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(57) Abstract: An object is to provide a low-power semiconductor device which does not require a latch circuit to hold data at the
output of inverter circuits. In the semiconductor device, an input of a first inverter circuit is connected to an input terminal
through a source and a drain of a first transistor. An input of a second inverter circuit is connected to an output of the first inverter
circuit through a source and a drain of a second transistor. An output of the second inverter is connected to an output terminal. An
inverted clock signal and a clock signal are input to gates of the first transistor and the second transistor, respectively. The first
and the second transistor have extremely low off-current, which allows the output potential of the device to remain unchanged
even when the input varies.
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1
DESCRIPTION
SEMICONDUCTOR DEVICE
TECHNICAL FIELD
[0001]

The present invention relates to a semiconductor device, and particularly to a

flip-flop which is a kind of logic circuit.

BACKGROUND ART
[0002]

Since recent years, electronic appliances are required to consume lower power
to reduce the load on the environment. A way of achieving lower power consumption
is to reduce the power consumption of integrated circuits (e.g., LSI devices: large scale
integration devices) mounted on electronic appliances.

[0003]

An integrated circuit includes a flip-flop which is a kind of logic circuit.
Examples of flip-flops include not only a simple flip-flop which obtains data in
accordance with the pulse of a clock signal, but also a flip-flop having a reset terminal, a
flip-flop having a set terminal, and a flip-flop having a reset terminal and a set terminal.
These flip-flops each have a latch circuit having a function of holding data (see for
example Patent Document 1). Further, a flip-flop having a reset terminal, a flip-flop

having a set terminal, and a flip-flop having a reset terminal and a set terminal each

additionally have a NAND circuit, and the like.

[Reference]
[0004]
[Patent Document 1] United States Patent No. 4554467

DISCLOSURE OF INVENTION
[0005]
As described above, a flip-flop has a latch circuit having a function of holding

data, a NAND circuit, and the like. A great number of transistors are used to constitute
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a latch circuit or a NAND circuit, which makes it difficult to reduce power
consumption. |
[0006]

One embodiment of the present invention is made in view of the above
problem and one of its objects is to provide a flip-flop having reduced power
consumption.

[0007]

One embodiment of the present invention is a semiconductor device including
a first transistor, a second transistor, a first inverter circuit, and a second inverter circuit.
An inverted clock signal is input to a gate of the first transistor. A clock signal is input
to a gate of the second transistor. One of a source and a drain of the first transistor is
electrically connected to a first wiring. The other of the source and the drain of the
first transistor is electrically connected to an input of the first inverter circuit. An
output of the first inverter circuit is electrically connected to one of a source and a drain
of the second transistor. The other of the source and the drain of the second transistor
is electrically connected to an input of the second inverter circuit. An output of the
second inverter circuit is electrically connected to a second wiring.

[0008]

One embodiment of the present invention is a semiconductor device including
a first transistor, a second transistor, a third transistor, a fourth transistor, a first inverter
circuit, and a second inverter circuit. An inverted clock signal is input to a gate of the
first transistor. A clock signal is input to a gate of the second transistor. A reset
signal is input to a gate of the third transistor and a gate of the fourth transistor. One of
a source and a drain of the first transistor is electrically connected to a first wiring.
The other of the source and the drain of the first transistor is electrically connected to an
input of the first inverter circuit. An output of the first inverter circuit is electrically
connected to one of a source and a drain of the second transistor. The other of the
source and the drain of the second transistor is electrically connected to an input of the
second inverter circuit. An output of the second inverter circuit is electrically
connected to a second wiring. One of a source and a drain of the third transistor is
electrically connected to the input of the first inverter circuit. The other of the source

and the drain of the third transistor is electrically connected to a low voltage supply line.
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One of a source and a drain of the fourth transistor is electrically connected to the input
of the second inverter circuit. The other of the source and the drain of the fourth
transistor is electrically connected to a high voltage supply line.
[0009]

One embodiment of the present invention is a semiconductor device including
a first transistor, a second transistor, a fifth transistor, a sixth transistor, a first inverter
circuit, and a second inverter circuit. An inverted clock signal is input to a gate of the
first transistor. A clock signal is input to a gate of the second transistor. A set signal
is input to a gate of the fifth transistor and a gate of the sixth transistor. One of a
source and a drain of the first transistor is electrically connected to a first wiring. The
other of the source and the drain of the first transistor is electrically connected to an
input of the first inverter circuit. An output of the first inverter circuit is electrically
connected to one of a source and a drain of the second transistor. The other of the
source and the drain of the second transistor is electrically connected to an input of the
second inverter circuit. An output of the second inverter circuit is electrically
connected to a second wiring. One of a source and a drain of the fifth transistor is
electrically connected to the input of the first inverter circuit. The other of the source
and the drain of the fifth transistor is electrically connected to a high voltagé supply line.
One of a source and a drain of the sixth transistor is electrically connected to the input
of the second inverter circuit. The other of the source and the drain of the sixth
transistor is electrically connected to a low voltage supply line.
[0010]

One embodiment of the present invention is a semiconductor device including
a first transistor, a second transistor, a third transistor, a fourth transistor, a fifth
transistor, a sixth transistor, a first inverter circuit, and a second inverter circuit. An
inverted clock signal is input to a gate of the first transistor. A clock signal is input to
a gate of the second transistor. A reset signal is input to a gate of the third transistor
and a gate of the fourth transistor. A set signal is input to a gate of the fifth transistor
and a gate of the sixth transistor. One of a source and a drain of the first transistor is
electrically connected to a first wiring. The other of the source and the drain of the
first transistor is electrically connected to an input of the first inverter circuit. An

output of the first inverter circuit is electrically connected to one of a source and a drain
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of the second transistor. The other of the source and the drain of the second transistor
is electrically connected to an input of the second inverter circuit. An output of the
second inverter circuit is electrically connected to a second wiring. One of a source
and a drain of the third transistor is electrically connected to the input of the first
inverter circuit. The other of the source and the drain of the third transistor is
electrically connected to a low voltage supply line. One of a source and a drain of the
fourth transistor is electrically connected to the input of the second inverter circuit.
The other of the source and the drain of the fourth transistor is electrically connected to
a high voltage supply line. One of a source and a drain of the fifth transistor is
electrically connected to the input of the first inverter circuit. The other of the source
and the drain of the fifth transistor is electrically connected to the high voltage supply
line. One of a source and a drain of the sixth transistor is electrically connected to the
input of the second inverter circuit. The other of the source and the drain of the sixth
transistor is electrically connected to the low voltage supply line.
[0011]

One embodiment of the present invention is a semiconductor device including
a first transistor, a second transistor, a first inverter circuit, a second inverter circuit, a
first capacitor including a pair of electrodes, and a second capacitor including a pair of
electrodes. An inverted clock signal is input to a gate of the first transistor. A clock
signal is input to a gate of the second transistor. One of a source and a drain of the first
transistor is electrically connected to a first wiring. The other of the source and the
drain of the first transistor is electrically connected to an input of the first inverter
circuit. An output of the first inverter circuit is electrically connected to one of a
source and a drain of the second transistor. The other of the source and the drain of the
second transistor is electrically connected to an input of the second inverter circuit. An
output of the second inverter circuit is electrically connected to a second wiring. One
electrode of the first capacitor is electrically connected to the input of the first inverter
circuit. The other electrode of the first capacitor is electrically connected to a low
voltage supply line. One electrode of the second capacitor is electrically connected to
the input of the second inverter circuit. The other electrode of the second capacitor is
electrically connected to the low voltage supply line.
[0012]
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One embodiment of the present invention is characterized in that the third
transistor and the fourth transistor each include an oxide semiconductor layer in which a
carrier concentration is less than 1 x 10™ Jem’.

[0013]

One embodiment of the present invention is characterized in that the fifth
transistor and the sixth transistor each include an oxide semiconductor layer in which a
carrier concentration is less than 1 x 10" /em’.

[0014]

One embodiment of the present invention is characterized in that the first

transistor and the second transistor each include an oxide semiconductor layer in which

a carrier concentration is less than 1 x 10" /em’.

[0015]

One embodiment of the present invention is characterized in that a band gap of

-the oxide semiconductor layer is 2 eV or more.

[0016]

One embodiment of the present invention is characterized in that the first
inverter circuit and the second inverter circuit each are a CMOS inverter circuit.
[0017]

One embodiment of the present invention is characterized in that the
semiconductor device is a flip-flop. Such a circuit may constitute, for example, a stage
of a shift register, and may be part of a driver circuit used in a display device.

[0018]

One embodiment of the present invention is an electronic appliance including
the semiconductor device.
[0019]

Note that the source and the drain of a transistor are difficult to distinguish
from one another because of the structure of the transistor. Further, high potential and
low potential might be interchanged depending on the circuit operation. Therefore, in
this specification, a source and a drain are not determined and each may be referred to
as a first electrode (or a first terminal) or a second electrode (or a second terminal).

For example, when a first electrode is a source, a second electrode is a drain, whereas



10

15

20

25

30

WO 2011/077908 PCT/JP2010/071417

when a first electrode is a drain, a second electrode is a source.
[0020]

In this specification, the description "A and B are connected to each other”
means that A and B are electrically connected to each other (i.e., A and B are connected
to each other with another element or circuit placed therebetween), A and B are
functionally connected to each other (i.e., A and B are functionally connected to each
other with another circuit placed therebetween), A and B are directly connected to each
other (i.e., A and B are connected to each other without any other elements or circuits
placed therebetween), for example. Note that A and B each are an object (e.g., a
device, an element, a circuit, a wire, an electrode, a terminal, a conductive film, or a
layer).

[0021]

Terms such as "first", "second", "third", to "N (N is a natural number)" used in
this specification are used only for preventing confusion between components, and thus
do not limit numbers. For example, in this specification, the expression "first
transistor" can be read as "second transistor” as long as there is no confusion between
components.

[0022]

One embodiment of the present invention enables a flip-flop to be made
without using a latch circuit, so that the number of transistors in the flip-flop can be
reduced. This results in a reduction in power consumption. Further, reducing the
number of transistors leads to a reduction in the area occupied by flip-flops in an
integrated circuit.

[0023]

In addition, in one embodiment of the present invention, a transistor included
in a flip-flop is a transistor using an oxide semiconductor whose carrier concentration is
less than 1 x 10"*/cm®.  Thus, by using a transistor whose off-state current is extremely

low, a flip-flop can be made without being provided with a latch circuit.

BRIEF DESCRIPTION OF DRAWINGS
[0024]

FIG. 1 shows an example of a structure of a flip-flop.
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FIG. 2 is a timing chart of the flip-flop of Fig.1.

FIG. 3 shows an example of a structure of a flip-flop.

FIG. 4 is a timing chart of the flip-flop of Fig. 3.

FIG. 5 shows an example of the structure of a flip-flop.

FIG. 6 is a timing chart of the flip-flop of Fig. 5.

FIG. 7 shows an example of the structure of a flip-flop.

FIG. 8 shows an inverter.

FIGS. 9A and 9B are a plan view and a cross-sectional view showing an
example of a transistor. '

FIGS. 10A to 10E are cross-sectional views showing an example of the method
of fabricating a transistor.

FIGS. 11A to 11E are cross-sectional views showing an example of the method
of fabricating a transistor.

FIGS. 12A to 12D are cross-sectional views showing an example of the method
of fabricating a transistor.

FIGS. 13A to 13D are cross-sectional views showing an example of the method
of fabricating a transistor.

FIGS. 14A to 14C each shows an electronic appliance. -

FIGS. 15A to 15D each shows an electronic appliance.

FIG. 16 shows an example of a structure of a flip-flop.

BEST MODE FOR CARRYING OUT THE INVENTION
[0025]

Embodiments of the present invention will be described in detail with reference
to the accompanying drawings. Note that the present invention is not limited to the
description below, and it is easily understood by those skilled in the art that modes and
details can be modified in various ways without departing from the purpose and the
scope of the present invention. Therefore, the present invention should not be
construed as being limited to the following description of the embodiments. Note that
in the embodiments of the present invention described below, the same reference

numerals are used to denote the same components in different drawings.
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[0026]

Note that, each of the embodiments described below can be implemented by
being combined with any of the other embodiments given in this specification unless
otherwise specified.

[0027]
(Embodiment 1)

In this embodiment, an example of the configuration of a flip-flop which is one
embodiment of the present invention will be described.
[0028]

A ﬂip-ﬂop according to this embodiment includes a first transistor 100, a
second transistor 101, a first inverter circuit 102, and a second inverter circuit 103, as
show in FIG. 1.

[0029]

The gate of the first transistor 100 is electrically connected to a wire sérving as
an inverted clock signal line. Thus, an inverted clock signal CK_B is input to the gate
of the first transistor 100 via the wire. The gate of the second transistor 101 is
electrically connected to a wire serving as a clock signal line. Thus, a clock signal CK
(also referred to as a non-inverted clock signal) is input to the gate of the second
transistor 101 via the wire. Note that the clock signal CK and the inverted clock signal
CK_B are in synchronization with each other. The inverted clock signal CK_B is an
inverted signal of the clock signal CK.

[0030]

One of the source and the drain of the first transistor 100 is electrically
connected to an input terminal 21 via a wire. The input terminal 21 is the input of the
flip-flop, and a data signal is input thereto. The other of the source and the drain of the
first transistor 100 is electrically connected to the input of the first inverter 102 via a
wire. The output of the first inverter circuit 102 is electrically connected to one of the
source and the drain of the second transistor 101 via a wire. The other of the source
and the drain of the second transistor 101 is electrically connected to the input of the
second inverter circuit 103 via a wire. The output of the second inverter 103 is

electrically connected to an output terminal 22 via a wire. Note that the output
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terminal 22 is the output of the flip-flop.
[0031]

In FIG 1, VDD is the high voltage supply potential, while VSS is the low
voltage supply potential. In this specification, "high voltage supply potential VDD" is
a potential higher than the reference potential, while “low voltage supply potential VSS”
is a potential lower than the reference potential (e.g. the ground potential). In addition,
a wire for supplying the high voltage supply potential VDD to an element such as a
transistor is called a high voltage supply line, while a wire for supplying the low voltage
supply potential VSS to an element such as a transistor is called a low voltage supply
line. Note that, preferably, a difference between the high voltage supply potential and
the low voltage supply potential is such that the flip-flop can operate.

[0032]

Note that voltage refers to a potential difference between a predetermined

potential and a reference potential (e.g., a ground potential) in many cases. Therefore,

voltage, potential and potential difference can be referred to as potential, voltage, and

“voltage difference, respectively.

[0033]

Next, the characteristics of the first transistor 100 and second transistor 101
shown in FIG. 1 will be described.
[0034]

The first transistor 100 and the second transistor 101 each use a high-purity
oxide semiconductor for their channel formation regions. Here, a "high-purity oxide
semiconductor" is an oxide semiconductor in which hydrogen is reduced as much as
possible and which is intrinsic or substantially intrinsic. An example of the
high-purity oxide semiconductor is an oxide semiconductor whose carrier concentration
is less than 1 x 10" /cm’, preferably less than 1 x 10'% /cm®, more preferably less than 1
x 10" /cm® or less than 6.0 x 10'® /cm®. A transistor whose channel formation region
is formed using an oxide semiconductor is characterized by its off-state current which is
extremely low compared to the off-state current of a transistor whose channel formation
region is formed using silicon, for example. In the following description of this

embodiment, the first transistor 100 and second transistor 101 using a high-purity oxide



10

15

20

25

30

WO 2011/077908 0 PCT/JP2010/071417
1

semiconductor are n-channel transistors.
[0035]

Next, the first inverter circuit 102 and the second inverter circuit 103 shown in
FIG. 1 will be described.

[0036]

The first inverter circuit 102 and the second inverter circuit 103 shown in FIG.
1 are CMOS inverters. The CMOS inverters each include an n-channel transistor and
a p-channel transistor. In each of the inverter circuits, an input signal is input to the
gate of the n-channel transistor and to the gate of the p-channel transistor. One of the
source and the drain of the n-channel transistor is electrically connected to a low voltage
supply line. One of the source and the drain of the p-channel transistor is electrically
connected to a high voltage supply line. The other of the source and the drain of the
n-channel transistor is electrically connected to the other of the source and the drain of
the p-channel transistor. The potential of the wire between the other of the source and
the drain of the n-channel transistor and the other of the source and the drain of the
p-channel transistor is an output signal of the inverter circuit.

[0037]

The p-channel transistor in each CMOS inverter is preferably a transistor
whose channel formation region is formed using silicon. The n-channel transistor in
each CMOS inverter can be either a transistor whose channel formation region is
formed using silicon or a transistor whose channel formation region is formed using a
high-purity oxide semiconductor.

[0038]

Note that although FIG. 1 shows a flip-flop in which the first inverter circuit
102 and the second inverter circuit 103 are CMOS inverters, the present invention is not
limited to this configuration. Specifically, the first inverter circuit 102 and the second
inverter circuit 103 shown in FIG. 1 each can be replaced with an inverter 120
represented by a logic symbol shown in FIG. 8.

[0039]

Next, the operation of the flip-flop shown in FIG. 1 will be described with

reference to FIG. 2. Specifically, the operation of the flip-flop shown in FIG. 1 ranging

from the retention of input data to the output of retained data will be described using the
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timing chart. In FIG. 2, D is a data signal input to the input terminal 21 (an input
signal of the flip-flop), Sm is the potential of the wire between the 0ufput of the first
inverter circuit 102 and one of the source and the drain of the second transistor 101 (the
potential of a point M in FIG. 1), and Q is a signal output to the output terminal 22 (an
output signal of the second inverter circuit 103 or the output signal of the flip-flop).
[0040]

At a time 2000, the inverted clock signal CK_B input to the gate of the first
transistor 100 goes high, so that conduction between the source and the drain of the first
transistor 100 is established. Consequently, the data signal D is input to the first
inverter circuit 102. The first inverter circuit 102 outputs Sy, which is an inverted
signal of the data signal D, to the point M.

[0041]

During a period from the time 2000 to a time 2001, conduction between the
source and the drain of the first transistor 100 remains because the inverted clock signal
CK_B is high, so that when the data signal D goes from low to high, the potential Sy,
which is the potential of the point M, changes from high to low. Over this period, the
clock signal CK is low, so that there is no conduction between the source and the drain
of the second transistor 101. As a result, the output signal of the second inverter
circuit 103, that is, the potential of the output signal Q of the flip-flop does not change
despites the change in the potential of the point M. |
[0042]

At the time 2001, the inverted clock signal CK_B goes low, so that conduction
between the source and the drain of the first transistor 100 is interrupted.
Consequently, the wire between the other of the source and the drain of the first
transistor 100 and the input of the first inverter circuit 102 (a point L in FIG. 1) holds a
high potential, as just before the conduction between the source and the drain of the first
transistor 100 was interrupted, and becomes floating, that is, not in electrical contact
with any component.

[0043]
In this case, as described above, the first transistor 100 has a high-purity oxide

semiconductor layer, and thus is characterized by extremely low off-state current.
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Therefore, the variations in the potential of the point L due to the first transistor 100 are
extremely small. As a result, the potential of the data signal D, that is, data input to the
flip-flop can be retained by the wire electrically connecting the other of the source and
the drain of the first transistor 100 and the input of the first inverter circuit 102. The
first inverter circuit 102 inverts a high-level signal held by this wire, and keeps
outputting the potential Sy that is low.

[0044]

In addition, at the time 2001, conductivity between the source and the drain of
the second transistor 101 is established because the clock signal CK goes high while the
inverted clock signal CK_B goes low at the same time, so that the potential Sy, which is
the potential of the point M, is input to the second inverter circuit 103. The second
inverter circuit 103 inverts the potential Sy, which is the potential of the point M, and
outputs a high-level signal having the same potential as the point L held by the wire
electrically connecting the other of the source and the drain of the first transistor 100
and the input of the first inverter circuit 102. The signal output from the second
inverter circuit 103 is the output signal Q of the flip-flop.

[0045]

Then, at a time 2002, conductivity between the source and the drain of the first
transistor 100 is established again because the inverted clock signal CK_B goes high, so
that the data signal D is input to the first inverter circuit 102. At the same time, the
clock signal CK goes low, and conductivity between the source and the drain of the
second transistor 101 is interrupted. Thus, the wire between the other of the source
and the drain of the second transistor 101 and the input of the second inverter circuit
103 (a point N in FIG. 1) holds a low potential as just before the conductivity between
the source and the drain of the second transistor 101 was interrupted, and thus becomes
floating, that is, not in electrical contact with any component.

[0046]

Like the first transistor 100, the second transistor 101 has a high-purity oxide
semiconductor layer, and thus is characterized by extremely low off-state current.
Therefore, the variations in the potential of the point N due to the second transistor 101

are extremely small. As a result, the input data retained from the time 2001 to the time
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2002 can be further retained from the time 2002 to a time 2003 by the wire electrically
connecting the other of the source and the drain of the second transistor 101 and the
input of the second inverter circuit 103. Consequently, even when the potential of the
data signal D varies and the potential of the point M thus varies, the potential of the
output signal Q of the flip-flop does not vary.

[0047]

As described above, during the period in which the clock signal CK is high and
the inverted clock signal CK_B is low, data input to the flip-flop according to this
embodiment is retained by the wire electrically connecting the other of the source and
the drain of the first transistor 100 and the input of the first inverter circuit 102, and is
output from the flip-flop. During the period in which the clock signal CK is low and
the inverted clock signal CK_B is high, data input to the flip-flop according to this
embodiment is retained by the wire electrically connecting the other of the source and
the drain of the second transistor 101 and the input of the second inverter circuit 103,
and is output from the flip-flop. The flip-flop according to this embodiment is capable
of retaining data input thereto for one cycle of the clock signal and outputting it.

[0048]

In this embodiment, a transistor- having a high-purity oxide semiconductor
layer which provides extremely low off-state current is used. Thus, a flip-flop can be
made without using a latch circuit, so that the number of transistors in the flip-flop can
be dramatically reduced. This results in a reduction in the power consumption of the
flip-flop and a reduction in the area in an integrated circuit occupied by flip-flops.
[0049]

(Embodiment 2)

In this embodiment, an example of the configuration of a flip-flop which is

.different from that in Embodiment 1 will be described.

[0050]

A flip-flop according to this embodiment includes the first transistor 100, the
first inverter circuit 102, the second transistor 101, the second inverter circuit 103, a
third transistor 104, and a fourth transistor 105, as shown in FIG. 3. Note that the

flip-flop in this embodiment is different from the flip-flop in Embodiment 1 in having
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the third transistor 104 and the fourth transistor 105, but is otherwise the same as the
flip-flop of Embodiment 1. The features common to those flip-flops can be seen in
Embodiment 1, so that the description of these features is omitted in this embodiment.
[0051]

The gate of the third transistor 104 and the gate of the fourth transistor 105 are
each electrically connected to a reset terminal 23 via a wire serving as a reset signal line.
Consequently, a reset signal is input to the gate of the third transistor 104 and the gate of
the fourth transistor 105 via the wire.

[0052]

One of the source and the drain of the third transistor 104 is electrically
connected to the input of the first inverter 102 via a wire. Consequently, the potential
of one of the source and the drain of the third transistor 104 and the potential of the
point L are the same. The other of the source and the drain of the third transistor 104
is electrically connected to the low voltage supply line. One of the source and the
drain of the fourth transistor 105 is electrically connected to the input of the second
inverter 103 via a wire. Consequently, the potential of one of the source and the drain
of the fourth transistor 105 and the potential of the point N are the same. The other of
the source and the drain of the fourth transistor 104 is electrically connected to the high
voltage supply line.

[0053]

Note that although FIG. 3 shows a flip-flop in which the first inverter circuit
102 and the second inverter circuit 103 are CMOS inverters, the present invention is not
limited to this configuration. Specifically, the first inverter circuit 102 and the second
inverter circuit 103 shown in FIG 3 each can be replaced with an inverter 120
represented by a logic symbol shown in FIG. 8.

[0054]

Next, the characteristics of the third transistor 104 and fourth transistor 105
shown in FIG. 3 will be described.
[0055]

The third transistor 104 and the fourth transistor 105 each use a high-purity
oxide semiconductor for their channel formation regions. Consequently, in this

embodiment, the first to fourth transistors 100, 101, 104, and 105 each have a channel
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formation region formed using a high-purity oxide semiconductor. ~As stated above, a
transistor whose channel formation region is formed using an oxide semiconductor is
characterized by its off-state current which is extremely low compared to the off-state
current of a transistor whose channel formation region is formed using silicon, for
example. In the following description of this embodiment, the first to fourth
transistors 100, 101, 104, and 105 using a high-purity oxide semiconductor are
n-channel transistors.

[0056]

Next, the operation of the flip-flop shown in FIG. 3 will be described with
reference to FIG. 4. Specifically, the operation of the flip-flop shown in FIG. 3 ranging
from the retention of input data performed after the flip-flop is put into a reset state by
an inputted reset signal to the output of retained data will be described us"ing the timing
chart. Note that in FIG. 4, R is a reset signal input to the reset terminal 23.

[0057]

After a time 1998, a reset signal R goes high, which means that the reset signal
becomes active, so that conductivity between the source and the drain of the third
transistor 104 is established. Consequently, a low-level signal is input to the first
inverter circuit 102. The first inverter circuit 102 inverts the low-level signal, and
outputs a high-level signal to the point M. Until a time 1999, the signal Sy, whichis
the potential of the point M, remains high independently of the on/off state of first
transistor 100 which depends on the voltage level of the inverted clock signal CK_B.
Further, conductivity between the source and the drain of the fourth transistor 105 is
established, and a high-level signal is thus input to the second inverter circuit 103. The
second inverter circuit 103 inverts the high-level signal, and outputs a low-level signal
that is the output signal Q of the flip-flop. As described above, from the time 1998 to
the time 1999, the reset signal R is high, which means that the reset signal is active, so
that the output signal Q of the flip-flop remains low without respect to the on/off of
second transistor 101 which depends on the voltage level of the clock signal CK. The
flip-flop is thus in a reset state.

[0058]
From the time 1999 that is sufficiently long after the time 1998, the reset signal

R goes low, which means the reset signal becomes inactive, so that conductivity
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between the source and the drain of the third transistor 104 and between the source and
the drain of the fourth transistor 105 is interrupted. As described above, the third
transistor 104 and the fourth transistor 105 each have a high-purity oxide semiconductor
layer, and thus are characterized by extremely low off-state current. This reduces both
the variations in the potential of the point L due to the third transistor 104 and the
variations in the potential of the point N due to the fourth transistor 105, to extremely
small variations. Thus, the flip-flop normally operates during periods in which the
flip-flop is not reset.

[0059]

From the time 2000, there is no conductivity between the source and the drain
of the third transistor 104 and fourth transistor 105. Hence, for the operation
performed from the time 2000, reference can be made to the description of the operation
of the flip-flop of Embodiment 1.

[0060]

As described above, the flip-flop according to this embodiment includes the
third transistor 104 and the fourth transistor 105 whose gates are controlled by the reset
signal R. This allows the flip-flop to be reset.

[0061]

In this embodiment, a transistor having a high-purity oxide semiconductor
layer which provides extremely low off-state current is used. Thus; the number of
transistors in the flip-flop including a reset terminal can be dramatically reduced. This
results in a reduction in the power consumption of the flip-flop including a reset
terminal and a reduction in the area in an integrated circuit occupied by flip-flops each
including a reset terminal.

[0062]
(Embodiment 3)

In this embodiment, an example of the configuration of a flip-flop which is
different from that in Embodiment 1 will be described. '
[0063]

A flip-flop according to this embodiment includes the first transistor 100, the
first inverter circuit 102, the second transistor 101, the second inverter circuit 103, a

fifth transistor 106, and a sixth transistor 107, as shown in FIG. 5. Note that the
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flip-flop in this embodiment is different from the flip-flop in Embodiment 1 in having
the fifth transistor 106 and the sixth transistor 107, but is otherwise the same as the
flip-flop of Embodiment 1. The features common to those flip-flops can be seen in
Embodiment 1, so that the description of these features is omitted in this embodiment.
[0064]

The gate of the fifth transistor 106 and the gate of the sixth transistor 107 are
each electrically connected to a set terminal 24 via a wire serving as a set signal line.
Consequently, a set signal is input to the gate of the fifth transistor 106 and the gate of
the sixth transistor 107 via the wire.

[0065]

One of the source and the drain of the fifth transistor 106 is electrically
connected to the input of the first inverter 102 via a wire. Consequently, the potential
of one of the source and the drain of the fifth transistor 106 and the potential of the
point L are the'same. The other of the source and the drain of the fifth transistor 106 is
electrically connected to the high voltage supply line. One of the source and the drain
of the sixth transistor 107 is electrically connected to the input of the second inverter
103 via a wire. Consequently, the potential of one of the source and the drain of the
sixth transistor 107 and the potential of the point N are the same. The other of the
source and the drain of the sixth transistor 107 is electrically connected to the low
voltage supply line.

[0066]

Note that although FIG. 5 shows a flip-flop in which the first inverter circuit
102 and the second inverter circuit 103 are CMOS inverters, the present invention is not
limited to this configuration. Specifically, the first inverter circuit 102 and the second
inverter circuit 103 shown in FIG. 5 each can be replaced with an inverter 120
represented by a logic symbol shown in FIG. 8.

[0067]

Next, the characteristics of the fifth transistor 106 and sixth transistor 107

shown in FIG. 5 will be described.
[0068]
The fifth transistor 106 and the sixth transistor 107 each use a high-purity oxide

semiconductor for their channel formation regions. Consequently, in this embodiment,
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the first transistor 100, the second transistor 101, the fifth transistor 106, and the sixth
transistor 107 each have a channel formation region formed using a high-purity oxide
semiconductor. As stated above, a transistor whose channel formation region is
formed using an oxide semiconductor is characterized by its off-state current which is
extremely low compared to the off-state current of a transistor whose channel formation
region is formed using silicon, for example. In the following description of this
embodiment, the first transistor 100, the second transistor 101, the fifth transistor 106,
and the sixth transistor 107 using a high-purity oxide semiconductor are n-channel
transistors.

[0069]

Next, the operation of the flip-flop shown in FIG. 5 will be described with
reference to FIG. 6. Specifically, the operation of the flip-flop shown in FIG. 5 ranging
from the retention of input data performed after the flip-flop is put into a set state by an
inputted set signal to the output of retained data will be described using the timing chart.
Note that in FIG. 6, S is a set signal input to the set terminal 24.

[0070] _

After the time 1998, a set signal S goes high, which means that the set signal
becomes active, so that conductivity between the source and the drain of the fifth
transistor 106 is established. Thus, a high-level signal is input to the first inverter
circuit 102. The first inverter circuit 102 inverts the high-level signal, and outputs a
low-level signal to the point M. Until a time 1999, the signal Sy, which is the potential
of the point M, remains low without respect to the on/off of first transistor 100 which
depends on the voltage level of the inverted clock signal CK_B. Further, conductivity
between the source and the drain of the sixth transistor 107 is established, and a
low-level signal is thus input to the second inverter circuit 103. The second inverter
circuit 103 inverts the low-level signal, and outputs a high-level signal that is the output
signal Q of the flip-flop. As described above, from the time 1998 to the time 1999, the
set signal S is high, which means that the set signal is active, so that the output signal Q
of the flip-flop remains high without respect to the on/off of second transistor 101 which
depends on the voltage level of the clock signal CK. The flip-flop is thus in a set state.
[0071]

From the time 1999 that is sufficiently long after the time 1998, the set signal S
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goes low, which means the set signal becomes inactive, so that conductivity between the
source and the drain of the fifth transistor 106 and between the source and the drain of
the sixth transistor 107 is interrupted. As described above, the fifth transistor 106 and
the sixth transistor 107 each havé a high-purity oxide semiconductor layer, and thus are
characterized by extremely low off-state current. This reduces both the variations in
the potential of the point L due to the fifth transistor 106 and the variations in the
potential of the point N due to the sixth transistor 107, to extremely small. Thus, the
flip-flop normally operates during periods in which the flip-flop is not in a set state.
[0072]

From a time 2000, there is no conductivity between the source and the drain of
the fifth transistor 106 and sixth transistor 107. Hence, for the operation performed
from the time 2000, reference can be made to the description of the operation of the
flip-flop of Embodiment 1.

{0073}

'As described above, the flip-flop according to this embodiment includes the
fifth transistor 106 and the sixth transistor 107 whose gates are controlled by the set
signal S. This allows the flip-flop to be set.

[0074]

In this embodiment, a transistor having a high-purity oxide semiconductor
layer which provides extremely low off-state current is used. Thus, the number of
transistors in the flip-flop including a set terminal can be dramatically reduced. This
results in a reduction in the power consumption of the flip-flop including a set terminal
and a reduction in the area in an integrated circuit occupied by flip-flops each including
a set terminal.

[0075]
(Embodiment 4)

In this embodiment, an example of the configuration of a flip-flop which is
different from that in Embodiment 1 will be described.
[0076]

A flip-flop according to this embodiment includes the first transistor 100, the
first inverter circuit 102, the second transistor 101, the second inverter circuit 103, the

third transistor 104, the fourth transistor 105, the fifth transistor 106, and the sixth
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transistor 107, as shown in FIG. 5. Note that the flip-flop in this embodiment is
different from that in Embodiment 1 in having the third transistor 104, the fourth
transistor 105, the fifth transistor 106, and the sixth transistor 107, but otherwise the
same as the flip-flop of Embodiment 1. The features common to those flip-flops can
be seen in Embodiment 1, so that description of these features is omitted in this
embodiment. In addition, the configuration, the connections, and the operation of the
third transistor 104 and the fourth transistor 105 have been described in Embodiment 2,
so that the description thereof is omitted here. Further, the configuration, the
connections, and the operation of the fifth transistor 106 and the sixth transistor 107
have been described in Embodiment 2, so that the description thereof is omitted here.
[0077]

In this embodiment, a transistor having a high-purity oxide semiconductor

Jlayer which provides extremely low off-state current is used. Thus, the number of

transistors in the flip-flop including a set terminal and a reset terminal can be
dramatically reduced. This results in a reduction in the power consumption of the
flip-flop including a set terminal and a reset terminal, and a reduction in the area in an
integrated circuit occupied by flip-flops each fncluding a set terminal and a reset
terminal.
[0078] -
(Embodiment 5)

In this embodiment, an example of the configuration of a flip-flop which is
different from that in Embodiment 1 will be described.
[0079]

A flip-flop according to this embodiment includes the first transistor 100, the
first inverter circuit 102, the second transistor 101, the second inverter circuit 103, a
first capacitor 111, and a second capacitor 112, as shown in FIG. 16. Note that the
flip-flop in this embodiment is different from that in Embodiment 1 in having the first
capacitor 111 and the second capacitor 112, but otherwise the same as the flip-flop of
Embodiment 1. The features common to those flip-flops can be seen in Embodiment 1,
so that the description of these features is omitted in this embodiment.
{0080]

The first capacitor 111 and the second capacitor 112 each have a pair of
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electrodes. One electrode of the first capacitor 111 is electrically connected to the

input of the first inverter circuit 102, and the other electrode of the first capacitor 111 is
electrically connected to the low voltage supply line. One electrode of the second
capacitor 112 is electrically connected to the input of the second inverter circuit 103,
and the other electrode of the second capacitor 112 is electrically connected to the low
voltage supply line. The flip-flop of this embodiment includes the first capacitor 111
and the second capacitor 112 as stated above, and thus is capable of easily retaining the
input data of the flip-flop.

[0081]

It is acceptable that the same potential (e.g. the ground potential) is applied to
the low voltage supply line, which is electrically connected to the other electrode of the
first capacitor 111, and to the low voltage supply line, which is electrically connected to
the other electrode of the second capacitor 112, as shown in. FIG. 16. The present
invention however is not limited to this configuration; it is also acceptable that different
potentials are applied to these low voltage supply lines. In addition, FIG. 16 shows the
configuration in which the potential applied to the low voltage supply line electrically
connected to the other electrode of the first capacitor 111 and the low voltage supply
line electrically connected to the other electrode of the second capacitor 112 is the same
as that applied to the low voltage supply line electrically connected to one of the source
and the drain of the n-channel transistor in the first inverter circuit 102 and the low
voltage supply line electrically connected to one of the source and the drain of the
n-channel transistor in the second inverter circuit 103. The present invention however
is not limited to this configuration; it is also acceptable that these potentials are
different.

[0082]

The configuration of this embodiment is the configuration of Embodiment 1
shown in FIG. 1 which additionally includes the first capacitor 111 and the second
capacitor 112, but the present invention is not limited to this configuration. In other
words, the configuration of this embodiment can be the configuration of Embodiment 2
shown in FIG. 3, the configuration of Embodiment 3 shown in FIG 5, or the
configuration of Embodiment 4 shown in FIG. 7, each of which additionally includes

the first capacitor 111 and the second capacitor 112.
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[0083]
(Embodiment 6)

In this embodiment, the characteristics of the transistors of Embodiments 1 to 5,
that is, transistors having a high-purity oxide semiconductor layer will be described in
detail.

[0084]

In the high-purity oxide semiconductor layer, the amount of impurity adversely
affecting the electric characteristics of the transistor using an oxide semiconductor is
reduced to an extremely low level. A typical example of the impurity adversely
affecting the electric characteristics is hydrogen. A hydrogen atom may act as a donor,
which provides carriers in an oxide semiconductor. An oxide semiconductor is n-type
when containing a large amount of hydrogen. Thus, a transistor using an oxide
semiconductor containing a large amount of hydrogen is normally on. Further, the
on/off ratio of the transistor cannot be sufficiently high. Therefore, in this
specification, a "high-purity oxide semiconductor" refers to an oxide semiconductor in
which the amount of hydrogen is reduced as much as possible, and which is intrinsic or
substantially intrinsic. An example of the high-purity oxide semiconductor is an oxide
semiconductor whose carrier concentration is less than 1 x 10" /cm®, preferably less
than 1 >< 10" /cm®, more preferably less than 1 x 10" /cm® or less than 6.0 x 10'® /cm’.
When the oxide semiconductor forming the channel formation region of a transistor has
been subjected to a drastic reduction.in its hydrogen content, the transistor is
characterized by an extremely low off-state current compared to the off-state current of
a transistor whose channel formation region is formed using, for example, silicon,. In
this embodiment, a transistor using a high-purity oxide semiconductor is an n-channel
transistor.

[0085]

Note that in this specification, off-state current (also referred to as leakage
current) is defined, in the case of a n-channel transistor whose threshold voltage Vth has
a positive value, as a current flowing, at room temperature, between the source and the
drain of a transistor when a predetermined voltage between ~20 and -5 V is applied to

the gate of the transistor. Note that room temperature is between 15°C and 25°C.
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The current value per micrometer of channel width (w) at room temperature that a
transistor using an oxide semiconductor according to the present invention provides is
100 zA/um or less, and preferably 10 zA/um or less.

[0086]

Note that when the off-state current and the drain voltage is known, the
resistance of a transistor in the off state (off-state resistance R) can be determined by
Ohm’s law; and when the cross-sectional area 4 and channel length L of the channel
formation region are known, the off-state resistivity p can be determined by the
expression p = RA/L (R is the off-state resistance). The off-state resistivity is
preferably 1 x 10° Q'm or higher (or 1 x 10'° Q'm). In this case, the cross-section area
A can be determined by the expression A = dW, where d is the thickness of the channel
formation region and W is the channel width.

[0087]

Further, it is preferable that the energy gap of the oxide semiconductor layer be
2 eV or more, preferably 2.5 eV or more, and more preferably 3 eV or more.

[0088]

The temperature characteristics of the transistor using a high-purity oxide
semiconductor are favorable. Specifically, from the current vs. voltage characteristics
of the transistor at a temperature ranging from -25 to 150 °C, nearly no variation in the
on-state current, off-state current, ficld-effect mobility, S value, and threshold voltage
are detected. This means that the current vs. voltage characteristics are hardly
deteriorated by the temperature.

[0089]

Next, the hot-carrier degradation of a transistor using an oxide semiconductor
will be described.
[0090]

The hot-carrier degradation corresponds to a phenomenon where, in a channel
and in the vicinity of a drain, highly-accelerated electrons are injected into a gate
insulating film and then become fixed charges; or to a phenomenon where
highly-accelerated electrons form a trap level at the interface between an oxide

semiconductor film and a gate insulating film, which involves deterioration of transistor
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characteristics, e.g., variations in threshold voltage or gate leakage. The hot-carrier
degradation is caused by channel-hot-electron injection (CHE injection) or
drain-avalanche-hot-carrier injection (DAHC injection), for example.

[0091]

The band gap of silicon is as narrow as 1.12 eV. Consequently, avalanche-like
generation of electrons, called avalanche breakdown, easily occurs and electrons that
are so highly-accelerated that they are capable of breaking through a barrier to a gate
insulating film are increased in number. On the other hand, an oxide semiconductor in
this embodiment has a wide band gap. As a result, the avalanche breakdown is
unlikely to occur and resistance to the hot-carrier degradation is higher than that of
silicon.

[0092]

Note that the band gap of silicon carbide, which is one of materials having high
withstand voltage, is substantially equal to that of an oxide semiconductor, but electrons
are less likely to be accelerated in an oxide semiconductor because the mobility of
electrons in an oxide semiconductor is approximately one-hundredth of that in silicon
carbide. Further, a barrier between an oxide semiconductor and an oxide film, which
is a gate insulating film, is larger than a barrier between any of silicon carbide, gallium
nitride, and silicon and an oxide film; therefore, in the case of an oxide semiconductor,
the number of electrons injected to the oxide film is extremely small, hot-carrier
degradation is less likely to be caused than in the case of silicon carbide, gallium nitride,
or silicon, and it can be said that drain withstand voltage is high. Consequently, it is
possible to avoid the necessity of intentionally providing low-concentration impurity
regions between an oxide semiconductor serving as a channel and a source electrode
and between the oxide semiconductor and a drain electrode, which makes the transistor
structure extremely simple and reduces the number of manufacturing steps.

[0093]

From the above, it can be said that a transistor using an oxide semiconductor
has high drain withstand voltage, specifically, a drain withstand voltage of 100 V or
more, and preferably 500 V or more, and more preferably 1 kV or more.

[0094]
(Embodiment 7)
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In this embodiment, an example of the structure and manufacturing method of
each of the transistors according to Embodiments 1 to 5 (the first to sixth transistors 100,
101, 104, 105, 106, and 107) is described. In other words, an example of the structure
and manufacturing method of a transistor using a high-purity oxide semiconductor is
described.
[0095]

First, FIGS. 9A and 9B show an example of the planar structure and the

cross-sectional structure of a transistor. FIG 9A is a plan view of a transistor 410

having a top-gate structure and FIG. 9B is a cross-sectional view showing section C1-C2

in FIG. 9A.
[0096]

The transistor 410 includes, over a substrate 400, an insulating layer 407, an
oxide semiconductor layer 412, a first electrode (one of the source electrode and drain
electrode) 415a, a second electrode (the other of the source electrode and the drain
electrode) 415b, a gate insulating layer 402, and a gate electrode 411. A first wiring
414a and a second wiring 414b are provided so as to be in contact with and electrically
connected to the first electrode 415a and the second electrode 415b, respectively.

[0097] .

Note that although the transistor 410 in FIG 9A is a single-gate transistor, the
present invention is not limited to this configuration. The transistor can be a
multi-gate transistor including a plurality of gate electrodes and a plurality of channel
formation regions. '

[0098]

Next, the fabricating process of the transistor 410 will be described with
reference to FIGS. 10A to 10E.
[0099]

First, an insulating layer 407 serving as a base film is formed over the substrate
400.

[0100]

Although there is no particular limitation on the substrate that can be used as
the substrate 400, the substrate needs to have heat resistance high enough to withstand

at least heat treatment performed later. In the case where the temperature of the heat
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treatment performed later is high, a substrate having a strain point of 730 °C or higher is
preferably used. Specific examples of the substrate 400 include a glass substrate, a
crystalline glass substrate, a ceramic substrate, a quartz substrate, a sapphire substrate,
and a plastic substrate. Further, speéific examples of the material for the glass
substrate include aluminosilicate glass, aluminoborosilicate glass, and barium
borosilicate glass.

[0101]

The insulating layer 407 is preferably an oxide insulating layer such as a silicon
oxide layer, a silicon oxynitride layer, an aluminum oxide layer, or an aluminum
oxynitride layer. The insulating layer 407 can be formed by plasma CVD, sputtering,
or the like. In order to prevent the insulating layer 407 from containing a large amount
of hydrogen, the insulating layer 407 is preferably formed by sputtering. In this
embodiment, a silicon oxide layer is formed as the insulating layer 407 by sputtering.
Specifically, the substrate 400 is transferred to a process chamber and a sputtering gas
which contains high-purity oxygen and from which hydrogen and moisture have been
removed is introduced, and a target of silicon or silicon oxide is used, thus forming a
silicon oxide layer as the insulating layer 407 over the substrate 400. Note that the
substrate 400 can be kept at room temperature or can be heated during deposition.
[0102]

A specific example of the deposition condition for depositing a silicon oxide
layer is as follows: quartz (preferably, synthetic quartz) is used as the target; the
substrate temperature is 108 °C; the distance between a target and the substrate 400 (T-S
distance) is 60 mm; the pressure is 0.4 Pa; the high-frequency power is 1.5 kW; the
atmosphere is oxygen and argon (the flow rate ratio of oxygen to argon is 25 sccm: 25
sccm = 1:1); and an RF sputtering method is used. The thickness of the film is 100 nm.
Note that a silicon target can be used as the target instead of the quartz (preferably,
synthetic quartz) target. Further, an oxygen gas can be used as a sputtering gas instead
of a mixed gas of oxygen and argon. Here, a sputtering gas for forming the insulating
layer 407 is a high-purity gas in which the concentration of impurities such as hydrogen,
water, hydroxyl, or hydride is reduced to the extent that it is in parts per million, and

preferably in parts per billion.
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[0103]

Further, it is preferable that the insulating layer 407 be formed while moisture
remaining in the process chamber is removed so that the insulating layer 407 may be
prevented from containing hydrogen, water, hydroxyl, hydride, and the like.

[0104] |

In order to remove moisture remaining in the process chamber, a sorption
vacuum pump is used. A cryopump, an ion pump, or a titanium sublimation pump can
be used. Further, as an evacuation means, a turbo pump is preferably used in
combination with a cold trap. A deposition chamber which is evacuated with a
cryopump is preferable because hydrogen atoms, compounds including a hydrogen
atom such as water (H,0), or the like are exhausted from the deposition chamber and
hydrogen atoms are thus hardly included in the insulating layer 407 deposited in the
deposition chamber.

[0105]

Examples of the sputtering process include an RF sputtering in which a
high-frequency power source is used for a sputtering power supply, DC sputtering, and
pulsed DC sputtering in which a bias is applied in a pulsed manner. RF sputtering is
mainly used in the case where an insulating film is deposited, and DC sputtering is
mainly used in the case where a metal film is deposited.

[0106]

In addition, a multi-source sputtering apparatus in which a plurality of targets
of different materials can be set can be used. With the multi-source sputtering
apparatus, films of different materials can be deposited in the same chamber so as to be
superposed, or a film can be formed by electric discharge of plural kinds of materials at
the same time in the same chamber.

[0107]

Further, a sputtering apparatus provided with a magnet system inside the
chamber and used for magnetron sputtering, or a sputtering apparatus used for ECR
sputtering in which plasma generated with the use of microwaves is used without using
glow discharge can be used.

[0108]

Further, examples of the deposition method using sputtering include reactive



10

15

20

25

30

WO 2011/077908 )8 PCT/JP2010/071417

sputtering in which a target substance and a sputtering gas component are chemically
reacted with each other during the deposition to form a thin compound film thereof, and
bias sputtering in which voltage is also applied to a substrate during the deposition.
[0109]

The insulating layer 407 can be either a single layer or a multilayer. For
example, the insulating layer 407 can be a multilayer including a nitride insulating layer
such as a silicon nitride layer, a silicon nitride oxide layer, an aluminum nitride layer, or
an aluminum nitride oxide layer and the above oxide insulating layer are stacked in this
order over the substrate 400.

[0110]

For example, a sputtering gas containing high-purity nitrogen is introduced
over the substrate and a silicon nitride layer is deposited using a silicon target. Then,
the sputtering gas is changed to a gas contains high-purity oxygen gas, and a silicon
oxide layer is deposited. In this step also, it is preferable that a silicon nitride layer or
a silicon oxide layer be deposited while moisture remaining in the process chamber is
removed as in the above-described case. In addition, the substrate may also be heated
during the deposition.

[0111]

Then, an oxide semiconductor layer is formed over the insulating layer 407 by
sputtering.
[0112]

Further, in order that hydrogen, hydroxyl, and moisture may be contained in the
oxide semiconductor layer as little as possible, it is preferable that the substrate 400
over which the insulating layer 407 is formed be preheated in a preheating chamber of a
sputtering apparatus as pretreatment for the film deposition so that impurities such as
hydrogen and moisture adsorbed to the substrate 400 may be evacuated from the
chamber. Note that as an evacuation means, a cryopump is preferably provided in the
preheating chamber. Further, this preheating can be performed on the substrate 400
prior to the deposition of the gate insulating layer 402 formed later. Further, this
preheating is preferably performed similarly on the substrate 400 over which layers up

to the first electrode 415a and the second electrode 415b are formed. Note that this
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preheating treatment can be omitted.
[0113]

Note that before the oxide semiconductor layer is formed by sputtering, dust
attached to a surface of the insulating layer 407 is preferably removed by reverse
sputtering in which an argon gas is introduced and plasma is generated. The reverse
sputtering refers to a method in which, without application of voltage to a target, a
high-frequency power source is used for application of voltage to a substrate in an argon
atmosphere in order to generate plasma in the vicinity of the substrate to modify a
surface. Note that instead of an argon atmosphere, nitrogen atmosphere, helium
atmosphere, oxygen atmosphere, or the like can be used.

[0114]

A target for forming the oxide semiconductor layer can be a metal oxide target
a main component of which is zinc oxide, e.g. a target containing In,03, Ga;0s, and
ZnO at a ratio of 1:1:1 [mol%], that is, In, Ga, and Zn at a ratio of 1:1:0.5 [atomic%].
Alternatively the target can be a target containing In, Ga, and Zn at a ratio of 1:1:1
[atomic%] or a target containing In, Ga, and Zn at a ratio of 1:1:2 [atomic%]. Further,
a target which contains SiO; at 2 to 10 wt% can be used. The filling factor of the .
metal oxide target is 90 to 100 %, and preferably 95 to 99.9 %. The use of a metal
oxide target with a high filling factor enables the formed oxide semiconductor layer to
have high density.

[0115]

Note that the oxide semiconductor layer can be formed in a rare gas (typically,
argon) atmosphere, an oxygen atmosphere, or an atmosphere of a rare gas and oxygen.
Here, a sputtering gas for forming the oxide semiconductor layer is a high-purity gas in
which the concentration of impurities such as hydrogen, water, hydroxyl, or hydride is
reduced to the extent that it is in parts per million, and preferably in parts per billion.
[0116]

- The oxide semiconductor layer is formed over the substrate 400 in such a
manner that the substrate is held in a process chamber maintained under reduced
pressure, a sputtering gas from which hydrogen and moisture have been removed is

introduced while moisture remaining in the process chamber is removed, and metal
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oxide is used as a target. In order to remove moisture remaining in the process
chamber, a sorption vacuum pump is preferably used. A cryopump, an ion pump, or a
titanium sublimation pump is preferably used. In a deposition chamber which is
evacuated with a cryopump, hydrogen atoms, compounds including hydrogen atoms
such as water (H,O) (more preferably, compounds including carbon atoms in addition),
and the like are exhausted. Consequently, the concentration of impurities contained in
the oxide semiconductor layer deposited in the deposition chamber can be reduced.
Further, the substrate temperature can be kept at room temperature or can be increased
to a temperature less than 400 °C during the deposition of the oxide semiconductor
layer.

[0117]

As an example of the deposition condition of the oxide semiconductor layer,
the following condition can be given: the temperature of the substrate is room
temperature; the distance between the substrate and the target is 110 mm; the pressure is
0.4 Pa; the direct current (DC) power supply is 0.5 kW; and the atmosphere is oxygen
and argon (the flow rate ratio of oxygen to argon is 15 sccm : 30 sccm). Note that a
pulse direct current (DC) power supply is preferable because dust is reduced and the
film thickness can be made uniform. The thickness of the oxide semiconductor layer
is preferably 2 to 200 nm, preferably 5 to 30 nm. Note that an appropriate thickness of
the oxide semiconductor layer varies depending on the material used therefor, and the
thickness is thus determined as appropriate depending on the material.

[0118]

In the above description, the oxide semiconductor is formed using In-Ga-Zn-O
based oxide that is ternary metal oxide, but the oxide semiconductor can alternatively be
any one of an In-Sn-Ga-Zn-O material that is a quaternary metal oxide; an In-Ga-Zn-O
layer, an In-Sn-Zn-O material, In-Al-Zn-O material, an Sn-Ga-Zn-O material, an
Al-Ga-Zn-O material, or an Sn-Al-Zn-O material that are ternary metal oxides; an
In-Zn-O material, an Sn-Zn-O material, an Al-Zn-O material, a Zn-Mg-O material, an
Sn-Mg-O material, or an In-Mg-O material that are binary metal oxides; an In-O
material; an Sn-O material; a Zn-O material; and the like. These oxide semiconductors
can contain Si. These oxide semiconductors can be amorphous or crystalline.

Further, these oxide semiconductors can be non-single-crystal or single crystal.
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[0119]

Note that as the oxide semiconductor layer, a thin film expressed by
InMO;3(Zn0),, (m > 0) can be used. Here, M represents one or more metal elements
selected from Ga, Al, Mn, and Co. For example, Ga, Ga and Al, Ga and Mn, or Ga
and Co can be given as M.

[0120]

Then, an oxide semiconductor layer is processed into an island-shaped oxide
semiconductor layer 412 in the first photolithography process (see FIG 10A). Note
that a resist mask for forming the island-shaped oxide semiconductor layer 412 may be
formed using inkjet method. The formation of the resist mask by inkjet method does
not use a photomask; thus, manufacturing cost can be reduced.

[0121]

Note that the etching of the oxide semiconductor layer can be dry etching, wet
etching, or both wet etching and dry etching.
[0122]

In the case of dry etching, a parallel plate reactive ion etching (RIE) method or
an inductively coupled plasma (ICP) etching method can be used. In order to etch the
film into a desired shape, the etching conditions (the amount of electric power applied
to a coil-shaped electrode, the amount of electric power applied to an electrode on a
substrate side, the temperature of the electrode on the substrate side, or the like) is
adjusted as appropriate.

[0123]

The etching gas for dry etching is preferably a gas including chlorine (a
chlorine-based gas such as chlorine (Cl,), boron trichloride (BCls), silicon tetrachloride
(SiCly), or carbon tetrachloride (CCly)) but can alternatively be a gas containing fluorine
(a fluorine-based gas such as carbon tetrafluoride (CF,), sulfur hexafluoride (SFg),
nitrogen trifluoride (NF3), or trifluoromethane (CHF3)), hydrogen bromide (HBr),
oxygen (O), any of these gases to which a rare gas such as helium (He) or argon (Ar) is
added, or the like.

[0124]
The etchant used for wet etching can be a mixed solution of phosphoric acid,

acetic acid, and nitric acid, or an ammonium hydrogen peroxide mixture (a solution in
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which 31 wt% hydrogen peroxide, 28 wt% ammonia water, and water are mixed in a
volume ratio of 5:2:2), or the like. The etchant used for wet etching can alternatively
be ITO-07N (produced by KANTO CHEMICAL CO., INC.). The etching conditions
(e.g., an etchant, an etching period, and a temperature) are adjusted as appropriate in
accordance with the material for the oxide semiconductor.

[0125]

In the case of wet etching, an etchant is removed together with the material
which is etched off by cleaning. The waste liquid containing the etchant and the
material which is etched off may be purified and the material can be reused. When a
material (e.g., a rare metal such as indium) contained in the oxide semiconductor layer
is collected from the waste liquid after the etching and reused, the resources can be
efficiently used.

[0126] |

In this embodiment, the oxide semiconductor layer is processed into the
island-shaped oxide semiconductor layer 412 by wet etching using a mixed solution of
phosphoric acid, acetic acid, and nitric acid as an etchant.

[0127]

Then, the first heat treatment is performed on the oxide semiconductor layer
412. The temperature of the first heat treatment is between 400 to 750 °C, preferably
400 °C or higher and lower than the strain point of the substrate. Here, the substrate is
put in an electric furnace which is a kind of heat treatment apparatus and heat treatment
is performed on the oxide semiconductor layer in a nitrogen atmosphere at 450 °C for
one hour. After that, the oxide semiconductor layer is prevented from being exposed
to air and from containing water or hydrogen again. Thus, the oxide semiconductor
layer is obtained. By this first heat treatment, hydrogen, water, hydroxyl, and the like
can be removed from the oxide semiconductor layer 412.

[0128]

Note that the heat treatment apparatus is not limited to an electric furnace, and
an apparatus can bé provided with a device for heating an object by heat conduction or
thermal radiation from a heater such as a resistance heater. For example, an RTA

(rapid thermal anneal) apparatus such as a GRTA (gas rapid thermal anneal) apparatus
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or an LRTA (lamp rapid thermal anneal) apparatus can be used. An LRTA apparatus is
an apparatus with which an object is heated by radiation of light (an electromagnetic
wave) emitted from a-lamp such as a halogen lamp, a metal halide lamp, a xenon arc
lamp, a carbon arc lamp, a high-pressure sodium lamp, or a high-pressure mercury lamp.
A GRTA apparatus is an apparatus for heat treatment using a high-temperature gas.
The gas can be an inert gas (typically, a rare gas such as argon) or a nitrogen gas.

[0129]

For example, the first heat treatment can employ GRTA, in which the substrate
is transferred into an inert gas heated to a high temperature of 650 to 700 °C, and heated
for several minutes there, and then the substrate is transferred out of the inert gas heated
to a high temperature. GRTA enables short-time high-temperature heat treatment.
[0130]

In the first heat treatment, it is preferable that water, hydrogen, and the like be
not contained in the atmosphere. In addition, nitrogen or a rare gas such as helium,
neon, or argon which is introduced into a heat treatment apparatus preferably has a
purity of 6N (99.9999 %) or higher, more preferably 7N (99.99999 %) or higher (that is,
the concentration of impurities is 1 ppm or less, and preferably 0.1 ppm or less).

[0131]

Note that depending on the conditions of the first heat treatment or a material
of the oxide semiconductor layer, the oxide semiconductor layer 412 may be
crystallized to be microcrystalline or a polycrystalline. For example, the oxide
semiconductor layer may become a micrbcrystalline oxide semiconductor layer having a
crystallinity of 80 % or more. Note that, the island-shaped oxide semiconductor layer
412 may become an amorphous oxide semiconductor layer, being not crystallized by the
first heat treatment. The island-shaped oxide semiconductor layer 412 may become an
amorphous oxide semiconductor layer in which a microcrystalline portion is mixed
(with a grain diameter of 1 nm to 20 nm inclusive, typically 2 nm to 4 nm inclusive).
[0132]

The first heat treatment performed on the oxide semiconductor layer can be
performed on the oxide semiconductor layer not yet been processed into the

island-shaped oxide semiconductor layer. In this case, the substrate is taken out from
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the heat treatment apparatus after the first heat treatment and then subjected to the first
photolithography process. In addition, the first heat treatment can be performed either
after the source electrode and the drain electrode are stacked over the oxide
semiconductor layer, or after the gate insulating layer is formed over the source
electrode and the drain electrode.

[0133]

Although the first heat treatment is performed mainly for the purpose of
removing impurities such as hydrogen, water, and hydroxyl from the oxide
semiconductor layer, it may generate oxygen defects in the oxide semiconductor layer.
An additional oxidation treatment is therefore preferably performed after the first heat
treatment.  Specifically, heat treatment in oxygen atmosphere or an atmosphere
containing nitrogen and oxygen (e.g., nitrogen to oxygen is 4 to 1 in volume ratio) may
be performed as the additional oxidation treatment after the first heat treatment, for
example. Plasma treatment in an oxygen atmosphere can alternatively be employed.
[0134]

The first heat treatment is effective in dehydrating or dehydrogenating the
oxide semiconductor layer.

[0135]

Then, a conductive film is formed over the insulating layer 407 and the oxide
semiconductor layer 412. The conductive film may be formed by sputtering or
vacuum evaporation. Examples of the material for the conductive film include a metal
material such as Al, Cu, Cr, Ta, Ti, Mo, W, or Y; an alloy material including any of the
metal materials; and a conductive metal oxide. In order to prevent hillock or whisker
formation, the material for the conductive film can alternatively be an Al material to
which an element of Si, Ti, Ta, W, Mo, Cr, Nd, Sc, Y, or the like is added. The use of
such an Al material improves the heat resistance of the conductive film. = The material
for the condﬁctive film can alternatively be a conductive metal oxide. Examples of the
conductive metal oxide include indium oxide (In,03), tin oxide (SnO3), zinc oxide
(Zn0), an indium oxide-tin oxide alloy (In,03-Sn0O», abbreviated as ITO), an indium
oxide-zinc oxide alloy (In,O3-ZnO), and the metal oxide material including silicon or
silicon oxide.

[0136]
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The conductive film can be either a single layer or a stack of two or more
layers. For example, the conductive film can be a single-layer aluminum film
containing silicon; a two-layer film of an aluminum film overlaid by a titanium film; or
a three-layer film of a titanium film overlaid by an aluminum film overlaid by another
titanium film. Alternatively, the conductive film can be a stack of a metal layer of Al,
Cu, or the like and a refractory metal layer of Cr, Ta, Ti, Mo, W, or the like. In this
embodiment, a 150-nm-thick titanium film is formed by sputtering as the conductive
film.

[0137]

Next, a resist mask is formed over the conductive film in the second
photolithography process and selective etching is performed, thereby forming the first
electrode 415a and the second electrode 415b. Then, the resist mask is removed (see
FIG 10B). The first electrode 415a serves as one of the source electrode and drain
electrode, while the second electrode 415b serves as the other of the source electrode
and drain clectrode. At that time, the first electrode 415a and the second electrode
415b are preferably etched so as to have tapered ends because coverage with the gate
insulating layer formed thereon will be improved. Note that resist mask for forming
the first electrode 415a and the second electrode 415b may be formed by inkjet method.
The formation of the resist mask by inkjet method does not use a photomask; thus,
manufacturing cost can be reduced.

[0138]

In the etching of the conductive film, the material for each layer and the
etching conditions need to be adjusted as appropriate in order to prevent the oxide
semiconductor layer 412 from being removed and the insulating layer 407 provided
thereunder from being exposed. Therefore, in this embodiment, an In-Ga-Zn-O-based
oxide semiconductor is used as the oxide semiconductor layer 412, a titanium film is
used as the conductive film, and the etchant used is an ammonium hydrogen peroxide
mixture (a mixture of ammonia, water, and a hydrogen peroxide solution) so that part of
the oxide semiconductor layer 412 may not be etched. However, the present invention
is not limited thereto. Part of the oxide semiconductor layer 412 can be etched in the
second photolithography process and an oxide semiconductor layer having a groove (a

depression portion) can be formed.
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[0139]

Ultraviolet, KrF laser light, or ArF laser light is used for light exposure for
forming the resist mask in the second photolithography process. A channel length L of
the transistor formed later depends on the width of an interval between the lower end of
the first electrode 415a and the lower end of the second electrode 415b which are
formed over the oxide sémiconductor layer 412. Note that in the case of light
exposure whereby the channel length L of less than 25 nm is provided, extreme
ultraviolet with extremely short wavelengths of several nanometers to several tens of
nanometers is used for light exposure for forming the resist mask in the second
photolithography process. Light exposure with extreme ultraviolet leads to a high
resolution and a large depth of focus. Consequently, the channel length L of the
transistor formed later can be 10 to 1000 nm. In this case, an increase in the operation
speed of the transistor can be achieved, and further, a reduction in the power
consumption of the transistor can be achieved because of extremely low off-state
current.

[0140]

Then, the gate insulating layer 402 is formed over the insulating layer 407, the
oxide semiconductor layer 412, the first electrode 415a, and the second electrode 415b
(see FIG 10C).

[0141]

The gate insulating layer 402 can be a single layer or a stack of a silicon oxide
layer, a silicon nitride layer, a silicon oxynitride layer, a silicon nitride oxide layer, or an
aluminum oxide layer by plasma CVD, sputtering, or the like.

[0142] .

When the gate insulating layer 402 is formed, hydrogen is preferably not
contained therein. In view of this, the gate insulating layer 402 is preferably deposited
by sputtering in which hydrogen in an atmbsphere used for the deposition can be
minimized. In the case of forming a silicon oxide film by sputtering, the target used is
a silicon target or a quartz target, and the sputtering gas used is oxygen or a mixed gas
of oxygen and argon.

[0143]

The gate insulating layer 402 can be a stack of a silicon oxide layer overlaid by
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a silicon nitride layer over the substrate 400. For example, the gate insulating layer
402 can be a 100-nm-thick stack of a first gate insulating layer which is a silicon oxide
layer (SiO, (x > 0)) with a thickness of 5 to 300 nm overlaid by a second gate insulating
layer which is a silicon nitride layer (SiN, (y > 0)) with a thickness of 50 to 200 nm.
In this embodiment, the gate insulating layer 402 is a 100-nm-thick silicon oxide layer
formed by RF sputtering under a pressure of 0.4 Pa, a high-frequency power of 1.5 kW,
and in atmosphere of oxygen and argon (the flow rate ratio of oxygen to argon is 25
sccm: 25 sccm = 1:1).

[0144]

Next, in the third photolithography process, a resist mask is formed and
selective etching is performed, thereby removing part of the gate insulating layer 402.
Thus, openings 421a and 421b reaching the first electrode 415a and the second
electrode 415b are formed (see FIG. 10D). Note that the formation of the resist mask
by inkjet method does not use a photomask; thus, manufacturing cost can be reduced.
[0145]

Then, a conductive film is formed over the gate insulating layer 402 and in the
openings 421a and 421b. In a next step, the gate electrode 411, the first wiring 414a,
and the second wiring 414b are formed in the fourth photolithography process.

[0146]

The gate electrode 411, the first wiring 414a, and the second wiring 414b can
be a single layer or a stack using a metal material such as molybdenum, titanium,
chromium, tantalum, tungsten, aluminum, copper, neodymium, or scandium, or an alloy
material whose main component is any of these materials. Specific examples of the
two-layer structure of the gate electrode 411, the first wiring 414a, and the second
wiring 414b include a stack of an aluminum layer overlaid by a molybdenum layer, a
stack of a copper layer overlaid by a molybdenum layer, a stack of a copper layer
overlaid by a titanium nitride layer or a tantalum nitride layer, and a stack of a titanium
nitride layer overlaid by a molybdenurﬁ layer. Specific examples of the three-layer
structure include a stack of a tungsten layer or a tungsten nitride layer, an alloy layer of
aluminum and silicon or aluminum and titanium, and a titanium nitride layer or a
titanium layer. Note that the gate electrode can be formed using a light-transmitting

conductive film. A specific example of the light-transmitting conductive film is a film
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of a light-transmitting conductive oxide.
[0147]

In this embodiment, a 150-nm-thick titanium film formed by sputtering is used
for the gate electrode 411, the first wiring 414a, and the second wiring 414b.
[0148]

Then, the second heat treatment (preferably, at 200 to 400 °C, for example, at
250 to 350 °C) is performed in an inert gas atmosphere or in an oxygen gas atmosphere.
In this embodiment, the second heat treatment is performed in a nitrogen atmosphere at
250 °C for one hour. Note that the second heat treatment can be performed after a
protective insulating layer or a planarization insulating layer is formed over the
transistor 410.

[0149]

An additional heat treatment can be performed at 100 to 200 °C in air for 1
hour to 30 hours. This heat treatment can be performed at a fixed heating temperature
or follow temperature cycles where the temperature repeatedly rises from room
temperature to a heating temperature of 100 to 200 °C and drops from the a heating
temperature to room temperature.

[0150]

Through the above process, the transistor 410 including the high-purity oxide
semiconductor layer 412 in which the concentration of hydrogen, moisture, hydride, and
hydroxide is reduced can be formed (see FIG. 10E). The transistor 410 can be used as
the first to sixth transistors 100, 101, 104, 105, 106, and 107 described in Embodiments
1 to 5, for example.

[0151]

‘ A protective insulating layer or a planarization insulating layer can be provided
over the transistor 410. The protective insulating layer can be a single layer structure
or a stack of any of a silicon oxide layer, a silicon nitride layer, a silicon oxynitride layer,
a silicon nitride oxide layer, and an aluminum oxide layer. The planarization
insulating layer can be formed using a heat-resistant organic material, such as polyimide,
acrylic resin, benzocyclobutene resin, polyamide, or epoxy resin. Alternatively, the

planarization insulating layer can be formed using a low-dielectric constant material (a
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low-k  material), a siloxane-based resin, phosphosilicate glass (PSG),
borophosphosilicate glass (BPSG), or the like. Further alternatively, the planarization
insulating layer can be a stack of a plurality of insulating films formed using any of
these materials.

[0152]

Here, the siloxane-based resin corresponds to a resin including a Si-O-Si bond
which is formed using a siloxane-based material as a starting material. The
siloxane-based resin can include an organic group (e.g., an alkyl group or an aryl group)
or a fluoro group as a substituent. The organic group can include a fluoro group.
[0153]

There is no particular limitation on the method for forming the planarization
insulating layer. The method or tool (apparatus) used for forming the planarization
insulating layer is selected, according to the material employed, from the following
ones: sputtering, SOG, spin coating, dipping, spray coating, a droplet disﬁharge method
(e.g., inkjet method, screen printing, or offset printing), a doctor knife, a roll coater, a
curtain coater, a knife coater, and the like.

[0154]

As described above, by removing moisture remaining in the reaction
atmosphere in the formation of the oxide semiconductor layer, the concentration of
hydrogen and hydride in the oxide semiconductor layer can be reduced.

[0155]

By using a transistor including an oxide semiconductor layer described in this
embodiment, a flip-flop can be made without being provided with a latch circuit. This
results in a reduction in the number of transistors in the flip-flop and in power
consumption. Further, reducing the number of transistors leads to a reduction in the
area in an integrated circuit occupied by flip-flops.

[0156]
(Embodiment 8)

‘In this embodiment, another example of the structure and manufacturing
method of each of the transistors according to Embodiments 1 to 5 (the first to sixth
transistors 100, 101, 104, 105, 106, and 107) is described. In other words, another

example of the structure and manufacturing method of a transistor using a high-purity
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oxide semiconductor is described with reference to FIGS. 11A to 11E.
[0157]

FIGS. 11A to 11E show an example of a cross-sectional structure of a transistor.
A transistor 390 shown in FIG. 11E is a bottom gate transistor and is also referred to as
an inverted staggered transistor. The transistor 390 can be used as the first transistor
100, the second transistor 101, or the like described in Embodiment 1, for example.
Note that although the transistor 390 is a single-gate transistor, the present invention is
not limited to the structure. The transistor can be a multi-gate transistor including a
plurality of gate electrodes and a plurality of channel formation regions.

[0158]

A process of manufacturing the transistor 390 over a substrate 394 will be
described below with reference to FIGS. 11A to 11E.
[0159]

First, a conductive film is formed over the substrate 394, and then, a gate
electrode 391 is formed in the first photolithography process. It is preferable that an
end portion of the formed gate electrode be tapered because coverage with a gate
insulating layer formed thereover is improved. Note that a resist mask may be formed
by inkjet method. The formation of the resist mask by inkjet method does not use a
photomask; thus, manufacturing cost can be reduced.

[0160]

The substrate 394 can be formed using a material similar to that for the
substrate 400 described in Embodiment 7. The gate electrode 391 can be formed using
a material and a deposition method similar to those of the gate electrode 411 described
in Embodiment 7.

[0161]

Note that an insulating film serving as a base film can be provided between the
substrate 394 and the gate electrode 391. The base film has a function of preventing
diffusion of impurity elements from the substrate 394, and can be a single layer or a
stack of any of a silicon nitride film, a silicon oxide film, a silicon nitride oxide film,
and a silicon oxynitride film.

[0162]

Then, a gate insulating layer 397 is formed over the gate electrode 391.
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[0163]

The gate insulating layer 397 can be a single layer or a stack of any of a silicon
oxide layer, a silicon nitride layer, a silicon oxynitride layer, a silicon nitride oxide layer,
and an aluminum oxide layer by plasma CVD, sputtering, or the like. Note that in
order to prevent the gate insulating layer 397 from containing a large amount of
hydrogen, the gate insulating layer 397 is preferably formed by sputtering. In the case
of forming a silicon oxide film by sputtering, the target used is a silicon target or a
quartz target, and the sputtering gas used is oxygen or a mixed gas of oxygen and argon.
[0164]

The gate insulating layer 397 can be a stack of a silicon nitride layer overlaid
by a silicon oxide layer, which are over the gate electrode 391. For example, the gate
insulating layer 397 can be a 100-nm-thick stack of a first gate insulating layer which is
a silicon nitride layer (SiN, (v > 0)) with a thickness of 50 to 200 nm formed by
sputtering and overlaid by a second gate insulating layer which is a silicon oxide layer
(SiOy (x > 0)) with a thickness of 5 to 300 nm.

[0165]

Then, the oxide semiconductor layer 393 with a thickness of 2 to 200 nm, and
preferably of 5 to 30 nm is formed over the gate insulating layer 397 (see FIG. 11A).
[0166]

The oxide semiconductor layer 393 can be formed using a material and a

formation method similar to those of the oxide semiconductor layer (the island-shaped

' oxide semiconductor layer 412) described in Embodiment 7.

[0167]

As an example of the deposition condition in the case where the oxide
semiconductor layer 393 is formed by sputtering, the following condition can be given:.
the distance between the substrate and the target is 100 mm, the pressure is 0.6 Pa, the
direct current (DC) power supply is 0.5 kW, and the atmosphere is oxygen (the
proportion of the oxygen flow is 100 %). Note that a pulse direct current (DC) power
supply is preferable because dust can be reduced and the film thickness can be made
uniform. Note that an appropriate thickness of the oxide semiconductor layer varies

depending on the material used therefor; and the thickness is determined as appropriate
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depending on the material.
[0168]

Note that before the oxide semiconductor layer 393 is formed, dust attached to
a surface of the gate insulatihg layer 397 is preferably removed by reverse sputtering in
which an argon gas is introduced and plasma is generated.

[0169]

Further, in order that hydrogen, hydroxyl, and moisture may be contained in the
gate insulating layer 397 and the oxide semiconductor layer 393 as little as possible, it is
preferable that the substrate 394 over which the gate electrode 391 is formed or the
substrate 394 over which layers up to the gate insulating layer 397 are formed be
preheated in a preheating chamber of a sputtering apparatus as pretreatment for the film
formation so that impurities such as hydrogen and moisture adsorbed to the substrate
394 are evacuated from the chamber. The temperature of the preheating may be 100 to
400 °C, and preferably 150 to 300 °C. As an evacuation means, a cryopump is
preferably provided in the preheating chamber. Further, this preheating may -be
similarly performed on the substrate 394 over which layers up to and including a first
electrode 395a and a second electrode 395b are formed, before a protective insulating
layer 396 is formed.

[0170]

Then, an oxide semiconductor layer is processed into an island-shaped oxide
semiconductor layer 399 in the second photolithography process (see FIG. 11B). Note
that the processing method of the island-shaped oxide semiconductor layer 399 is
similar to that of the island-shaped oxide semiconductor layer 412 described in
Embodiment 7.

[0171]

Note that it is preferable that reverse sputtering be performed before a
conductive film is formed in the subsequent step, in order to remove a resist residue or
the like attached on the surfaces of the oxide semiconductor layer 399 and the gate
insulating layer 397.

[0172]
Then, a conductive film is formed over the gate insulating layer 397 and the

oxide semiconductor layer 399. The conductive film can be formed by sputtering or a
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vacuum evaporation method. The material for the conductive film can be an element
selected from aluminum, chromium, copper, tantalum, titanium, molybdenum, and
tungsten; an alloy containing any of these elements as its component; an alloy
containing a plurality of these elements in combination; and the like. Further, the
material for the conductive film can contain one or a combination of materials selected
from manganese, magnesium, zirconium, beryllium, and thorium. Further, the
conductive film can be a light-transmitting conductive film. A specific example of the
light-transmitting conductive film is a film of a light-transmitting conductive oxide.
[0173]

The conductive film can be either a single layer or a stack of two or more
layers. For example, the conductive film can be a single-layer aluminum film
containing silicon; a two-layer film of an aluminum film overlaid by a titanium film; or
a three-layer film of a titanium film overlaid by an aluminum film overlaid by another
titanium film.

[0174]

‘ Then, in the third photolithography process, a resist mask is formed over the
conductive film, and selective etching is performed, thereby forming the first electrode
395a and the second electrode 395b. Then, the resist mask is removed (see FIG. 11C).
In the etching of the conductive film, the material for each layer and the etching
conditions need to be adjusted as appropriate in order to prevent the oxide
semiconductor layer 399 from being removed and the gate insulating layer 397 provided
thereunder from being exposed. Therefore, in this embodiment, an In-Ga-Zn-O-based
oxide semiconductor is used as the oxide semiconductor layer 399, a titanium fim is
used as the conductive film, and an ammonium hydrogen peroxide mixture (a mixture
of ammonia, water, and a hydrogen peroxide solution) is used as an etchant so that part
of the oxide semiconductor layer 399 may not be etched. However, the present
invention is not limited thereto. Part of the oxide semiconductor layer 399 can be
etched in the third photolithography process and an oxide semiconductor layer having a
groove (a depression portion) can be formed.

[0175]

Ultraviolet, KrF laser light, or ArF laser light is used for light exposure for

forming the resist mask in the third photolithography process. A channel length L of
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the transistor to be formed later depends on the width of an interval between a lower end
of the first electrode 395a and a lower end of the second electrode 395b which are
formed over the oxide semiconductor layer 399. Note that when light exposure is
performed to provide the channel length L of less than 25 nm, extreme ultraviolet with
extremely short wavelengths of several nanometers to several tens of nanometers is used
for light exposure for forming the resist mask in the third photolithography process.
Light exposure with extreme ultraviolet leads to a high resolution and a large depth of
focus. Therefore, the channel length L of the transistor formed later can be 10 to 1000
nm, which leads to an increase in operation speed of the circuit, and a reduction in the
power consumption of the transistor because of extremely small off-state current.
[0176]

In order to reduce the number of the photomasks used in the photolithography
process or the number of fabrication steps, etching process can be performed using a

resist mask made by a multi-tone mask which is a light-exposure mask such that light

transmitted by the mask has a plurality of intensities. A resist mask made by a

multi-tone mask has a plurality of thicknesses and can be further changed in shape by
etching; thus, such a resist mask can be used in a plurality of etching processes for
different patterns. Thus, a resist mask applicable to at least two or more kinds of
different patterns can be made by a single multi-tone mask. This .reduces the number
of exposure masks and also the number of corresponding photolithography processes,
thereby simplifying the process. ’

[0177]

In addition, after the first electrode 395a and the second electrode 395b are
formed by the etching, plasma treatment usirig a gas such as N,O, N, or Ar can be
performed to remove water or the like adsorbed on an exposed surface of the oxide
semiconductor layer 399. Plasma treatment can be performed using a mixed gas of
oxygen and argon. In this embodiment, either plasma treatment is performed.

[0178]

After the plasma treatment, a protective insulating layer 396 which is in contact
with the exposed oxide semiconductor layer 399, the first electrode 395a, and the
second electrode 395b is formed without exposure to air (see FIG. 11D). At that time,

it is preferable that the protective insulating layer 396 be formed while moisture
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remaining in the process chamber is removed so that the oxide semiconductor layer 399
and the protective insulating layer 396 can be prevented from including hydrogen,
hydroxyl, or moisture. In order to remove moisture remaining in the process chamber,
a sorption vacuum pump is preferably used. A cryopump, an ion pump, or a titanium
sublimation pump is preferably used. In a deposition chamber which is evacuated with
a cryopump, hydrogen atoms, compounds including hydrogen atoms such as water
(Hx0), and the like are exhausted. Accordingly, the concentration of impurities
contained in the protective insulating layer 396 formed in the deposition chamber can be
reduced.

[0179]

In this embodiment, an oxide insulating layer is foﬁned as the protective
insulating layer 396. For example, a silicon oxide layer is formed as the protective
insulating layer 396 in the following conditions: the substrate 394 over which layers up
to the island-shaped oxide semiconductor layer 399, the first electrode 395a, and the
second electrode 395b are formed is kept at room temperature or heated to a
temperature lower than 100 °C, a sputtering gas including high-purity oxygen from
which hydrogen and moisture are removed is introduced, and a silicon semiconductor
target is used. Note that instead of a silicon oxide layer, a silicon oxynitride layer, an
aluminum oxide layer, an aluminum oxynitride layer, or the like can be used as the
oxide insulating layer.

[0180]

For example, the deposition conditions of the above silicon oxide layer is as
follows: a boron-doped silicon target which has a purity of 6N (the resistivity is 0.01
Q-cm) is used; the distance between the substrate and the target (T-S distance) is 89
mm; the pressure is 0.4 Pa, the direct-current (DC) power supply is 6 kW, the
atmosphere is oxygen (the proportion of the oxygen flow is 100%); and pulsed DC
sputtering is employed. The thickness of the silicon oxide layer is 300 nm. Note that
instead of a silicon target, quartz (preferably, synthetic quartz) can be used. The
sputtering gas used is an oxygen gas or a mixed gas of oxygen and argon.

[0181]
Additional heat treatment is preferably performed at 100 to 400 °C while the
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protective insulating layer 396 and the oxide semiconductor layer 399 are in contact
with each other. This heat treatment allows impurities such as hydrogen, moisture,
hydroxyl, or hydride contained in the oxide semiconductor layer 399 to be diffused into
the protective insulating layer 396, so that the impurities contained in the oxide
semiconductor layer 399 are further reduced.

[0182]

Through the above process, the transistor 390 including the oxide
semiconductor layer 392 in which the concentration of hydrogen, moisture, hydroxyl,
and hydroxide is reduced can be formed (see FIG. 11E). As described in this
embodiment, by removing moisture remaining in the reaction atmosphere in the
deposition of the oxide semiconductor layer, the concentration of hydrogen and hydride
in the oxide semiconductor layer can be reduced. As a result, an intrinsic or
substantially intrinsic semiconductor layer can be obtained.

[0183]

Note that an insulating layer may be additionally provided over the protective
insulating layer 396. In this embodiment, a protective insulating layer 398 is formed
over the protective insulating layer 396. The insulating layer 398 can be a silicon
nitride film, a silicon nitride oxide film, an aluminum nitride film, an aluminum nitride
oxide film, or the like.

[0184]

For the formation of the insulating layer 398, the substrate 394 over which
layers up to the protective insulating layer 396 are formed is heated to a temperature of
100 to 400 °C, a sputtering gas including high-purity nitrogen from which hydrogen and
moisture have been removed is introduced, and a silicon semiconductor target is used,
whereby a silicon nitride film is formed. In this step also, it is preferable that the
insulating layer 398 be formed while moisture remaining in the process chamber is
removed as in the case of the protective insulating layer 396. By heating the substrate
394 to 100 to 400 °C in the deposition of the insulating layer 398, hydrogen or moisture
in the oxide semiconductor layer 399 can be diffused into the insulating layer 398. In
that case, heat treatment is not necessarily performed directly after the formation of the

protective insulating layer 396.
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[0185]

In the case where a silicon oxide layer is formed as the protective insulating
layer 396 and a silicon nitride layer is formed as the insulating layer 398, the silicon
oxide layer and the silicon nitride layer can be formed in the same process chamber
using the same silicon target. . First, a sputter gas containing oxygen is introduced and
a silicon oxide layer is formed using a silicon target provide in the process chamber, and
then the sputter gas is switched to a sputter gas containing nitrogen and a silicon nitride
layer is formed using the same silicon target. Since the silicon oxide layer and the
silicon nitride layer can be formed in succession without exposure to air, impurities such
as hydrogen or moisture can be prevented from being adsorbed on a surface of the
silicon oxide layer. Note that after the silicon oxide layer is formed as the protective
insulating layer 396 and the silicon nitride layer is formed thereover as the insulating
layer 398, heat treatment (at a temperature of 100 to 400 °C) for diffusion of hydrogen
or moisture in the oxide semiconductor layer into the oxide insulating layer is preferably
performed.

[0186]

After the formation of the protective insulating layer 396, additional heat
treatment can be performed at 100 to 200 °C in air for 1 to 30 hours. This heat
treatment can be performed at a fixed heating temperature or follow temperature cycles
where the temperature repeatedly rises from room temperature to a heating temperature
of 100 to 200 °C and drops from the a heating temperature to room temperature.
Further, this heat treatment can be performed under reduced pressure before the oxide
insulating layer is formed. Heat treatment under reduced pressure shortens the heating
time.

[0187]

Since the above process can be performed at a temperature of 400 °C or less,
the process can be preferably applied to a fabricating process using a glass substrate
having a side longer than 1 m and a thickness of 1 mm or less. In addition, since the
whole process can be performed at a treatment temperature of 400 °C or less, a display
panel can be manufactured with less energy consumption.

[0188]
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By using the transistor including an oxide semiconductor layer described in this
embodiment, a flip-flop can be made without being provided with a latch circuit.  This
results in a reduction in the number of transistors in the flip-flop and in power
consumption. Further, reducing the number of transistors leads to a reduction in the
area in an integrated circuit occupied by flip-flops.

[0189]
(Embodiment 9)

In this embodiment, another example of the structure and manufacturing
method of each of the transistors according to Embodiments 1 to 5 (the first to sixth
transistors 100, 101, 104, 105, 106, and 107) is described. In other words, another
example of the structure and manufacturing method of a transistor using a high-purity
oxide semiconductor is described with reference to FIGS. 12A to 12D.

{0190]

FIGS. 12A to 12D show an example of the cross-sectional structure of a
transistor. A transistor 360 shown in FIG. 12A to 12D is a channel-protective type
(channel-stop type) bottom gate transistor and is also referred to as an inverted
staggered transistor. The transistor 360 can be used as the first transistor 100, the
second transistor 101, or the like described in Embodiment 2. Note that although the
transistor 360 is a single-gate transistor, the present invention is not limited to the
structure. The transistor can be a multi-gate transistor including a plurality of gate
electrodes and a plurality of channel formation regions.

[0191]

A process of manufacturing the transistor 360 over a substrate 320 will be
described below with reference to FIGS. 12A to 12D.
[0192]

First, a conductive film is formed over the substrate 320, and then, a gate
electrode 361 is formed in the first photolithography process. The material for the
substrate 320 can be similar to that for the substrate 394 described in Embodiment 7.
The material and the deposition method for the gate electrode 361 can be similar to
those for the gate electrode 391 described in Embodiment 7.

[0193]
Then, a gate insulating layer 322 is formed over the gate electrode 361. The
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material for the gate insulating layer 322 can be similar to that for the gate insulating
layer 397 described in Embodiment 7. In this embodiment, a silicon oxynitride layer
with a thickness of 100 nm or less is formed by plasma CVD as the gate insulating layer
322.

[0194]

Then, an oxide semiconductor layer with a thickness of 2 to 200 nm is formed
over the gate insulating layer 322 and processed into an island-shaped oxide
semiconductor layer 332 in the second photolithography process. The material and the
formation method for the island-shaped oxide semiconductor layer 332 can be similar to
those for the island-shaped oxide semiconductor layer 399 described in Embodiment 7.
In this embodiment, the oxide semiconductor layer 332 is formed by sputtering using an
In-Ga-Zn-0O-based metal oxide target.

[0195]

Then, the oxide semiconductor layer 332 is dehydrated or dehydrogenated.
The temperature of the first heat treatment for dehydrating or dehydrogenating the oxide
semiconductor layer is 400 to 750 °C, preferably 400 °C or higher and lower than the
strain point of the substrate. Here, the substrate is put in an electric furnace which is a
kind of heat treatment apparatus and heat treatment is performed on the oxide
semiconductor layer 332 in a nitrogen atmosphere at 450 °C for one hour (see FIG.
12A). Note that this process causes oxygen defects in the oxide semiconductor layer
332, thereby reducing the resistance of the oxide semiconductor layer 332.

[0196]

Then, plasma treatment using a gas such as N,O, N, or Ar is performed. By
this plasma treatment, water or the like adhering to an exposed surface of the oxide
semiconductor layer is removed. Plasma treatment can be performed using a mixed
gas of oxygen and argon.

[0197]

Then, an oxide insulating layer is formed over the gate insulating layer 322 and
the oxide semiconductor layer 332. Then, in the third photolithography process, a
resist mask is formed, and selective etching is performed, thereby forming the oxide

insulating layer 366. Then, the resist mask is removed.
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[0198]
In this embodiment, a 200-nm-thick silicon oxide film is deposited as the oxide

insulating layer 366 by sputtering. The substrate temperature in the deposition is room

temperature to 300 °C; in this embodiment, the substrate temperature is 100 °C. The

silicon oxide film can be deposited by sputtering in a rare gas (typically, argon)
atmosphere, an oxygen atmosphere, or an atmosphere of a rare gas (typically, argon)
and oxygen. The target used can be a silicon oxide target or a silicon target. For
example, with the use of a silicon target, a silicon oxide film can be formed by
sputtering in an atmosphere of oxygen and nitrogen. The oxide insulating layer 366
being in contact with the oxide semiconductor layer having low resistance can be, in
addition to a silicon oxide film, an inorganic insulating film which does not contain
impurities such as moisture, a hydrogen ion, and OH™ and which prevents their entry
from the outside. Typical examples of the oxide insulating layer 366 include a silicon
oxide film, a silicon oxynitride film, an aluminum oxide film, and an aluminum
oxynitride film.

[0199]

At this time, it is preferable that the oxide insulating layer 366 be formed while
moisture remaining in the process chamber is removed so that the oxide semiconductor
layer 332 and the oxide insulating layer 366 may be prevented from containing
hydrogen, hydroxyl, or moisture. The method for removing moisture remaining in the
process chamber can be the same as that described in other embodiments.

[0200]

Then, the second heat treatment (preferably at 200 to 400 °C, e.g. 250 to 350
°C) is preferably performed in an inert gas atmosphere or in an oxygen gas atmosphere.
For example, the second heat treatment is performed in a nitrogen atmosphere at 250 °C
for one hour; In the second heat treatment, a portion of the oxide semiconductor layer
(a channel formation region) is heated while being in contact with the oxide insulating
layer 366. At that time, a region covered with the oxide semiconductor layer 366 is
supplied with oxygen by the oxide insulating layer, and thus has increased resistance.
[0201]

In addition, because of oxygen defects, heat treatment in a nitrogen atmosphere,
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an inert gas atmosphere, or under reduced pressure can further reduce the resistance of
an exposed region of the oxide semiconductor layer 332 which is not covered with the
oxide insulating layer 366.

[0202]

Thus, by the second heat treatment, the oxide semiconductor layer 332
becomes an oxide semiconductor layer 362 including regions with different resistances
(indicated as a shaded region and a white region in FIG. 12B).

[0203]

Then, a conductive film is formed over the gate insulating layer 322, the oxide
semiconductor layer 362, and the oxide insulating layer 366. After that, a resist mask
is formed in the fourth photolithography process, and a first electrode 365a and a second
electrode 365b are formed by selective etching. Then, the resist mask is removed (see
FIG 12C).

[0204]

Examples of the material for the first electrode 365a and the second electrode
365 include an element selected from Al, Cr, Cu, Ta, Ti, Mo, and W; an alloy containing
any of these elements as its component; and an alloy film containing any bf these
elements in combination. Further, the metal conductive film can be a single layer or a
stack of two or more layers.

[0205]

In the above steps, the deposited oxide semiconductor layer is dehydrated or
dehydrogenated by heat treatment, so that the resistance thereof is reduced;
subsequently, part of the oxide semiconductor layer is selectively made to have
excessive oxygen. As a result, the channel formation region 363 overlapping with the
gate electrode 361 has high resistance and becomes intrinsic or substantially intrinsic.
In addition, a low-resistance region 364a overlapping with the first electrode 365a and a
low-resistance region 364b overlapping with the second electrode 365b are formed in a
self-aligned manner. The above steps allow the transistor 360 to be formed.

[0206]
Additional heat treatment can be performed at 100 to 200 °C in air for 1 to 30

hours. In this embodiment, the heat treatment is performed at 150 °C for 10 hours.
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This heat treatment can be performed at a fixed heating temperature or follow
temperature cycles where the temperature repeatedly rises from room temperature to a
heating temperature of 100 to 200 °C and drops from the a heating temperature to room
temperature. Further, this heat treatment can be performed under reduced pressure
before the oxide insulating layer is formed. Heat treatment under reduced pressure
shortens the heating time.

[0207]

By forming the low-resistance region 364b (or the low-resistance region 364a)

in part of the oxide semiconductor layer which overlaps with the second electrode 365b

(or the first electrode 365a), the reliability of the transistor can be improved.
Specifically, by forming the low-resistance region 364b, the conductivity can be varied
among the second electrode 365b, the low-resistance region 364b, and the channel
formation region 363 (listed in descending order of their conductivities). Therefore, in
the case where the transistor operates with the second electrode 365b connected to
wiring for supplying high voltage supply potential VDD, the low-resistance region
serves as a buffer and a high electric field is not applied locally even if a high electric
field is applied between the gate electrode 361 and the second electrode 365b; thus, the
breakdown voltage of the transistor can be improved.

[0208]

Then, a protective insulating layer 323 is formed over the first electrode 365a,
the second electrode 365b, and the oxide insulating layer 366. In this embodiment, the
protective insulating layer 323 is formed using a silicon nitride film (see FIG. 12D).
[0209]

By using the transistor including an oxide semiconductor layer described in this
embodiment, a flip-flop can be made without being provided with a latch circuit. This
results in a reduction in the number of transistors in the flip-flop and in power
consumption. Further, reducing the number of transistors leads to a reduction in the
area in an integrated circuit occupied by flip-flops.

[0210]
(Embodiment 10)
In this embodiment, another example of the structure and manufacturing

method of each of the transistors according to Embodiments 1 to 5 (the first to sixth
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transistors 100, 101, 104, 105, 106, and 107) is described. In other words, another
example of the structure and manufacturing method of a transistor using a high-purity
oxide semiconductor is described with reference to FIGS. 13A to 13D.

[0211]

Note that although the transistor 350 in FIG. 13D is a single-gate transistor, the
present invention is not limited to this configuration. The transistor can be a
multi-gate transistor including a plurality of gate electrodes and a plurality of channel
formation regions.

[0212]

The process of fabricating a transistor 350 over a substrate 340 will be described below
with reference to FIGS. 13A to 13D.

[0213]

First, a conductive film is formed over the substrate 340, and then, a gate
electrode 351 is formed in the first photolithography process. In this embodiment, a
150-nm-thick tungsten film is formed as the gate electrode 351 by sputtering.

[0214]

Then, a gate insulating layer 342 is formed over the gate electrode 351. In
this embodiment, a silicon oxynitride film having a thickness of 100 nm or less is
formed by plasma CVD as the gate insulating layer 342.

[0215]

Then, a conductive film is formed over the gate insulating layer 342. | In the
second photolithography process, a resist mask is formed over the conductive film, and
selective etching is performed, thereby forming a first electrode 355a and a second
electrode 355b. Then, the resist mask is removed (see FIG. 13A).

[0216]

Then, an oxide semiconductor layer 345 is formed (see FIG. 13B). In this
embodiment, the oxide semiconductor layer 345 is formed by sputtering using an
In-Ga-Zn-O-based metal oxide target. Then, the oxide semiconductor layer 345 is
processed into an island-shaped oxide semiconductor layer in the third photolithography
process.

[0217]

In the step of forming the oxide semiconductor layer 345, it is preferable that
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the oxide semiconductor layer 345 be formed while moisture remaining in the process
chamber is removed so that the oxide semiconductor layer 345 may be prevented from
containing hydrogen, hydroxyl, or moisture. The method for removing moisture
remaining in the process chamber can be the same as that described in other
embodiments.

[0218]

Then, in order to dehydrate or dehydrogenate the oxide semiconductor layer,
the first treatment is performed. The temperature of the first heat treatment is between
400 to 750 °C, preferably 400 °C or higher and lower than the strain point of the
substrate. Here, the substrate is put in an electric furnace which is a kind of heat
treatment apparatus and heat treatment is performed on the oxide semiconductor layer in
a nitrogen atmosphere at 450 °C for one hour. After that, the oxide semiconductor
layer is prevented from being exposed to air and from containing water or hydrogen
again. Thus, an oxide semiconductor layer 346 is obtained (see FIG. 13C).

[0219] ’

The first heat treatment can employ GRTA, in which the substrate is transferred
into an inert gas heated to a high temperature of 650 to 700 °C, and heated for several
minutes there, and then the substrate is transferred out of the inert gas heated to a high
temperature.

[0220]

Then, an oxide insulating layer 356 being in contact with the oxide
semiconductor layer 346 is formed. The oxide insulating layer 356 has a thickness of
1 nm or more and can be formed by using as appropriate a method by which impurities
such as water or hydrogen are not mixed into the oxide insulating layer 356 (e.g.
sputtering). When hydrogen is contained in the oxide insulating layer 356, hydrogen
may enter the oxide semiconductor layer or the extraction of oxygen in the oxide
semiconductor layer caused by hydrogen may occur, and the resistance of a backchannel
of the oxide semiconductor layer (which causes the transistor to be an n-type transistor)
may be reduced, which may cause a parasitic channel to be formed. Therefore, it is
important to form the oxide insulating layer 356 by a method by which hydrogen

contained in the oxide insulating layer 356 is reduced as much as possible.
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[0221]

Note that the material and the formation method for the oxide insulating layer
356 can be similar to those for the oxide insulating layer 396 described in Embodiment
8.

[0222]

Then, the second heat treatment (preferably at 200 to 400 °C, e.g. 250 to 350
°C) is performed in an inert gas atmosphere or in an oxygen gas atmosphere. For
example, the second heat treatment is performed in a nitrogen atmosphere at 250 °C for
one hour. In the second heat treatment, a portion of the oxide semiconductor layer (a
channel formation region) is heated while being in contact with the oxide insulating
layer 356.

[0223]

In the above steps, the oxide semiconductor layer that has been dehydrated or
dehydrogenated by the first heat treatment, and thus has reduced resistance, is made to
contain oxygen in excess. As a result, an intrinsic or substantially intrinsic oxide
semiconductor layer 352 is formed. The above steps allow the transistor 350 to be
formed.

[0224]

Additional heat treatment can be performed at 100 to 200 °C in air for 1 to 30
hours. In this embodiment, the heat treatment is performed at 150 °C for 10 hours.
This heat treatment can be performed at a fixed heating temperature or follow
temperature cycles where the temperature repeatedly rises from room temperature to a
heating temperature of 100 to 200 °C and drops from the a heating temperature to room
temperature. Further, this heat treatment can be performed under reduced pressure
before the oxide insulating layer is formed. Heat treatment under reduced pressure
shortens the heating time. This heat treatment causes a small amount of hydrogen
remaining in the oxide semiconductor layer to be introduced to the oxide insulating
layer; thus, a normally-off transistor can be obtained. Consequently, the reliability of
the semiconductor device can be improved.

[0225]

Note that an insulating layer may be additionally provided over the oxide
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insulating layer 356. In this embodiment, an insulating layer 343 is formed over the
oxide insulating layer 356 (see FIG. 13D). The material and the formation method for
the insulating layer 343 can be similar to those for the insulating layer 398 described in
Embodiment 8.

[0226]

Further, a planarization insulating layer can be provided over a top surface of
the insulating layer 343 for planarization purpose.
[0227]

. By using the transistor including an oxide semiconductor layer described in this
embodiment, a flip-flop can be made without being provided with a latch circuit. This
results in a reduction in the number of transistors in the flip-flop and in power
consumption. Further, reducing the number of transistors leads to a reduction in the
area in an integrated circuit occupied by flip-flops.

[0228]
(Embodiment 11)

In this embodiment, specific examples of an electronic appliance including a
semiconductor device described in the above embodiments will be described.
[0229]

An electronic appliance illustrated in FIG. 14A is a portable game console
which includes a housing 9630, a display portion 9631, a speaker 9633, operation keys
9635, a connection terminal 9636, a storage medium reading portion 9672, and the like.
The portable game console can have a function of reading a program or data stored in a
storage medium to display it on the display portion, and a function of sharing data with
another portable game console by wireless communication. Note that the portable
game console can have a variety of functions in addition to those given above.

[0230]

An electronic appliance illustrated in FIG 14B is a digital camera which
includes a housing 9630, a display portion 9631, a speaker 9633, operation keys 9635, a
connection términal 9636, a sﬁutter button 9676, an image receiving portion 9677, and
the like. The digital cainera can have a function of photographing a still image and/or
a moving image, a function of automatically or manually correcting the photographed

image, a function of storing the photographed image data in a memory element, a
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function of displaying the photographed image data on the display portion, a television
reception function, and the like. Note that the digital camera can have a variety of
functions in addition to those given above.

[0231]

An electronic appliance illustrated in FIG. 14C is a television receiver which
includes a housing 9630, a display portion 9631, speakers 9633, operation keys 9635, a
connection terminal 9636, and the like. The television can have a function of
converting a television electric wave into an image signal, a function of converting the
image signal into a signal for display, a function of converting a frame frequency of the
image signal, and the like. Note that the television receiver can have a variety of
functions in addition to those given above..

[0232]

An clectronic appliance illustrated in FIG. 15A is a computer which includes a
housing 9630, a display portion 9631, a speaker 9633, operation keys 9635, a
connection terminal 9636, a pointing device 9681, an external connection port 9680,
and the like. The computer can have a function of displaying a variety of information
(e.g., a still image, a moving image, and a text) on the display portion, a function of
controlling processing with a variety of software (programs), a communication function
such as wireless communication or wired communication, a function of being connected
to various computer networks with the communication function, a function of
transmitting or receiving a variety of data with the communication function, and the like.
Note that the computer can have a variety of functions in addition to those given above.
[0233]

An electronic appliance illustrated in FIG. 15B is a cellular phone which
includes a housing 9630, a display portion 9631, a speaker 9633, operation keys 9635, a
microphone 9638, and the like. The cellular phone can have a function of displaying a
variety of data (e.g., a still image, a moving image, and a text) on the display portion, a
function of displaying a calendar, a date, the time, and the like on the display portion, a
function for managing or editing the data displaying on the display portion, a function
of controlling processing with various kinds of software (programs), and the like.
Note that the cellular phone can have a variety of functions in addition to those given

above.
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[0234]

An electric device illustrated in FIG. 15C is an electronic paper including a
housing 9630, a display portion 9631, operation keys 9635, and the like. The
electronic paper can have a function of displaying a variety of data (e.g., a still image, a
moving image, and a text) on the display portion, a function of displaying a calendar, a
date, the time, and the like on the display portion, a function for managing or editing the
data displaying on the display portion, a function of controlling processing with various
kinds of software (programs), and the like. Note that the electronic paper can have a
variety of functions in addition to those given above. An electronic paper can be
specifically applied to an electronic book reader (also referred to as an e-book reader), a
poster, and an advertisement in a vehicle such as a train, for example.

[0235]

An electric device illustrated in FIG. 15D is a digital photo frame including a
display portion 9703 incorporated in a housing 9701. The display portion 9703 can
display a variety of images. For example, the display portion 9703 can display image
data taken with a digital camera or the like and function like a normal photo frame.
[0236]

Note that the digital photo frame is provided with an operation portion, an
external connection terminal (e.g., a USB terminal and a terminal connectable to a
variety of cables such as a USB cable), a storage medium insertion portion, and the like.
Although these components may be provided on the same surface as the display portion,
it is preferable to provide them on the side surface or the back surface for design
aesthetics. For example, a storage medium storing image data taken with a digital
camera is inserted into the storage medium insertion portion of the digital photo frame
and the data is loaded, whereby the image can be displayed on the display portion 9703.
[0237]

- The digital photo frame can have a function of receiving and transmitting data
by wireless communication. With such a function, the digital photo frame can obtain
desired image data by wireless communication and display the data. Note that the
digital photo frame can have a variety of functions in addition to those given above.
[0238]

A flip-flop which is one embodiment of the present invention can be used as a



10

15

WO 2011/077908 59 PCT/JP2010/071417

part of an integrated circuit in a display portion of any of the above-described electronic
appliances. Note that a flip-flop which is one embodiment of the present invention can
be provided to various electronic appliances in addition to electronic appliances
including a display portion (display devices). Thus, electronic appliances to which the
present invention is applicable are not only the above-described specific examples of an
electronic appliance. For example, the present invention is applicable to
semiconductor devices capable of wirelessly transmitting and receiving data (data
carries called RF tags, ID tags, IC tags, IC chips, wireless tags, or electronic tags).
[0239]

By applying a semiconductor device which is one embodiment of the present
invention to those electronic appliances, the power consumption of those electronic

appliances can be reduced.

This application is based on Japanese Patent Application serial no.
2009-291587 filed with the Japan Patent Office on December 23, 2009, the entire

contents of which are hereby incorporated by reference.
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CLAIMS

1. A semiconductor device comprising:

a first transistor;

a second transistor;

a first inverter circuit; and

a second inverter circuit,

wherein one of a source and a drain of the first transistor is electrically
connected to a first wiring,

wherein the other of the source and the drain of the first transistor is electrically
connected to an input of the first inverter circuit,

wherein an output of the first inverter circuit is electrically connected to one of
a source and a drain of the second transistor,

wherein the other of the source and the drain of the second transistor is
electrically connected to an input of the second inverter circuit, and

wherein an output of the second inverter circuit is electrically connected to a

second wiring.

2. A semiconductor device comprising:

a first transistor;

a second transistor;

a third transistor;

a fourth transistor;

a first inverter circuit; and

a second inverter circuit,

wherein the semiconductor device is configured to input a reset signal to a gate
of the third transistor and a gate of the fourth transistor,

wherein one of a source and a drain of the first transistor is electrically
connected to a first wiring,

wherein the other of the source and the drain of the first transistor is electrically
connected to an input of the first inverter circuit,

wherein an output of the first inverter circuit is electrically connected to one of
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a source and a drain of the second transistor,

wherein the other of the source and the drain of the second transistor is
electrically connected to an input of the second inverter circuit,

wherein an output of the second inverter circuit is electrically connected to a
second wiring,

wherein one of a source and a drain of the third transistor is electrically
connected to the input of the first inverter circuit,

wherein the other of the source and the drain of the third transistor is
electrically connected to a low voltage supply line,

wherein one of a source and a drain of the fourth transistor is electrically
connected to the input of the second inverter circuit, and

wherein the other of the source and the drain of the fourth transistor is

electrically connected to a high voltage supply line.

3. A semiconductor device comprising:

a first transistor;

a second transistor;

a fifth transistor;

a sixth transistor;

a first inverter circuit; and

a second inverter circuit,

wherein the semiconductor device is configured to input a set signal to a gate
of the fifth transistor and a gate of the sixth transistor,

wherein one of a source and a drain of the first transistor is electrically
connected to a first wiring, |

wherein the other of the source and the drain of the first transistor is electrically
connected to an input of the first inverter circuit,

wherein an output of the first inverter circuit is electrically connected to one of
a source and a drain of the second transistor,

wherein the other of the source and the drain of the second transistor is
electrically connected to an input of the second inverter circuit,

wherein an output of the second inverter circuit is electrically connected to a
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second wiring,

wherein one of a source and a drain of the fifth transistor is electrically
connected to the input of the first inverter circuit,

wherein the other of the source and the drain of the fifth transistor is
electrically connected to a high voltage supply line,

wherein one of a source and a drain of the sixth transistor is electrically
connected to the input of the second inverter circuit, and

wherein the other of the source and the drain of the sixth transistor is

electrically connected to a low voltage supply line.

4. A semiconductor device comprising:

a first transistor;

a second transistor;

a third transistor;

a fourth transistor;

a fifth transistor;

a sixth transistor;

a first inverter circuit; and

a second inverter circuit,

wherein the semiconductor device is configured to input a reset signal to a gate
of the third transistor and a gate of the fourth transistor,

wherein the semiconductor device is configured to input a set signal to a gate
of the fifth transistor and a gate of the sixth transistor,

wherein one of a source and a drain of the first transistor is electrically
connected to a first wiring,

wherein the other of the source and the drain of the first transistor is electrically
connected to an input of the first inverter circuit,

wherein an output of the first inverter circuit is electrically connected to one of
a source and a drain of the second transistor,

wherein the other of the source and the drain of the second transistor is
electrically connected to an input of the second inverter circuit,

wherein an output of the second inverter circuit is electrically connected to a
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second wiring,

wherein one of a source and a drain of the third transistor is electrically
connected to the input of the first inverter circuit,

wherein the other of the source and the drain of the third transistor is
electrically connected to a low voltage supply line,

wherein one of a source and a drain of the fourth transistor is electrically
connected to the input of the second inverter circuit, and

wherein the other of the source and the drain of the fourth transistor is
electrically connected to a high voltage supply line,

wherein one of a source and a drain of the fifth transistor is electrically
connected to the input of the first inverter circuit,

wherein the other of the source and the drain of the fifth transistor is
electrically connected to the high voltage supply line,

wherein one of a source and a drain of the sixth transistor is electrically
connected to the input of the second inverter circuit, and

wherein the other of the source and the drain of the sixth transistor is

electrically connected to the low voltage supply line.

5. A semiconductor device comprising:

a first transistor;

a second transistor;

a first inverter circuit;

a second inverter circuit;

a first capacitor comprising a first pair of electrodes; and

a second capacitor comprising a second pair of electrodes,

wherein one of a source and a drain of the first transistor is electrically
connected to a first wiring,

wherein the other of the source and the drain of the first transistor is electrically
connected to an input of the first inverter circuit,

wherein an output of the first inverter circuit is electrically connected to one of
a source and a drain of the second transistor,

wherein the other of the source and the drain of the second transistor is



10

15

20

25

30

WO 2011/077908 64 PCT/JP2010/071417

electrically connected to an input of the second inverter circuit,

wherein an output of the second inverter circuit is electrically connected to a
second wiring,

wherein one electrode of the first capacitor is electrically connected to the input
of the first inverter circuit,

wherein the other electrode of the first capacitor is electrically connected to a
low voltage supply line,

wherein one electrode of the second capacitor is electrically connected to the
input of the second inverter circuit, and

wherein the other electrode of the second capacitor is electrically connected to

the low voltage supply line.

6. The semiconductor device according to any of claims 2 to 4, further
comprising:

a first capacitor comprising a first pair of electrodes; and

a second capacitor comprising a second pair of electrodes,

wherein one electrode of the first capacitor is electrically connected to the input
of the first inverter circuit,

wherein the other electrode of the first capacitor is electrically connected to the
low voltage supply line,

wherein one electrode of the second capacitor is electrically connected to the
input of the second inverter circuit, and

wherein the other electrode of the second capacitor is electrically connected to

the low voltage supply line.

7. The semiconductor device according to claim 1, wherein any of the first
transistor and the second transistor includes an oxide semiconductor layer in which a

. . . 4
carrier concentration is less than 1 x 10 /cm3.

8. The semiconductor device according to claim 2, wherein any of the first

transistor, the second transistor, the third transistor and the fourth transistor includes an
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oxide semiconductor layer in which a carrier concentration is less than 1 x 10" /cm®.

9. The semiconductor device according to claim 3, wherein any of the first
transistor, the second transistor, the fifth transistor and the sixth transistor includes an

oxide semiconductor layer in which a carrier concentration is less than 1 x 10" /em®.

10. The semiconductor device according to claim 4, wherein any of the first
transistor, the second transistor, the third transistor, the fourth transistor, the fifth
transistor and the sixth transistor includes an oxide semiconductor layer in which a

carrier concentration is less than 1 x 10* /cm3 .

11. The semiconductor device according to claim 5, wherein any of the first
transistor and the second transistor includes an oxide semiconductor layer in which a

carrier concentration is less than 1 x 10* /cm?.

12. The semiconductor device according to any of claims 7 to 11, wherein a

band gap of the oxide semiconductor layer is 2 eV or more.

13. The semiconductor device according to any one of claims 1to 5 and 7 to 11,
wherein the semiconductor device is configured to input an inverted clock signal to a

gate of the first transistor and a clock signal is input to a gate of the second transistor.

14. The semiconductor device according to any of claims 1 to 5 and 7 to 11,
wherein the first inverter circuit and the second inverter circuit each are a CMOS

inverter circuit.

15. The semiconductor device according to any of claims 1to5and7 to 11,

wherein the semiconductor device is a flip-flop.

16. An electronic appliance including the semiconductor device according to

any if claims 1 to 5 and 7 to 11.



A4

VDD

PCT/JP2010/071417

;

;

PaS
VSS

1/13

FIG. 1
CK >

WO 2011/077908

4]
(@]
le|| - ——— W W G = R -kl'l
83
2 - .- - B e k]
-
Q- - )= --
83
\\_u_”/ N T s niuiuttety Gl A -
.rl_l:\_Nm
T oN
] B M
: @ 3 x g °F
O L ©



PCT/JP2010/071417

WO 2011/077908

- 2/13

VDD

FIG. 3
CK >

23>

VSS

FIG. 4

2002

2000 2001

U N B | .
2. - i SR . = -
/ \

2. I Y SIS SR -
---& ......... —---p ................... |
R Fmmmmpepemmmmmmmmqoeone -

Nl lllllllllllllllllllllllllllllll —rw T e - -
”””ﬁu”uuuuuuuﬂ”””””“””””uuu”uuu“u ——

R . I I DI P~ g, -

s
) x 0 3 <



2002
(\/

VDD

PCT/JP2010/071417
Y

|

|

]

\
VSS

3/13

| S| | S ) m
™
T E B . L S §

-7“A \— Y m \ /

X~ < N I .
A N B}
- 0 lll—l lllllllll ﬁ llllllllllllllllllllllllll - -

M A
[.M.f. .. T MN. |
IﬁTH_I - TS rTTTTTTTYIYTICOUTUTUTT O

FIG. 5

WO 2011/077908

2D
28>~
FIG. 6
CK
CKB

D

SM

Q

S



PCT/JP2010/071417

WO 2011/077908

4/13

FIG. 7

VDD

VSS

CK >

<23>

FIG. 8




WO 2011/077908

PCT/JP2010/071417

5/13

FIG. 9A
sy M2
414a 415a 415b 414b
KC— —— ——A—+
| 2R |
c N\ Lco
N N
N N %
________ -
410
FIG. 9B
414a 402 411 414b

A\\\\\\\\/\\\\\\\,\\ \ ’:‘ N !

Ct

i e e

400 4‘53412 410 407 415b



WO 2011/077908 PCT/JP2010/071417

6/13
FIG. 10A
407
412
4100 /I\\ SN NN N K NNV
// :
T T
ci C2
FIG. 10B 415, 415b
A A
ci - C2

FIG. 10C 402

N\ J —
Amaat Ay

t,f'\ Ja
c1 C2
FIG. 10D 4212 421b

o

., £,
r 3\ / r~=1
SN S \\\\)M

o/




WO 2011/077908 PCT/JP2010/071417

7/13
FIG. 11A
T/ / / [ 7
304 393 391 397
FIG. 11B
399 NN N NN N
m \\\ <\

FIG. 11D

FIG. 11E 395 | 392




WO 2011/077908 PCT/JP2010/071417

8/13
FIG. 12A
322 01 332
o4
8 £~ *
320
FIG. 12B 266 26
ety
LR
T ¥
FIG. 12C

FIG. 12D




WO 2011/077908 PCT/JP2010/071417

9/13

FIG. 13A

355a 342 35

FIG. 13B

FIG. 13C 346

FIG. 13D

343 356 13452







WO 2011/077908

FIG. 15A

11/13

=

' Zimy,

PCT/JP2010/071417

FIG. 15B 9633

9630

9701

\

—

.

.

.



PCT/JP2010/071417

WO 2011/077908

12/13

FIG. 16

CK >

\\
‘|
]

CKB>—

\

ﬁ

~

111

/\

VSS



WO 2011/077908 PCT/JP2010/071417

13/13

EXPLANATION OF REFERENCES

100: transistor, 101: transistor, 102: inverter, 103: inverter, 104: transistor, 105:
transistor, 106: transistor, 107: transistor, 111: capacitor, 112: capacitor, 120:
inverter, 320: substrate, 322: gate insulating layer, 323: protective insulating
layer, 332: island-shaped oxide semiconductor layer, 340: substrate, 342: gate
insulating layer, 343: insulating layer, 345: oxide semiconductor layer, 346:
oxide semiconductor layer, 350: transistor, 351: gate electrode, 352: intrinsic or
substantially intrinsic oxide semiconductor layer, 355a: first electrode, 355b:
second electrode, 356: oxide insulating layer, 360: transistor, 361: gate electrode,
362: oxide semiconductor layer, 363: channel formation region, 364a:
low-resistance region, 364b: low-fesistance region, 365a: first electrode, 365b:
second electrode, 366: oxide insulating layer, 390: transistor, 391: gate electrode,
392: oxide semiconductor layer, 393: oxide semiconductor layer, 394: substrate,
395a: first electrode, 395b: second electrode, 396: protective insulating layer,
397: gate insulating layer, 398: protective insulating layer, 400: substrate, 402:
gate insulating layer, 407: insulating layer, 410: transistor, 411: gate electrode,
412: island-shaped oxide semiconductor layer, 414a: first wiring, 414b: second
wiring, 415a: first electrode, 415b: second electrode, 421a: opening, 421b:
opening, 1998: time, 1999: time, 2000: time, 2001: time, 2002: time, 2003: time,
9630: housing, 9631: display portion, 9633: speaker, 9635: operation keys,
9636: connection terminal, 9638: microphone, 9672: storage medium reading
portion, 9676: shutter button, 9677: image receiving portion, 9680: external
connection port, 9701: housing, 9703: display portion, 9681: pointing device.
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