in a selective
manner. With the read/write controllers 302, the row driver 202 can select and output
the write word signal or the read word signal in the row selected by the decoder 301.
[0084]
<Configuration example of column driver>

FIG. 4 is a block diagram showing a configuration example of the column

driver 203 illustrated in FIG. 2.
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[0085]

The column driver 203 shown in FIG. 4 includes a decoder 401, a latch 402, a
D/A converter 403, a switch circuit 404, a transistor 405, and a transistor 406. The
latch 402, the D/A converter 403, the switch circuit 404, the transistor 405, and the
transistor 406 are provided for every column. Further, the switch circuit 404, the
transistor 405, and the transistor 406 of each column are connected to the bit line BL.
[0086]

The decoder 401 is a circuit having a function of selecting a column provided
with the bit line BL and sorting and outputting input data. Specifically, the decoder
401 is a circuit which receives an address signal (Address) and data (Data) and outputs
the Data to the latch 402 of any of rows in accordance with the Address. With the
decoder 401, the column driver 203 can select a given column to perform writing of
data.

[0087]

Note that the Data input to the decoder 401 is k-bit digital data. The k-bit
digital data is a signal represented by binary data of ‘1’ or ‘0’ for each bit. ~Specifically,
2-bit digital data is data represented by ‘00, ‘01°, €10°, and ¢11°.

[0088]

The latch 402 is a circuit having a function of temporarily storing the input
Data. Specifically, the latch 402 is a flip-flop circuit which receives a latch signal
W_LAT, stores the Data in accordance with the latch signal W_LAT, and outputs the
Data to the D/A converter 403.  With the latch 402, the column driver 203 can perform
writing of data at given timing.

[0089]

The D/A converter 403 is a circuit having a function of converting input data
(Data) which is a digital value into data (Vaaa) Which is an analog value. Specifically,
in the case where the number of bits of the Data is three, the D/A converter 403 converts
the Data 'intb any of eight levels of potentials (¥, to ¥7) and outputs the potential to the
switch circuit 404. With the D/A converter 403, data to be written to the memory cell
100 can be changed into a potential corresponding to multilevel data, in the column
driver 203.

{0090]
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Note that the data Via output from the D/A converters 403 are represented by
different voltage levels. That is, 2-bit data is 4-level data (0.5 V, 1.0 V, 1.5 V, and 2.0
V), namely, data represented by any of the four voltage values.

[0091]

The switch circuit 404 is a circuit having a function of supplying input data
Via to the bit line BL and bringing the bit line BL into an electrically floating state.
Specifically, the switch circuit 404 includes an analog switch and an inverter; in
accordance with a switch control signal Write_SW, the data Vg, is supplied to the bit
line BL, and then, the analog switch is turned off to bring the bit line BL into an
electrically floating state. The switch circuit 404 enables the column driver 203 to
keep the bit line BL in an electrically floating state after the data Vya, is supplied to the
bit line BL.

[0092] ‘

The transistor 405 is a circuit having a function of supplying a precharge
voltage Vprecnarge t0 the bit line BL and bringing the bit line BL into an electrically
floating state. Specifically, the transistor 405 is a switch which, in accordance with a
precharge control signal Pre_EN, supplies a precharge voltage Vprecharge to the bit line BL
and then brings the bit line BL into an electrically floating state. The transistor 405
enables the column driver 203 to keep the bit line BL in an electrically floating state
after the precharge voltage Vprecharge 1S supplied to the bit line BL.

[0093]

The transistor 406 is a circuit having a function of supplying an initialization
voltage Vinitial to the bit line BL and bringing the bit line BL into an electrically floating
state. Specifically, the transistor 406 is a switch which, in accordance with an
initialization control signal Init_EN, supplies an initialization voltage Viia to the bit
line BL and then brings the bit line BL into an electrically floating state. The transistor
406 enables the column driver 203 to keep the bit line BL in an electrically floating state
after the initialization voltage Vinitia is supplied to the bit line BL.

[0094]
<Configuration example of A/D converter>

FIG. 5 is a block diagram showing a configuration example of the A/D



10

15

20

25

30

WO 2014/142043 PCT/JP2014/056088

19

converter 204 illustrated in FIG. 2.
[0095]

The A/D converter 204 shown in FIG. 5 includes a comparator 501, an encoder
502, a latch 503, and a buffer 504. The comparator 501, the encoder 502, the latch 503,
and the buffer 504 are provided for every column. Further, the buffer 504 of each
column outputs data Dout.
[0096]

The comparator 501 is a circuit having a function of determining whether the

.potential of the bit line BL is a potential corresponding to any of levels of the multilevel

data by comparing the levels of the potentials of the bit line BL and the levels of the
potentials of reference voltages Ve to Viers.  Specifically, a plurality of comparators is
provided, and each of the comparators is supplied with the potential of the bit line BL
and the potential of any of the reference voltages Viep to Veegs (different from each other)
to determine between which two potentials of the reference voltages Vien to Veegs the
potential of the bit line BL is. With the comparator 501, the A/D converter 204 can
determine whether the potential of the bit line BL is a potential corresponding to any of
the levels of the multilevel data.
[0097]

Note that the reference voltages Ve to Viess which are shown in FIG. 5 as an
example are supplied when the multilevel data is 3-bit data, i.e., 8-level data.
[0098]

The encoder 502 is a circuit having a function of generating a multi-bit digital
signal on the basis of a signal for determining the potential of the bit line BL which is
output from the comparator 501. Specifically, the encoder 502 is a circuit which
generates a digital signal by performing encoding on the basis of a high-level signal or a
low-level signal which is output from the plurality of comparators. With the encoder
502, the A/D converter 204 can change the data read from the memory cell 100 into data
of a digital value.

[0099]

The latch 503 is a circuit having a function of temporarily storing input data of

a digital value. Specifically, the latch 503 is a flip-flop circuit which receives a latch

signal LAT, stores data in accordance with the latch signal LAT, and outputs the data to
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the buffer 504. With the latch 503, the A/D converter 204 can output data at given
timing. Note that the latch 503 can be omitted.
[0100]

The buffer 504 is a circuit having a function of amplifying data output from the
latch 503 and outputting the amplified data as an output signal Dout. Specifically, the
buffer 504 is a circuit provided with an even number of inverter circuits. With the
buffer 504, noises on a digital signal can be reduced in the A/D converter 204. Note
that the buffer 504 can be omitted.

[0101]
<Specific example of method for driving semiconductor device>

FIG. 6 is a circuit diagram showing memory cells include.d in a semiconductor
device. FIGS. 7 and 8 are timing charts illustrating the operations of the
semiconductor device shown in FIG. 6.

[0102]

A semiconductor device 600 shown in FIG. 6 includes memory cells 100A to
100D arranged in a matrix of 2 rows and 2 columns. The circuit configuration of each
of the memory cells 100A to 100D is the same as that of the memory cell illustrated in
FIG. 1A. InFIG. 6, a write word line WWL[1] and a read word line RWL[1] for a first
row, a write word line WWL[2] and a read word line RWL[2] for a second row, a bit
line BL[1] for a first column, a bit line BL[2] for a second column, and a power supply
line SL are shown as write word lines WWL, read word lines RWL, bit lines BL, and a
power supply line SL.

[0103]

FIG. 7 shows a timing chart in periods pl to p8 in which data is written. FIG.
8 shows a timing chart in periods p9 to p16 in which data is read. Note that FIG. 7 and
FIG. 8 each show the voltage change of the write word line WWL[1], the write word
line WWL[2], the read word line RWL[1], the read word line RWL[2], the power
supply line SL, the bit line BL[1], and the bit line BL[2] of FIG. 6.

[0104]

In the period pl of FIG. 7, the write word line WWL[1] is set to a high level

and the read word line RWL[1] is set to a low level. Note that the other lines, i.e., the

write word line WWL[2], the read word line RWL(2], the power supply line SL, the bit
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line BL[1], and the bit line BL[2] hold their respective voltages which are supplied in
the previous period.
[0105]

In the period p2 of FIG. 7, the bit line BL[1] is supplied with a voltage ¥}, and
the bit line BL[2] is supplied with a voltage ¥,. Note that the other lines, i.e., the write
word line WWL[1], the write word line WWL[2], the read word line RWL[1], the read
word line RWL[2], and the power supply line SL hold their respective voltages which

“are supplied in the previous period.

[0106]

In the period p3 of FIG. 7, the write word line WWL][1] is set to the low level.
Note that the other lines, i.e., the write word line WWL[2], the read word line RWL[I],
the read word line RWL[2], the power supply line SL, the bit line BL[1], and the bit line
BL[2] hold their respective voltages which are supplied in the previous period.

[0107]

In the periods pl to p3, the read word line RWL[1] is set to the low level to
prevent the transistor 112 from being turned on by data written to the memory cell.
When data is written to the memory cell, the read word line RWL[1] is set to the low
level. Thus, after the data is written to the memory cell, the read word line RWL[1]
can be changed to the high level. Such a structure allows the potential of the floating
node FN in the memory cell to rise after data is written to the memory cell, which can
reduce malfunctions in which the p-channel transistor 112 is turned on.

[0108]

In the period p4 of FIG. 7, the read word line RWL[1] is set to the high level.
Further, the bit line BL[1] and the bit line BL[2] are each supplied with an initialization
voltage Viniial- Note that the other lines, i.e., the write word line WWLI1], the write
word line WWL[2], the read word line RWL[2], and the power supply line SL hold their
respective voltages which are supplied in the previous period.

[0109]

In the period p5 of FIG. 7, the write word line WWLJ[2] is set to the high level,
and the read word line RWL[2] is set to the low level. Note that the other lines, i.e.,
the write word line WWL[1], the read word line RWL[1], the power supbly line SL, the
bit line BL[1], and the bit line BL[2] hold their respective voltages which are supplied
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in the previous period.
[0110]

In the period p6 of FIG. 7, the bit line BL[1] is supplied with a voltage V>, and
the bit line BL[2] is supplied with a voltage ¥;. Note that the other lines, i.e., the write
word line WWL[1], the write word line WWL[2], the read word line RWL[1], the read
word line RWL[2], and the power supply line SL hold their respective voltages which
are supplied in the previous period.
fo111]

In the period p7 of FIG. 7, the write word line WWL[2] is set to the low level.
Note that the vother lines, i.e., the write word line WWL[1], the read word line RWL[1],
the read word line RWL][2], the power supply line SL, the bit line BL[1], and the bit line
BL[2] hold their respective voltages which are supplied in the previous period.

[0112]

In the periods p5 to p7, the read word line RWL[2] is set to the low level to
prevent the transistor 112 from being turned on by data written to the memory cell.
When data is written to the memory cell, the read word line RWL[2] is set to the low
level. Thus, after the data is written to the memory cell, the read word line RWL[2]
can be changed to the high level. Such a structure allows the potential of the floating
node FN in the memory cell to rise after data is written to the memory cell, which can
reduce malfunctions in which the p-channel transistor 112 is turned on.

[0113]

In the period p8 of FIG. 7, the read word line RWL[2] is set to the high level.
Further, the bit line BL[1] and the bit line BL[2] are each supplied with the initialization
voltage Viniiati. Note that the other lines, i.e., the write word line WWL[1], the write
word line WWL[2], the read word line RWL[1], and the power supply line SL hold their
respective voltages which are supplied in the previous period.

[0114]

As described above, by performing the data writing shown in the periods p1 to
p8, data corresponding to the voltage V' is written to the memory cell 100A shown in
FIG. 6, data corresponding to the voltage ¥, is written to the memory cell 100B, data
corresponding to the voltage V> is written to the memory cell 100C, and data

corresponding to the voltage V7 is written to the memory cell 100D.
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[0115]

' In the period p9 of FIG. 8, the bit line BL[1] and the bit line BL[2] are each
supplied with a precharge voltage Virecharger Note that the other lines, i.e., the write
word line WWL[1], the write word line WWL[2], the read word line RWL[1], the read
word line RWL[2], and the power supply line SL hold their respective voltages which
are supplied in the previous period.

[0116]

In the period pl10 of FIG. 8, the read word line RWL[1] is set to the low level.
Thus, the voltages of the bit line BL{1} and the bit line BL[2] are decreased in
accordance with voltages corresponding to the data written to. the memory cell 100A
and the memory cell 100B. Note that the other lines, i.e., the write word line WWL[1],
the write word line WWL[2], the read word line RWL[2], and the power supply line SL
hold their respective voltages which are supplied in the previous period.

[0117]

In the period p11 of FIG. 8, the decrease of the voltages of the bit line BL[1]
and the bit line BL[2] in the period p10 stops, so that the voltage of the bit line BL[1]
and the voltage of the bit line BL[2] become a voltage V- and a voltage V>, respectively.
Note that the other lines, i.e., the write word line WWL[1], the write word line WWL][2],
the read word line RWL[1], the read word line RWL[2], and the power supply line SL
hold their respective voltages which are supplied in the previous period.

[0118]

Note that the voltage V> and the voltage V> correspond to the voltage V7 and
the voltage 7, which are written to the memory cell 100A and the memory cell 100B,
respectively, in FIG. 7.

[0119] '

In the period p12 of FIG. 8, the read word line RWL[1] is set to the high level.
Note that the other lines, i.e., the write word line WWL][1], the write word line WWL[2],
the read word line RWL[2], the power supply line SL, the bit line BL[1], and the bit line
BL[2] hold their respective voltages which are supplied in the previous period.

[0120]
In the period p13 of FIG. 8, the bit line BL[1] and the bit line BL[2] are each

supplied with the precharge voltage Vprecharge. Note that the other lines, i.e., the write
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word line WWL[1], the write word line WWLJ[2], the read word line RWL[1], the read
word line RWL[2], and the power supply line SL hold their respéctive voltages which
are supplied in the previous period.
[0121]

In the period p14 of FIG. 8, the read word line RWL[2] is set to the low level.

‘Thus, the voltages of the bit line BL[1] and the bit line BL[2] decrease in accordance

with a voltage corresponding to the data written to the memory cell 100C and the

‘memory cell 100D. Note that the other lines, i.e., the write word line WWL[1], the

write word line WWL[2], the read word line RWL([2}, and the power supply line SL
hold their respective voltages which are supplied in the previous period.
[0122] |

In the period p15 of FIG. 8, the decrease of the voltages of the bit line BL[1]
and the bit line BL[2] in the period p14 stops, and the voltage V> and the voltage V- are
obtained as the voltage of the bit line BL[1] and the voltage of the bit line BL[2],
respectively. Note that the other lines, i.e., the write word line WWL[1], the write
word line WWL][2], the read word line RWL][1], the read word line RWL[2], and the
power supply line SL hold their respective voltages which are supplied in the previous
period.
[0123]

Note that the voltage V> and the voltage V- correspond to the voltage V> and

. the voltage Vi which are written to the memory cell 100C and the memory cell 100D,

respectively, in FIG. 7.
[0124]

In the period p16 of FIG. 8, the read word line RWL[2] is set to the high level.
Note that the other lines, i.c., the write word line WWL[1], the write word line WWL[2],
the read word line RWL[1], the power supply line SL, the bit line BL[1], and the bit line
BL[2] hold their respective voltages which are supplied in the previous period.
[0125]

As described above, by performing the data reading illustrated in the periods p9
to p16, data corresponding to the voltage ¥, is read from the memory cell 100A shown
in FIG. 6, data corresponding to the voltage V> is read from the memory cell 100B, data

corresponding to the voltage ¥, is read from the memory cell 100C, and data
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corresponding to the voltage V) is read from the memory cell 100D.
[0126]

As described above, with the use of the configuration and the operation of the
semiconductor device described in this embodiment, multilevel data can be read from
the memory cell without switching a signal for reading data in accordance with the
number of levels of the multilevel data.

[0127]

The structure described above in this embodiment can be combined as
appropriate with any of the structures described in the other embodiments.
[0128]

(Embodiment 3)

In this embodiment, an oxide semiconductor that can be used for the
semiconductor layer of the transistor with a low off-state current described in the above
embodiments will be described.

[0129]

An oxide semiconductor used for a channel formation region in the
semiconductor layer of the transistor preferably contains at least indium (In) or zinc
(Zn). In particular, the oxide semiconductor preferably contains both In and Zn. A
stabilizer for strongly bonding oxygen is preferably contained in addition to In and Zn.
As the stabilizer, at least one of gallium (Ga), tin (Sn), zirconium (Zr), hafnium (Hf),
and aluminum (Al) may be contained. |
[0130]

As another stabilizer, one or plural kinds of lanthanoid such as lanthanum (La),
cerium (Ce), praseodymium (Pr), neodymium (Nd), samarium (Sm), europium (Eu),
gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium
(Tm), ytterbium (Yb), and lutetium (Lu) may be contained.

[0131]

As the oxide semiconductor used for the semiconductor layer of the transistor,
for example, any of the following can be used: indium oxide, tin oxide, zinc oxide, 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, an In-Ga-based oxide, an In-Ga-Zn-based

oxide (also referred to as IGZO), an In-Al-Zn-based oxide, an In-Sn-Zn-based oxide, a
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Sn-Ga-Zn-based oxide, an Al-Ga-Zn-based oxide, a Sn-Al-Zn-based oxide, an
In-Hf-Zﬁ-based oxide, an In-Zr-Zn-based oxide, an In-Ti-Zn-based oxide, an
In-Sc-Zn-based oxide, an In-Y-Zn-based oxide, an In-La-Zn-based oxide, an
In-Ce-Zn-based oxide, an In-Pr-Zn-based oxide, an In-Nd-Zn-based oxide, an
In-Sm-Zn-based oxide, an In-Eu-Zn-based oxide, an In-Gd-Zn-based oxide, an
In-Tb-Zn-based oxide, an In-Dy-Zn-based oxide, an In-Ho-Zn-based oxide, an
In-Er-Zn-based oxide, an In-Tm-Zn-based oxide, an In-Yb-Zn-based oxide, an
In—Lu-Zn-based oxide, an In-Sn-Ga-Zn-based oxide, an In-Hf-Ga-Zn-based oxide, an
In-Al-Ga-Zn-based oxide, an In-Sn-Al-Zn-based oxide, an In-Sn-Hf-Zn-based oxide,
and an In-Hf-Al-Zn-based oxide.

[0132]

For example, it is possible to use an In-Ga-Zn-based oxide with an atomic ratio
of In: Ga: Zn = 1:1:1, In: Ga: Zn = 3:1:2, or In: Ga: Zn = 2:1:3, or an oxide with an
‘atomic ratio close to the above atomic ratios. |
[0133] |

When the oxide semiconductor film forming the semiconductor layer contains
a large amount of hydrogen, the hydrogen and the oxide semiconductor are bonded to
each other, so that part of the hydrogen serves as a donor to cause generation of an
electron which is a carrier. As a result, the threshold voltage of the transistor shifts in
the negative direction. Th‘erefore, it is preferable that, after the formation of the oxide
semiconductor film, dehydration treatment (dehydrogenation treatment) be performed to
remove hydrogen or moisture from the oxide semiconductor film so that the oxide
semiconductor film is highly purified to contain impurities as little as possible.

[0134]

Note that oxygen in the oxide semiconductor film is also reduced by the
dehydration treatment (dehydrogenation treatment) in some cases. Therefore, it is
preferable that oxygen be added to the oxide semiconductor film to fill oxygen
vacancies increased by the dehydration treatment (dehydrogenation treatment). In this
specification and the like, supplying oxygen to an oxide semiconductor film is
expressed as oxygen adding treatment, and treatment for making the oxygen content of
an oxide semiconductor film be in excess of that in the stoichiometric composition is

expressed as treatment for making an oxygen-excess state in some cases.
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[0135]

In this manner, hydrogen or moisture is removed from the oxide semiconductor
film by the dehydration treatment (dehydrogenation treatment) and oxygen vacancies
therein are filled by the oxygen adding treatment, whereby the oxide semiconductor
film can be turned into an i-type (intrinsic) or substantially i-type (intrinsic) oxide
semiconductor film which is extremely close to an i-type oxide semiconductor film.
Note that "substantially intrinsic" means that the oxide semiconductor film contains
extremely few (close to zero) carriers derived from a donor and has a carrier density of
lower than or equal to 1 x 10'7 /em®, lower than or equal to 1 x 10'® /em®, lower than or

equal to 1 x 10'® /em®, lower than or equal to 1 x 10" /cm>, or lower than or equal to 1

x 10" fem’.
[0136]

| Thus, the transistor including an i-type or substantially i-type oxide
semiconductor film can have extremely favorable off-state current characteristics. For
example, the drain current at the time when the transistor including an oxide
semiconductor film is in an off state can be less than or equal to 1 x 107'® A, preferably
less than or equal to 1 x 107" A, and more preferably less than or equal to 1 x 1072* A at
room temperature (approximately 25 °C); or less than or equal to 1 x 107" A, preferably
less than or equal to 1 x 107'® A, and more preferably less than or equal to 1 x 1072' A at
85 °C. Note that the off state of an n-channel transistor refers to a state where the gate
voltage is sufficiently lower than the threshold voltage. Specifically, the transistor is in
an off state when the gate voltage is lower than the threshold voltage by 1 V or more, 2
V or more, or 3 V or more.

[0137]

An oxide semiconductor which is formed may include a non-single-crystal, for
example. The non-single-crystal is, for example, structured by at least one of c-axis
aligned crystal (CAAC), polycrystal, microcrystal, and an amorphous part.

[0138]

An oxide semiconductor may include CAAC, for example. Note that an

oxide semiconductor including CAAC is referred to as a CAAC-OS (c-axis aligned

crystalline oxide semiconductor).
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[0139]

In an image obtained with a transmission electron microscope (TEM), crystal
parts can be found in the CAAC-OS in some cases. In most cases, in an image
obtained with a TEM, crystal parts in the CAAC-OS each fit inside a cube whose one
side is 100 nm, for example. In an image obtained with a TEM, a boundary between
the crystal parts in the CAAC-OS is not clearly observed in some cases. Further, in an
image obtained with a TEM, a grain boundary in the CAAC-OS is not clearly observed
in some cases. In the CAAC-OS, since a clear grain boundary does not exist, for
example, segregation of an impurity is unlikely to occur. In the CAAC-OS, since a
clear grain boundary does not exist, for example, high density of defect states is
unlikely to occur. In the CAAC-OS, since a clear grain boundary does not exist, for
example, a reduction in electron mobility is unlikely to occur.

[0140]

For example, the CAAC-OS includes a plurality of crystal parts. In the "
plurality of crystal parts, c-axes are aligned in a direction parallel to a normal vector of a
surface where the CAAC-OS is formed or a normal vector of a surface of the
CAAC-OS in some cases. When the CAAC-OS is analyzed by an out-of-plane
method with an X-ray diffraction (XRD) apparatus, a peak at 26 of around 31 degrees
which shows alignment appears in some cases. Further, for example, spots
(luminescent spots) are shown in an electron diffraction pattern of the CAAC-OS in
some cases. An electron diffraction pattern obtained with an electron beam having a
diameter of 10 nm¢ or smaller, or 5 nm¢ or smaller, is called a nanobeam electron
diffraction pattern. In the CAAC-OS, for example, among crystal parts, the directions
of the a-axis and the b-axis of one crystal part are different from those of another crystal
part, in some cases. In the CAAC-OS, for example, c-axes are aligned, and a-axes
and/or b-axes are not macroscopically aligned, in some cases.

[0141]

In each of the crystal parts included in the CAAC-OS, for example, a c-axis is
aligned in a direction parallel to a normal vector of a surface where the CAAC-OS is
formed or a normal vector of a surface of the CAAC-OS, triangular or hexagonal atomic

arrangement that is seen from the direction perpendicular to the a-b plane is formed, and
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metal atoms are arranged in a layered manner or metal atoms and oxygen atoms are
arranged in a layered manner when seen from the direction perpendicular to the c-axis.
Note that among crystal parts, the directions of the a-axis and the b-axis of one crystal
part may be different from those of another crystal part. In this specification, the term
"perpendicular” includes a range from 80° to 100°, preferably from 85° to 95°. In
addition, the term "parallel” includes a range from —10° to 10°, preferably from ~5° to
5°.

[0142]

Further, the CAAC-OS can be formed by reducing the density of defect states
for example. In an oxide semiconductor, for example, oxygen vacancies are defect
states. The oxygen vacancies serve as trap levels or serve as carrier generation sources
when hydrogen is trapped therein. In order to form the CAAC-OS, for example, it is
important to prevent oxygen vacancies from being generated in the oxide semiconductor.
Thus, the CAAC-OS is an oxide semiconductor having a low density of defect states.
In other words, the CAAC-OS is an oxide semiconductor having few oxygen vacancies.
[0143]

The state in which impurity concentration is low and density of defect states is
low (the number of oxygen vacancies is small) is referred to as a "highly purified
intrinsic” or "substantially highly purified intrinsic" state. A highly purified intrinsic
or substantially highly purified intrinsic oxide semiconductor has few carrier generation
sources, and thus has a low carrier density in some cases. Thus, in some cases, a
transistor including the oxide semiconductor in a channel formation region rarely has a
negative threshold voltage (is rarely normally-on). A highly purified intrinsic or
substantially highly purified intrinsic oxide semiconductor has a low density of défect
states and accordingly has low density of trap states in some cases. Thus, the transistor
including the oxide semiconductor in the channel formation region has little variation in
electrical characteristics and high reliability in some cases. An electrical charge
trapped by the trap states in the oxide semiconductor takes a long time to disappear.
The trapped electrical charge may behave like a fixed electrical charge. Thus, the
transistor which includes the oxide semiconductor having a high density of trap states in

the channel formation region has unstable electrical characteristics in some cases.
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[0144]

A transistor using the highly purified intrinsic or substantially highly purified
intrinsic CAAC-OS has little variation in the electrical characteristics due to irradiation
with visible light or ultraviolet light.

[0145]

An oxide semiconductor may include polycrystal, for example. Note that an
oxide semiconductor including polycrystal is referred to as a polycrystalline oxide
semiconductor. A polycrystalline oxide semiconductor includes a plurality of crystal
grains.

[0146]

An oxide semiconductor may include microcrystal, for example. Note that an
oxide semiconductor including microcrystal is referred to as a microcrystalline oxide
semiconductor.

(0147}

In an image obtained with a TEM, for example, crystal parts cannot be found
clearly in the microcrystalline oxide semiconductor in some cases. In most cases, the
size of a crystal part included in the microcrystalline oxide semiconductor is greater
than or equal to 1 nm and less than or equal to 100 nm, or greater than or equal to 1 nm
and less than or equal to 10 nm, for example. A microcrystal with a size greater than
or equal to 1 nm and less than or equal to 10 nm is specifically referred to as
nanocrystal (nc), for example. An oxide semiconductor including nanocrystal is
referred to as a nanocrystalline oxide semiconductor (nc-OS). In an image of the
nc-OS obtained with a TEM, for example, a boundary between crystal parts is not
clearly detected in some cases. In an image of the nc-OS obtained with a TEM, for
example, since a clear grain boundary does not exist, for example, segregation of an
impurity is unlikely to occur.  In the nc-OS, since a clear grain boundary does not exist,
for example, high density of defect states is unlikely to occur. In the nc-OS, since a
clear grain boundary does not exist, for example, a reduction in electron mobility is
unlikely to occur.

[0148]
In the nc-OS, for example, a microscopic region (for example, a region with a

size greater than or equal to 1 nm and less than or equal to 10 nm) has a periodic atomic



10

15

20

25

30

WO 2014/142043 PCT/JP2014/056088

31

order occasionally. Further, for example, in the nc-OS, crystal parts are not
regularly-arranged. Thus, there is a case where periodic atomic order is not observed
microscopically or a case where long-range order in atomic arrangement is not observed.
Accordingly, in some cases, the nc-OS cannot be distinguished from an amorphous
oxide semiconductor, for example, depending on an analysis method. When the nc-OS
is analyzed by an out-of-plane method with an XRD apparatus using an X-ray having a
beam diameter larger than the diameter of a crystal part, a peak which shows alignment
does not appear in some cases. Further, for example, a halo pattern is shown in some
cases in an electron diffraction pattern of the nc-OS obtained by using an electron beam
having a diameter larger than the diameter of a crystal part (for example, a beam
diameter of 20 nm¢ or more, or 50 nm¢g or more). For example, spots are shown in
some cases in a nanobeam electron diffraction pattern of the nc-OS obtained by using an
electron beam having a diameter smaller than or equal to the diameter of a crystal part
(for example, a beam diameter of 10 nm¢ or less, or 5 nrh¢ or less). In a nanobeam
electron diffraction pattern of the nc-OS, for example, regions with high luminance in a
circular pattern are shown in some cases. In a nanobeam electron diffraction pattern of
the nc-OS, for example, a plurality of spots are shown in the region in some cases.
[0149]

Since the microscopic region in the nc-OS has a periodic atomic order
occasionally, the nc-OS has lower density of defect states than the amorphous oxide
semiconductor. Note that since crystal parts in the nc-OS are not regularly-arranged,
the nc-OS has higher density of defect states than the CAAC-OS.

[0150]

Note that the oxide semiconductor may be a mixed film including two or more
of a CAAC-0S, a polycrystalline oxide semiconductor, a microcrystalline oxide
semiconductor, and an amorphous oxide semiconductor. Thé mixed film includes two
or more of an amorphous oxide semiconductor region, a microcrystalline oxide
semiconductor region, a polycrystalline oxide semiconductor region, and a CAAC-0OS
region in some cases. The mixed film has a stacked-layer structure of two or more of
an amorphous oxide semiconductor region, a microcrystalline oxide semiconductor

region, a polycrystalline oxide semiconductor region, and a CAAC-OS region in some
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cases.
[0151]

This embodiment can be implemented in appropriate combination with any of
the other embodiments.
[0152]
(Embodiment 4)

In this embodiment, a cross-sectional structure of a transistor included in a
memory cell of a semiconductor device of one embodiment of the disclosed invention
will be described with reference to drawings.

[0153]

FIG. 9 illustrates an example of part of the cross-sectional structure of the

memory cell of one embodiment of the present invention. FIG. 9 illustrates the

_transistor 111, the transistor 112, and the capacitor 114 shown in Embodiment 1.

[0154]

In this embodiment, the transistor 112 is formed in a single crystal silicon
substrate, and the transistor 111 including an oxide semiconductor layer is formed over
the transistor 112. The transistor 112 may include a thin semiconductor layer of
silicon, germanium, or the like in an amorphous, microcrystalline, polycrystalline, or
single crystal state.

[0155]

In the case where the transistor 112 is formed using a thin silicon film, it is
possible to use any of the following: amorphous silicon formed by a sputtering method
or a vapor phase growth method such as a plasma CVD mefhod; polycrystalline silicon
obtained by crystallization of amorphous silicon by treatment such as laser annealing;
single crystal silicon obtained by separation of a surface portion of a single crystal
silicon wafer by implantation of hydrogen ions or the like into the silicon wafer; and the
like.

[0156]

Among the transistors included in the memory cell of the semiconductor device
described in Embodiment 1, the transistor 111 includes an oxide semiconductor and the
other transistors such as the transistor 112 include silicon. In that case, the number of

transistors using an oxide semiconductor is smaller than that of transistors using silicon.
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Thus, a stack of the transistor 111 over the transistors using silicon leads to more
flexible design rule of the transistor 111.
[0157]

The chip area of a semiconductor device can be reduced by using such a
structure in which a transistor including silicon and a transistor including an oxide
semiconductor are stacked. Since the number of transistors including silicon is larger
than that of transistors including an oxide semiconductor in one circuit block, the actual
chip area of the semiconductor device depends on the number of transistors including
silicon.

[0158]

In FIG. 9, the n-channel transistor 112 is formed in a semiconductor substrate
800.

[0159]

The semiconductor substrate 800 can be, for example, an n-type or p-type
silicon substrate, germanium substrate, silicon germanium substrate, or compound
semiconductor substrate (e.g., GaAs substrate, InP substrate, GaN substrate, SiC
substrate, GaP substrate, GalnAsP substrate, or ZnSe substrate).

[0160]

The transistor 112 is electrically isolated from another transistor by an element
isolation insulating film 801. The element isolation insulating film 801 can be formed
by a local oxidation of silicon (LOCOS) method, a trench isolation method, or the like.
[0161]

Specifically, the transistor 112 includes impurity regions 802 and 803 that are
formed in the semiconductor substrate 800 and function as a source region and a drain
region, a gate electrode 804, and a gate insulating film 805 provided between the
semiconductor substrate 800 and the gate electrode 804. The gate electrode 804
overlaps with a channel formation region formed between the impurity regions 802 and
803 with the gate insulating film 805 positioned between the gate electrode 804 and the
channel formation region. '

[0162]
An insulating film 809 is provided over the transistor 112. Openings are

formed in the insulating film 809. Wirings 810 and 811 that are in contact with the
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impurity regions 802 and 803, respectively, and a wiring 812 that is in contact with the
gate electrode 804 are formed in the openings.
[0163]

The wiring 810 is connected to a wiring 815 formed over the insulating film
809. The wiring 811 is connected to a wiring 816 formed over the insulating film 809.
The wiring 812 is connected to a wiring 817 formed over the insulating film 809.

[0164]

An insulating film 820 is formed over the wirings 815 to 817. An opening is
formed in the insulating film 820. In the opening, a wiring 821 that is connected to the
wiring 817 is formed. |
[0165]

In FIG. 9, the transistor 111 and the capacitor 114 are formed over the
insulating film 820.

[0166]

The transistor 111 includes, over the insulating film 820, a semiconductor film
830 including an oxide semiconductor, conductive films 832 and 833 that are positioned
over the semiconductor film 830 and function as a source electrode and a drain
electrode, a gate insulating film 831 over the semiconductor film 830 and the
conductive films 832 and 833, and a gate electrode 834 that is positioned over the gate
insulating film 831 and overlaps with the semiconductor film 830 between the
conductive films 832 and 833. Note that the conductive film 833 is connected to the
wiring 821. ’

[0167]

A conductive film 835 is provided over the conductive film 833 with the gate
insulating film 831 positioned therebetween. A portion where the conductive films
833 and 835 overlap with each other with the gate insulating film 831 positioned
therebetween functions as the capacitor 114.

[0168]

Note that in FIG. 9, the capacitor 114 is provided over the insulating film 820
together with the transistor 111. However, the capacitor 114 may be provided below
the insulating film 820 together with the transistor 112.

[0169]
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An insulating film 841 is provided over the transistor 111 and the capacitor 114.
An opening is provided in the insulating film 841. Over the insulating film 841, a
conductive film 843 that is in contact with the gate electrode 834 through the opening is
provided.

[0170]

Note that in FIG. 9, the transistor 111 includes the gate electrode 834 on at least
one side of the semiconductor film 830. Alternatively, the transistor 111 may include a
pair of gate electrodes with the semiconductor film 830 positioned therebetween.

[0171]

When the transistor 111 includes a pair of gate electrodes with the
semiconductor film 830 positioned therebetween, a signal for controlling on/off may be
supplied to one of the gate electrodes, and the other of the gate electrodes may be
suppiied with a potential from another element. In the latter case, potentials at the
same level may be supplied to the pair of electrodes, or a fixed potential such as a
ground potential may be supplied only to the other of the gate electrodes. By
controlling the level of a potential applied to the other of the gate electrodes, the
threshold voltage of the transistor 111 can be controlled.

[0172]

The semiconductor film 830 is not necessarily a single oxide semiconductor
film, but may be a stack of a plurality of oxide semiconductor films. FIGS. 10A and
10B illustrate an example in which the semiconductor film 830 is formed using a stack
of three oxide semiconductor films.

[0173]

A transistor 111A in FIG. 10A includes the semiconductor film 830 provided
over the insulating film 820 and the like, the conductive films 832 and 833 electrically
connected‘ to the semiconductor film 830, the gate insulating film 831, and the gate
electrode 834 that is provided over the semiconductor film 830 with the gate insulating
film 831 positioned therebetween.

[0174]

As the semiconductor film 830 in the transistor 111A, oxide semiconductor
layers 830a to 830c are stacked sequentially from the insulating film 820 side.
[0175]
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Each of the oxide semiconductor layers 830a and 830c is an oxide film that
contains at least one of metal elements contained in the oxide semiconductor layer 830b
and in which energy at the bottom of the conduction band is closer to the vacuum level
than that in the oxide semiconductor layer 830b by ’higher than or equal to 0.05 eV, 0.07
eV, 0.1 eV, or 0.15 ‘eV and lower than or equal to 2 eV, 1 eV, 0.5 eV, or 0.4 V. The
oxide semiconductor layer 830b preferably contains at least indium because carrier
mobility is increased.

[0176] .

Note that as illustrated in a transistor 111B in FIG. 10B, the oxide
semiconductor layer 830c may be provided over the conductive films 832 and 833 to
overlap with the gate insulating film 831.

[0177]

This embodiment can be implemented in appropriate combination with any of
the other embodiments.
[0178]

(Embodiment 5)

In this embodiment, application examples of the semiconductor device
described in the above embodiments to an electronic component and to an electronic
device including the electronic component will be described with reference to FIGS.
11A and 11B and FIGS. 12A to 12E.

[0179]

FIG. 11A shows an example where the semiconductor device described in the
above embodiments is used to make an electronic component. Note that the electronic
component is also referred to as semiconductor package or IC package. For the
electronic component, there are various standards and names corresponding to the
direction of terminals or the shape of terminals; hence, one example of the electronic
component will be described in this embodiment.

[0180]

A semiconductor device including the transistors illustrated in FIG. 9 in
Embodiment 4 undergoes the assembly process (post-process) to be completed in
combination with components detachable to a printed circuit board.

[0181]
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The post-process can be completed through steps shown in FIG. 1A.
Specifically, after an element substrate obtained in the wafer process is completed (Step
S1), a back surface of the substrate is ground (Step S2). The substrate is thinned in
this step to reduce warpage or the like of the substrate in the wafer process and to
reduce the size of the 'com.ponent itself.

[0182]

A dicing step is performed to grind the back surface of the substrate to separate
the substrate into a plurality of chips. Then, a die bonding step is performed so that
separate chips are individually picked up to be mounted on and bonded to a lead frame
(Step S3). To bond a chip and a lead frame in the die bonding step, a method such as
resin bonding or tape-automated bonding is selected as appropriate depending on
products. Note that in the die bonding step, a chip may be mounted on an interposer to
be bonded.

[0183] |

Next, wiring bonding for electrically connecting a lead of the lead frame and an
electrode on a chip through a metal wire is performed (Step S4). As the metal wire, a
silver wire or a gold wire can be used. For wire bonding, ball bonding or wedge
bonding can be employed.

[0184]

A wire—bondéd chip is subjected to a molding step of sealing the chip with an
epoxy resin or the like (Step S5). With the molding step, the iﬁside of the electronic
component is filled with a resin, so that the circuit portion and the wire embeddcd in the
component can be protected from external mechanical force and deterioration of
characteristics due to moisture or dust can be reduced.

[0185]

Subsequently, the lead of the lead frame is plated. Then, the lead is cut and
processed into a predetermined shape (Step S6). With the plating process, corrosion of
the lead can be prevented, and soldering for mounting the electronic component on a
printed circuit board in a later step can be performed with higher reliability.

[0186]
Next, printing process (marking) is performed on a surface of the package

(Step S7). Then, through a final test step (Step S8), the electronic component is
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completed (Step S9).
[0187]

~ The aforementioned electronic component includes the semiconductor device
described in the above embodiments. It is thus pos‘sible to achieve an electronic
component including a memory cell from which multilevel data can be read without
switching a signal for reading data in accordance with the number of levels of the
multilevel data.  The electronic component includes the semiconductor device
provided with the memory cell from which multilevel data can be read without
switching a signal for reading data in accordance with the number of levels of the
multilevel data, and accordingly, the reading operation is performed at high speed in the
electronic component.
[0188]

FIG. 11B is a perspective schematic view of a completed electronic component.
FIG. 11B shows a perspective schematic view of a quad flat package (QFP) as an
example of the electronic component. An electronic component 700 illustrated in FIG.
11B includes a lead 701 and a semiconductor device 703. The electronic comp;)nent
700 in FIG. 11B is mounted on a printed wiring board 702, for example. The plurality
of electronic components 700 are used in combination to be electrically connected to
each other over the printed wiring board 702; thus, a circuit board on which the
electronic components are mounted (a circuit board 704) is completed. The completed
circuit board 704 is provided in an electronic device or the like.

[0189]

Next, description is made on applications of the aforementioned electronic
component to an electronic device such as a computer, a portable information terminal
(including a cellular phone, a portable game machine, an audio reproducing device, and
the like), electronic paper, a television device (also referred to as a television or a
television receiver), or a digital video camera. |
[0190]

FIG. 12A illustrates a portable information terminal, which includes a housing
901, a housing 902, a first display portion 903a, a second display portion 903b, and the
like. At least one of the housings 901 and 902 includes a circuit board including the

semiconductor device described in the above embodiments. It is thus possible to
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achieve a portable information terminal in which the reading operation is performed at
high speed.
[0191] _

Note that the first display portion 903a is a touch panel, and for example, as
illustrated in the left of FIG. 12A, which of "touch input” and "keyboard input” is
performed can be selected by a selection button 904 displayed on the first display
portion 903a. Since the selection buttons with a variety of sizes can be displayed, the
portable information terminal can be easily used by people of any generation. In the
case where "touch input” is selected, for example, a keyboard 905 is displayed on the
first display portion 903a as illustrated in the right of FIG. 12A. With the keyboard
905, letters can be input quickly by keyboard input as in the case of using a
conventional information terminal, for example.

[0192]

Further, one of the first display portion 903a and the second display portion
903b can be detached from the portable information terminal as illustrated in the right of
FIG. 12A. When the first display portion 903a has a touch input function, the
information terminal has a further reduced weight and thus is easy to carry, which is
convenient because operation with one hand is enabled while the other hand supports
the housing 902. .

[0193] _

The portable information terminal illustrated in FIG. 12A can have a function
of displaying various kinds of information (e.g., a still image, a moving image, and a
text image), a function of displaying a calendar, a date, the time, or the like on the
display portion, a function of operating or editing the information displayed on the
display portion, a function of controlling processing by various kinds of software
(programs), and the like. Further, an external connection terminal (e.g., an earphone
terminal or a USB terminal), a recording medium insertion portion, and the like may be
provided on the back surface or the side surface of the housing.

[0194]
The portable information terminal illustrated in FIG. 12A may transmit and

receive data wirelessly. Through wireless communication, desired book data or the
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like can be purchased and downloaded from an electronic book server.
[0195]

Further, the housing 902 illustrated in FIG. 12A may have an antenna, a
microphone function, or a wireless communication function to be used as a cellular
phone.

[0196]

FIG. 12B illustrates an e-book reader 910 including electronic paper. The
e-book reader 910 includes two housings 911 and 912. The housing 911 and the
housing 912 include a display portion 913 and a display portion 914, respectively. The
housings 911 and 912 are connected to each other by a hinge 915, so that the e-book
reader 910 can be opened and closed using the hinge 915 as an axis. The housing 911
includes a power button 916, operation keys 917, a speaker 918, and the like. At least
one of the housings 911 and 912 includes a circuit board including the semiconductor
device described in the above embodiments. It is thus possible to achieve an e-book
reader in which the reading operation is performed at high speed.

[0197]

FIG. 12C is a television device, which includes a housing 921, a display portion
922, a stand 923, and the like. The television device 920 can be operated with a switch
of the housing 921 and a remote control 924. The housing 921 and the remote control
924 include a circuit board including the semiconductor device described in the above
embodiments. It is thus possible to achieve a television device in which the reading
operation is performed at high speed.

[0198]

FIG. 12D illustrates a smartphone in which a main body 930 includes a display
portion 931, a speaker 932, a microphone 933, operation buttons 934, and the like.
The main body 930 includes a circuit board including the semiconductor device
described in the above embodiments. It is thus possible to achieve a smartphone in
which the reading operation is performed at high speed.

[0199]

FIG. 12E illustrates a digital camera, which includes a main body 941, a display

portion 942, an operation switch 943, and the like. The main body 941 includes a

circuit board including the semiconductor device described in the above embodiments.
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It is thus possible to achieve a digital camera which has a reduced size, weight, or power
consumption.
[0200]

As described above, the electronic devices shown in this embodiment each
include a circuit board including the semiconductor device of the above embodiments.
It is thus possible to achieve electronic devices in which the reading operation is
performed at high speed.

[Example]
[0201}

A 3bit/cell semiconductor device was fabricated to demonstrate writing and
reading of multilevel data. Reported in this example are time for writing multilevel
data, rewrite endurance, and the operations of writing and reading of multilevel data.
[0202]

-A memory cell included in the semiconductor device is a memory that employs
CAAC-IGZO TFTs having a feature of an extremely low off-state leakage current on
the order of yoctoamperes (yA (“y” is 10'24)) per micrometer. FIG. 13A is a circuit
diagram of the memory cell. The memory cell is composed of a CAAC-IGZO TFT
(first transistor) used for writing data, a PMOS (second transistor) used for reading data,
and a cell capacitor C (capacitor) for accumulating electrical charge and controlling the
gate voltage of the PMOS. A prototype in this example includes the memory cell
fabricated in the 0.45-um CMOS and 0.45-um CAAC-IGZO TFT technology. The
cell capacitor C had a capacitance of 2 fF.

[0203]

FIG. 13B is a graph showing the current-voltage characteristics in which the
vertical axis is reading current /p and the horizontal axis is the voltage of read word line
(WL¢), in the case of writing eight levels of voltages (0.6 V, 09V, 1.2V, 1.5V, 1.8V,
2.1V, 24V, and 2.7 V) to the prototype memory cell. The graph shows that the
characteristics of the reading current /p shift on the basis of the voltage written to the
memory cell.

[0204]
FIG. 13C is a graph showing the relation between threshold voltage (Vi)
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calculated from the characteristic curves in FIG. 13B and the write time of the memory
cell. The cell is found to store any of the eight levels of voltages in the cell capacitor C
within a write time of 5 ns.

[0205]

FIG. 13D shows the rewrite endurance of the memory cell. The cell is found
to keep Vi corresponding to the eight levels of voltages even after 10'? cycles.
[0206]

These results show that the memory cell including two transistors and one
‘capacitor is suitable for holding multilevel data. To read data from the fabricated
memory cell, potential of a bit line (BL) was precharged, and then electrical charge of
the bit line (BL) was discharged to a power supply line (SL). At this time, the
electrical charge of the BL was discharged until the voltage of the BL reaches a certain
level.  The voltage at the certain level is defined as the cell threshold voltage of the
memory cell. The cell threshold voltage is determined‘by the amount of electrical
charge accumulated in the cell capacitor C.

[0207]

FIG. 14 is a block diagram of a semiconductor device including the fabricated
memory cell. The semiconductor device includes a memory cell array, write switches,
row drivers, and 3bit A/D converters (ADCs).

[0208]

FIG. 15 shows the distributions of the cell threshold voltages in the memory
cell.  From FIG. 15, it is found that the distributions of eight levels of voltages do not
overlap, that is, are separated.

[0209]

To read eight levels of data, 3bit ADCs are needed. The 3bit ADCs in the
fabricated semiconductor device are flash ADCs each including seven comparator
arrays and one encoder.

[0210]

The operations of the semiconductor device are described below. Power
supply voltage Vpp of the semiconductor device was set to 3 V. FIG. 16 shows
waveforms in writing operation for the memory cell. In writing operation, first, power

supply voltages Vss and ¥y were applied to a WL and a write word line (WLgz0) in a
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selected row, respectively. The voltage /'y was set to 4.5 V for cancelling Vi, drops in
the CAAC-IGZO TFTs. Next, eight levels of voltages corresponding to 3-bit data
were selected through the write switches to be output to the BL. The voltage applied
to the BL can be directly applied across cell capacitors C in memory cells in the selected
row. Accordingly, 3-bit data can be collectively written in row unit.

[0211]

A write voltage corresponding to 3-bit data “111” was set to 2.7 V, a write
voltage corresponding to 3-bit data “110” was set to 2.4 V, and write voltages
corresponding to the remaining data were setto 2.1 V, 1.8 V, 1.5V, 1.2V, 0.9 V, and 0.6
V. Lastly, VL and Vu were applied to WLigzo and WL¢ in the selected row,
respectively, to complete the writing opération.

[0212]

The voltage V1. was set to —1 V so that the CAAC-IGZO TFTs were turned off
to retain data. In the fabricated semiconductor device, a write time T\ 15 a time from
application of a write voltage to the BL to application of V| to the Wyigzo. FIG. 17A is
a graph showing the relationship between 7. and the peak of cell threshold voltage.
FIG. 17B is a graph showing the relationship between T\t and standard deviation of a
cell threshold voltage. It is found that a 100-ns 7. of the fabricated semiconductor
device results in convergence of 60 and separated distributions.of Vin of the memory
cell.

[0213]

The write time is shorter than the write time of a conventional semiconductor
device before. Table 1 shows voltages for writing data, the peaks of cell threshold
voltages, and 6G.

[0214]

" [Table 1]

Data 000 | 001 010 | 011 100 | 101 110 | 111
Write Voltage[V] | 0.6 0.9 1.2 1.5 1.8 2.1 24 2.7
Peak of Cell V,[V]| 0.79 | 1.06 | 1.34 | 1.62 | 1.91 | 2.20 | 2.50 2.79
60[V] 0.109, 0.098| 0.086| 0.084| 0.080, 0.074| 0.074) 0.070

[0215]
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The number of cells outside 6c is 0.002 ppm, which means that memory
having a capacity of approximately 0.1 Gb needs no verify operation.
[0216]

FIG. 18A shows waveforms in reading operation for the fabricated
semiconductor device. FIG. 18B shows the enlarged waveform of the BL in FIG. 18A.
In reading operation, first, Vpp was precharged to the BL and Vss was applied to the SL.
Then, Vss was applied to the WLc in the selected row. The electrical charge of the BL
was discharged until the voltage of the BL which was precharged was decreased to the
cell threshold voltage of each memory cell. The voltage of the BL which was
discharged was converted into 3-bit data by the 3bit ADC. The output 3-bit data were
sampled with a LAT signal and ¥y was applied to WLc to complete the reading
operation.

[0217]

In this way of reading data, the distributions of Vi, of PMOS in memory cells
are determined on the basis of varfations in ¥y of PMOS in memory cells and variations
in write voltage. The voltage of the BL is applied across the cell capacitor C as write
voltage to the memory cell, and therefore, expansion of the distribution of cell threshold
voltages can be prevented.

[0218]

In the fabricated semiconductor device, a read time Tgeap iS a time from
application of Vss to WLc to obtaining of data with a LAT signal. It is demonstrated
that multilevel data can be collectively read in parallel in Tggap of a 900-ns. The
read time Treap of this semiconductor device is approximately the same as the read time
of a binary semiconductor device.

[0219]

FIG. 19 shows retention characteristics at 27 °C. Measuring retention of data
“111” gives the following results. A decrease in cell threshold voltage is found to be
approximately 25 mV in 278-hour retention. A voltage between the peaks of cell
threshold voltages of data is 300 mV. The value 60 of cell threshold voltage is 110 mV.
The error in the 3bit ADC is 10 mV. Therefore, the retention margin is 60 mV. Data

are estimated to be retained for approximately 27 déys.
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[0220]
FIG. 20 is a photograph of the fabricated semiconductor device. Table 2 is the

specification of the fabricated semiconductor device.

[0221]
[Table 2]
Bits perCell | 3
Density 18kbit
| ' Technology 0.45-um CMOS
0.45-um CAAC-IGZO TFT
Cell Array 512rows x 12columns
Write Performance | 100 ns
Read Performance | 900 ns
Power Supply - VDD/VHIVL =3 V/4.5VI-1V

[0222]

| In this example, the 3bit/cell semiconductor device including a CAAC-IGZO
TFT was fabricated. In the fabricated semiconductor device, it is demonstrated that
3-bit data can be written in parallel in 100ns. In the distribution of cell threshold
voltages of data, 6c is not higher than 110 mV in the case of a writing operation with no
verify operation. This means that distributions of cell threshold voltages can be

separated even when the capacity of the memory cell is increased.

REFERENCE NUMERALS

[0223]

pl: period, 2: period, p3: period, p4: period, p5: period, p6: period, p7: period, p8:
period, p9: period, p10: period, pl11: period, p12: period, pl3: period, p14: period, p15:
period, p16: period, TO: period, T1: period, T2: period, Vo: potential, V7: potential, Vief:
reference voltage, Vess: reference voltage, 100: memory cell, 100A: memory cell, 100B:
memory cell, 100C: memory cell, 100D: memory cell, 111: transistor, 111A: transistor,
111B: transistor, 112: transistor, 114: capacitor, 200: semiconductor device, 201:

memory cell array, 202: row driver, 203: column driver, 204: A/D converter, 301:



10

15

20

WO 2014/142043 PCT/JP2014/056088

46

decoder, 302: controller, 401: decoder, 402: latch, 403: D/A converter, 404: switch
circuit, 405: transistor, 406: transistor, 501: comparator, 502: encoder, 503: latch, 504:
buffer, 600: semiconductor device, 700: electronic component, 701: lead, 702: printed

wiring board, 703: semiconductor device, 704: completed circuit board,. 800:

.semiconductor substrate, 801: element isolation insulating film, 802: impurity region,

803: impurity region, 804: gate electrode, 805: gate insulating film, 809: insulating film,
810: wiring, 811: wiring, 812: wiring, 815: wiring, 816: wiring, 817: wiring, 820:
insulating film, 821: wiring, 830: semiconductor film, 830a: oxide semiconductor layer,
830b: oxide semiconductor layer, 830c: oxide semiconductor layer, 831: gate insulating
film, 832: conductive film, 833: conductive film, 834: gate electrode, 835: conductive
film, 841: insulating'ﬁlm, 843: conductive film, 901: housing, 902: housing, 903a:
display portion, 903b: display portion, 904: selection button, 905: keyboard, 910:
e-book reader, 911: housing, 912: housing, 913: display portion, 914: display portion,
915: hinge, 916: power button, 917: operation key, 918: display portion, 920: television
device, 921: housing, 922: display portion, 923: stand, 924: remote control, 930: main
body, 931: display portion, 932: main body, 933: microphone, 934: operation button,
941: main body, 942: display portion, 943: operation switch.

This application is based on Japanese Patent Application serial no.
2013-051141 filed with Japan Patent Office on March 14, 2013, the entire contents of

which are hereby incorporated by reference.
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CLAIMS

1. A method for driving a semiconductor device comprising a memory cell,
wherein the memory cell comprises a first transistor and a secdnd transistor, wherein
one of a source and a drain of the first transistor is electrically connected to a gate of the
second transistor, wherein the other of the source and the drain of the first transistor is
electrically connected to a bit line, and wherein one of a source and a drain of the
second transistor is electrically connected to the bit line, the method comprising the
steps of:

writing data to the memory cell by turning on the first transistor; and

reading the data from the memory cell by turning on the second transistor and

discharging electrical charge of the bit line.

2. The method for driving a semiconductor device according to claim 1,
wherein the first transistor comprises a channel formation region comprising an

oxide semiconductor.

3. The method for driving a semiconductor device according to claim 1,

wherein the second transistor is a p-channel transistor.

4. The method for driving a semiconductor device according to claim 1,
wherein the second transistor comprises a channel formation region comprising

silicon.

5. The method for driving a semiconductor device according to claim 1, further
comprising the step of:
bringing the bit line into an electrically floating state before discharging the

electrical charge of the bit line.

6. A method for driving a semiconductor device comprising a memory cell,
wherein the memory cell comprises a first transistor and a second transistor, wherein

one of a source and a drain of the first transistor is electrically connected to a gate of the
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second transistor, wherein the other of the source and the drain of the first transistor is
electrically connected to a bit line, a:nd wherein one of a source and a drain of the
second transistor is electrically connected to the bit line, the method comprising the
steps of:

writing data to the memory cell by turning on the first transistor;

applying a first voltage to the bit line while holding the data in the memory
cell; and. '

discharging electrical charge of the bit line by turning on the second transistor

while holding the data in the memory cell after applying the first voltage to the bit line.

7. The method for driving a semiconductor device according to claim 6,
wherein the first transistor comprises a channel formation region comprising an

oxide semiconductor.

8. The method for driving a semiconductor device according to claim 6,

wherein the second transistor is a p-channel transistor.

9. The method for driving a semiconductor device according to claim 6,
wherein the second transistor comprises a channel formation region comprising

silicon.

10. The method for driving a semiconductor device according to claim 6,
further comprising the step of:
bringing the bit line into an electrically floating state after applying the first

voltage to the bit line and before discharging the electrical charge of the bit line.

11. A method for driving a semiconductor device comprising a memory cell,
wherein the memory cell comprises a first transistor, a second transistor and a capacitor,
wherein one of a source and a drain of the first transistor is electrically connected to a
gate of the second transistor, wherein the other of the source and the drain of the first
transistor is electrically connected to a bit line, wherein one of a source and a drain of

the second transistor is electrically connected to the bit line, wherein the other of the
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source and the drain of the second transistor is electrically connected to a power supply
line, wherein the gate of the second transistor is eleétrically connected to a first
electrode of the capacitor, wherein a second electrode of the capacitor is electrically
connected to a read word line, and wherein the second transistor is a p-channel transistor,
the method comprising the steps of:

turning on the first transistor;

applying a first voltage to the bit line while keeping the first transistor in an
on-state;

turning off the first transistor to hold data in the memory cell while applying
the first voltage to the bit line;

changing a potential of the read word line to turn off the second transistor while
holding the data in the memory cell;

applying a second voltage to the bit line while holding the data in the memory
cell after changing the potential of the read word line to turn off the second transistor;
and

changing the potential of the read word line to turn on the second transistor
after applying the second voltage to the bit line,

wherein the second voltage is higher than a third voltage applied to the power

supply line.

12. The method for driving a semiconductor device according to claim 11,
wherein the first transistor comprises a channel formation region comprising an

oxide semiconductor.

13. The method for driving a semiconductor device according to claim 11,
wherein the second transistor comprises a channel formation region comprising

silicon.

14. The method for driving a semiconductor device according to claim 11,
further comprising the step of:
bringing the bit line into an electrically floating state after applying the second

voltage to the bit line and before changing the potential of the read word line to turn on
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the second transistor.

15. The method for driving a semiconductor device according to claim 11,
wherein electrical charge of the bit line is discharged to the power supply line

when the potential of the read word line is changed to turn on the second transistor.

16. A semiconductor device comprising:
a memory cell comprising:
a first transistor;
a second transistor; and
a capacitor; and
an A/D converter,
wherein one of a source and a drain of the first transistor is electrically
connected to a gate of the second transistor,
wherein the other of the source and the drain of the first transistor is electrically
connected to a bit line,
wherein one of a source and a drain of the second transistor is electrically
connected to the bit line,
wherein the other of the source and the drain of the second transistor is
electrically connected to a power supply line,
wherein the gate of the second transistor is electrically connected to a first
electrode of the capacitor,
wherein a second electrode of the capacitor is electrically connected to a read
word line, and ‘

wherein the bit line is electrically connected to the A/D converter.
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