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(57) ABSTRACT 

A highly integrated semiconductor device is provided. The 
semiconductor device includes a Substrate, a prism-like 
insulator, a memory cell string including a plurality of 
transistors connected in series. The prism-like insulator is 
provided over the substrate. The memory cell string is 
provided on the side surface of the prism-like insulator. The 
plurality of transistors each include a gate insulator and a 
gate electrode. The gate insulator includes a first insulator, a 
second insulator, and a charge accumulation layer. The 
charge accumulation layer is positioned between the first 
insulator and the second insulator. 
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FIG. 2A 
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FIG. 3A FIG. 3B 
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FIG. 4 

Writing operation 
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FIG. 5 

Writing operation 2 
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FIG. 6 

Writing operation 2n 
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FIG. 7 

Reading operation 1 
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FIG. 8 

Reading operation 2 
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FIG. 9 

Reading operation 2n 
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FIG. 1 O 
34 30 32 

38 

No. No.. 

HHHHHHHHHHHHHHHHHHHH|HHHHHHHH 3222222ZZZZZZZZZZZZZZZZ Ø | 

120 00 Tr S 20 Tr S2 120 

      

  



US 2016/0351576 A1 Dec. 1, 2016 Sheet 11 of 18 Patent Application Publication 

FIG. 11 
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FIG. 13 
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FIG. 4A 
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FIG. 6A FIG. 6B 

Fig. 16c 
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SEMCONDUCTOR DEVICE 

BACKGROUND OF THE INVENTION 

0001 1. Field of the Invention 
0002 The present invention relates to, for example, a 
semiconductor, a transistor, and a semiconductor device. 
The present invention relates to, for example, a method for 
manufacturing a semiconductor, a transistor, and a semicon 
ductor device. The present invention relates to, for example, 
a semiconductor, a display device, a light-emitting device, a 
lighting device, a power storage device, a memory device, a 
processor, and an electronic device. The present invention 
relates to a method for manufacturing a semiconductor, a 
display device, a liquid crystal display device, a light 
emitting device, a memory device, and an electronic device. 
The present invention relates to a driving method of a 
semiconductor device, a display device, a liquid crystal 
display device, a light-emitting device, a memory device, 
and an electronic device. 
0003) Note that one embodiment of the present invention 

is not limited to the above technical field. The technical field 
of one embodiment of the invention disclosed in this speci 
fication and the like relates to an object, a method, or a 
manufacturing method. In addition, one embodiment of the 
present invention relates to a process, a machine, manufac 
ture, or a composition of matter. 
0004. In this specification and the like, a semiconductor 
device generally means a device that can function by uti 
lizing semiconductor characteristics. A display device, a 
light-emitting device, a lighting device, an electro-optical 
device, a semiconductor circuit, and an electronic device 
include a semiconductor device in some cases. 
0005 2. Description of the Related Art 
0006. A memory device including a semiconductor has 
attracted attention as a high capacity memory device 
included in a computer and the like. In particular, it has been 
known that the integration degree of a NAND flash memory 
is easily heightened because the NAND flash memory has a 
Small number of wirings or electrodes per memory cell. 
Storage capacity has been increased year by year because of 
realization of technology Such as multivalued memory. In 
recent years, two-dimensional memory cell arrangement has 
approached limits on higher integration and is being 
replaced with technology of three-dimensional memory cell 
arrangement (see Patent Document 1). 

REFERENCE 

Patent Document 

Patent Document 1 Japanese Published Patent Application 
No. 2011-96340 

SUMMARY OF THE INVENTION 

0007 An object is to provide a highly integrated semi 
conductor device. Another object is to provide a semicon 
ductor device with three-dimensional memory cell arrange 
ment. Another object is to provide a semiconductor device 
with large storage capacity. Another object is to provide a 
semiconductor device with a long retention period. 
0008 Another object is to provide a module including 
any of the above semiconductor devices. Another object is 
to provide an electronic device including any of the above 
semiconductor devices or the module. Another object is to 
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provide a novel semiconductor device. Another object is to 
provide a novel module. Another object is to provide a novel 
electronic device. 
0009. Another object is to provide a transistor having 
normally-off electrical characteristics. Another object is to 
provide a transistor having a low leakage current in an off 
state. Another object is to provide a transistor having a small 
subthreshold swing value. Another object is to provide a 
transistor having a small short-channel effect. Another 
object is to provide a transistor having excellent electrical 
characteristics. Another object is to provide a transistor 
having high reliability. Another object is to provide a tran 
sistor with high frequency characteristics. 
0010 Note that the descriptions of these objects do not 
disturb the existence of other objects. In one embodiment of 
the present invention, there is no need to achieve all the 
objects. Other objects will be apparent from and can be 
derived from the description of the specification, the draw 
ings, the claims, and the like. 
(1) 
0011. One embodiment of the present invention is a 
semiconductor device that includes a Substrate, a prism-like 
insulator, a memory cell string including a plurality of 
transistors connected in series. The prism-like insulator is 
provided over the Substrate, and the memory cell String is 
provided on the side surface of the prism-like insulator. 
(2) 
0012. One embodiment of the present invention is a 
semiconductor device that includes a Substrate, a prism-like 
insulator, a plurality of memory cell Strings. The plurality of 
memory cell strings each comprise a plurality of transistors 
connected in series. The prism-like insulator is provided 
over the Substrate, and the plurality of memory cell Strings 
each are provided on a side Surface of the prism-like 
insulator. 

(3) 
0013. One embodiment of the present invention is the 
semiconductor device according to (1) or (2), in which the 
plurality of transistors each include a gate insulator and a 
gate electrode, the gate insulator includes a first insulator, a 
second insulator, and a charge accumulation layer, and the 
charge accumulation layer is positioned between the first 
insulator and the second insulator. 

(4) 
0014. One embodiment of the present invention is the 
semiconductor device according to any one of (1) to (3), in 
which the plurality of transistors include an oxide semicon 
ductor. 

(5) 
0015. One embodiment of the present invention is the 
semiconductor device according to (4), in which the oxide 
semiconductor contains indium, an element M (aluminum, 
gallium, yttrium, or tin), and zinc. 
(6) 
0016 One embodiment of the present invention is the 
semiconductor device according to any one of (1) to (5) 
which further includes a first transistor and a second tran 
sistor provided over the substrate. A source terminal of the 
first transistor is electrically connected to a first terminal of 
the memory cell String and a drain terminal of the second 
transistor is electrically connected to a second terminal of 
the memory cell String. 
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(7) 
0017. One embodiment of the present invention is the 
semiconductor device according to (6), in which the first 
transistor and the second transistor include single crystal 
silicon. 
0018. A highly integrated semiconductor device can be 
provided. A semiconductor device with three-dimensional 
memory cell arrangement can be provided. A semiconductor 
device with large storage capacity can be provided. A 
semiconductor device with a long retention period can be 
provided. 
0019. A module including any of the above semiconduc 
tor devices can be provided. An electronic device including 
any of the above semiconductor devices or the module can 
be provided. A novel semiconductor device can be provided. 
A novel module can be provided. A novel electronic device 
can be provided. 
0020. A transistor having normally-off electrical charac 

teristics can be provided. A transistor having a low leakage 
current in an off state can be provided. A transistor having 
a Small subthreshold Swing value can be provided. A tran 
sistor having a small short-channel effect can be provided. A 
transistor having excellent electrical characteristics can be 
provided. A transistor having high reliability can be pro 
vided. A transistor with high frequency characteristics can 
be provided. 
0021 Note that the description of these effects does not 
disturb the existence of other effects. One embodiment of the 
present invention does not necessarily achieve all the effects 
listed above. Other effects will be apparent from and can be 
derived from the description of the specification, the draw 
ings, the claims, and the like. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0022. In the accompanying drawings: 
0023 FIGS. 1A and 1B are a cross-sectional view and a 
circuit diagram of a semiconductor device of one embodi 
ment of the present invention; 
0024 FIGS. 2A and 2B are a schematic view and a 
cross-sectional view illustrating operation of a semiconduc 
tor device of one embodiment of the present invention; 
0025 FIGS. 3A and 3B are circuit diagrams illustrating 
operation of a semiconductor device of one embodiment of 
the present invention; 
0026 FIG. 4 is a circuit diagram illustrating operation of 
a semiconductor device of one embodiment of the present 
invention; 
0027 FIG. 5 is a circuit diagram illustrating operation of 
a semiconductor device of one embodiment of the present 
invention; 
0028 FIG. 6 is a circuit diagram illustrating operation of 
a semiconductor device of one embodiment of the present 
invention; 
0029 FIG. 7 is a circuit diagram illustrating operation of 
a semiconductor device of one embodiment of the present 
invention; 
0030 FIG. 8 is a circuit diagram illustrating operation of 
a semiconductor device of one embodiment of the present 
invention; 
0031 FIG. 9 is a circuit diagram illustrating operation of 
a semiconductor device of one embodiment of the present 
invention; 
0032 FIG. 10 is a cross-sectional view of a semiconduc 
tor device of one embodiment of the present invention; 
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0033 FIG. 11 is a cross-sectional view of a semiconduc 
tor device of one embodiment of the present invention; 
0034 FIG. 12 is a band diagram of a channel formation 
region in a transistor of one embodiment of the present 
invention and its vicinity thereof; 
0035 FIG. 13 is a triangular diagram for explaining 
composition of an In-M-Zn oxide; 
0036 FIGS. 14A to 14E show structural analysis of a 
CAAC-OS and a single crystal oxide semiconductor by 
XRD and selected-area electron diffraction patterns of a 
CAAC-OS: 
0037 FIGS. 15A to 15E show a cross-sectional TEM 
image and plan-view TEM images of a CAAC-OS and 
images obtained through analysis thereof: 
0038 FIGS. 16A to 16D show electron diffraction pat 
terns and a cross-sectional TEM image of an inc-OS; 
0039 FIGS. 17A and 17B show cross-sectional TEM 
images of an a-like OS, and 
0040 FIG. 18 shows a change of crystal parts of an 
In-Ga—Zn oxide owing to electron irradiation. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0041 Embodiments of the present invention will be 
described in detail with reference to the drawings. However, 
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 disclosed herein can be modified in 
various ways. Furthermore, the present invention is not 
construed as being limited to description of the embodi 
ments. In describing structures of the invention with refer 
ence to the drawings, common reference numerals are used 
for the same portions in different drawings. Note that the 
same hatched pattern is applied to similar parts, and the 
similar parts are not especially denoted by reference numer 
als in Some cases. 
0042. Note that the size, the thickness of films (layers), or 
regions in drawings is sometimes exaggerated for simplicity. 
0043. In this specification, the terms “film' and “layer 
can be interchanged with each other. 
0044) A voltage usually refers to a potential difference 
between a given potential and a reference potential (e.g., a 
Source potential or a ground potential (GND)). A voltage can 
be referred to as a potential and vice versa. In general, a 
potential (a Voltage) is relative and is determined depending 
on the difference relative to a reference potential. Therefore, 
even a 'ground potential.” for example, is not necessarily 0 
V. For example, in Some cases, a “ground potential” is the 
lowest potential in a circuit. In other cases, a “ground 
potential” is a moderate potential in a circuit. In those cases, 
a positive potential and a negative potential are set using the 
potential as a reference. 
0045. Note that the ordinal numbers such as “first and 
“second are used for convenience and do not denote the 
order of steps or the stacking order of layers. Therefore, for 
example, the term “first can be replaced with the term 
“second,” “third,' or the like as appropriate. In addition, the 
ordinal numbers in this specification and the like do not 
correspond to the ordinal numbers which specify one 
embodiment of the present invention in some cases. 
0046) Note that an impurity in a semiconductor refers to, 
for example, elements other than the main components of 
the semiconductor. For example, an element with a concen 
tration of lower than 0.1 atomic '% is an impurity. When an 
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impurity is contained, the density of states (DOS) may be 
formed in a semiconductor, the carrier mobility may be 
decreased, or the crystallinity may be decreased, for 
example. In the case where the semiconductor is an oxide 
semiconductor, examples of an impurity which changes 
characteristics of the semiconductor include Group 1 ele 
ments, Group 2 elements, Group 14 elements, Group 15 
elements, and transition metals other than the main compo 
nents; specifically, there are hydrogen (hydrogen is included 
in water), lithium, Sodium, silicon, boron, phosphorus, car 
bon, and nitrogen, for example. In the case of an oxide 
semiconductor, oxygen vacancy may be formed by entry of 
impurities such as hydrogen. Furthermore, in the case where 
the semiconductor is silicon, examples of an impurity which 
changes characteristics of the semiconductor include oxy 
gen, Group 1 elements except hydrogen, Group 2 elements, 
Group 13 elements, and Group 15 elements. 
0047. Note that in this specification, the description “A 
has a shape Such that an end portion extends beyond an end 
portion of B may indicate, for example, the case where at 
least one of end portions of A is positioned on an outer side 
than at least one of end portions of B in a top view or a 
cross-sectional view. Thus, the description “A has a shape 
Such that an end portion extends beyond an end portion of 
B can be alternately referred to as the description “one of 
end portions of A is positioned on an outer side than one of 
end portions of B in a top view.” for example. 
0048. In this specification, the term “parallel' indicates 
that the angle formed between two straight lines is greater 
than or equal to -10° and less than or equal to 10°, and 
accordingly also includes the case where the angle is greater 
than or equal to -5° and less than or equal to 5°. A term 
“substantially parallel' indicates that the angle formed 
between two straight lines is greater than or equal to -30° 
and less than or equal 15 to 30°. In addition, the term 
“perpendicular indicates that the angle formed between two 
straight lines is greater than or equal to 80° and less than or 
equal to 100', and accordingly also indicates that the angle 
formed between two straight lines is greater than or equal to 
85° and less than or equal to 95°. A term “substantially 
perpendicular indicates that the angle formed between two 
straight lines is greater than or equal to 60° and less than or 
equal to 120°. 
0049. In this specification, trigonal and rhombohedral 
crystal systems are included in a hexagonal crystal system. 

<Semiconductor Device> 

0050. A semiconductor device of one embodiment of the 
present invention will be described below. 
0051. Note that the transistor is assumed to be of an 
n-channel type below. However, a term, a reference numeral, 
or the like may be replaced with an appropriate one in the 
following description when a p-channel transistor is used. 

<Structure of Semiconductor Device> 

0052 An example of a structure of a semiconductor 
device of one embodiment of the present invention is shown 
below. 

0053 FIG. 1A is a cross-sectional view of a semicon 
ductor device of one embodiment of the present invention. 
FIG. 1B is a circuit diagram of the semiconductor device in 
FIG 1A 
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0054 The semiconductor device in FIG. 1A includes a 
substrate 100, an insulator 120, an insulator 122, an insulator 
124, an insulator 126, an insulator 128, an insulator 130, a 
conductor 140, a conductor 142, a conductor 144, a con 
ductor 146, a conductor 148, a conductor 132, a conductor 
134, a conductor 136, a conductor 138, a transistor Tr S1, a 
transistorTr S2, and transistors Tr to Tr 2n (n is an integer 
of 2 or more). 
0055. The transistors Tr S1 and Tr S2 are provided to 
the substrate 100. Specifically, the transistor Tr S includes a 
pair of impurity regions 166 provided in the substrate 100, 
a channel formation region placed between the impurity 
regions 166, a conductor 154 including a region overlapping 
with the channel formation region, and an insulator 162 
placed between the channel formation region and the con 
ductor 154. The conductor 154 has a function as a gate 
electrode and the insulator 162 has a function as a gate 
insulator. The conductor 154, which serves as a gate elec 
trode of the transistor Tr S1, is electrically connected to a 
wiring SEL 1. The conductor 154, which serves as a gate 
electrode of the transistor Tr S2, is electrically connected to 
a wiring SEL 2. The transistor Tr S2 has the same structure 
as that of the transistor Tr S1, and the description of its 
structure is omitted; however, the transistor Tr S2 may have 
a different structure. The transistors Tr S1 and Tr S2 are 
isolated by the insulator 120. As the element isolation 
method, a shallow trench isolation (STI) method, a local 
oxidation of silicon (LOCOS) method, or the like can be 
used. Note that the structures of the transistors Tr S1 and 
Tr S2 are not limited to the structures illustrated in FIG. 1A. 
For example, a transistor provided over a silicon on insulator 
(SOI) substrate or a FIN-type transistor may be used. 
0056. The insulator 122 is provided over the transistors 
Tr S1 and Tr S2. The insulator 130, and the conductors 144, 
146, and 148 are provided over the insulator 122. The 
insulator 130 has a prism-like shape or a wall-like shape and 
is provided with the transistors Tr 1 to Tr 2n (n is an integer 
of 2 or more) on the sides thereof. Note that the channel 
length direction of each of the transistors Tr 1 to Tr n is 
parallel to the direction perpendicular to a top surface of the 
substrate and the channel length direction of each of the 
transistors Tr n+1 to Tr 2n is parallel to the direction 
perpendicular to the top surface of the substrate. Note that 
the insulator 130 does not necessarily have a prism-like 
shape or a wall-like shape, and may be a cylinder shape, for 
example. One side of the insulator 130 is provided with the 
transistors Tr 1 to Tr n, and the other side is provided with 
the transistors Tr n+1 to Tr 2n. The larger n is, the more 
highly integrated the semiconductor device is. For example, 
n may be 2, 4, 8, 16, 32, 64, or 128. 
0057. Note that the conductor 132 has a region facing the 
transistors Tr 1 to Tr 2n with the insulator 130 therebe 
tween. The conductor 132 has a function as a back gate 
electrode of the transistors Tr 1 to Tr 2n (also referred to as 
a second gate electrode) and is electrically connected to a 
wiring BGL. 
0.058 For example, the transistor Tr 1 includes an insu 
lator 106a, a semiconductor 106b, an insulator 106c, a 
conductor 116a, a conductor 116b, an insulator 112a, a 
charge accumulation layer 112b, an insulator 112c, and a 
conductor 104. The insulator 106a is provided along the side 
of the insulator 130. The semiconductor 106b is provided 
along the side of the insulator 130 with the insulator 106a 
therebetween. The insulator 106c is provided along the side 
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of the insulator 130 with the semiconductor 106b and the 
insulator 106a therebetween. The insulator 112a, the con 
ductor 116a, and the conductor 116b each include a region 
facing the insulator 130 with the insulator 106c, the semi 
conductor 106b, and the insulator 106a therebetween. Note 
that the insulator 112a is placed between the conductor 116a 
and the conductor 116b. The charge accumulation layer 112b 
has a region facing the insulator 130 with the insulator 112a, 
the insulator 106c, the semiconductor 106b, and the insula 
tor 106a therebetween. The insulator 112c has a region 
facing the insulator 130 with the charge accumulation layer 
112b, the insulator 112a, the insulator 106c, the semicon 
ductor 106b, and the insulator 106a therebetween. The 
conductor 104 has a region facing the insulator 130 with the 
insulator 112c, the charge accumulation layer 112b, the 
insulator 112a, the insulator 106c, the semiconductor 106b, 
and the insulator 106a therebetween. 

0059. Thus, in the transistor Tr 1, the semiconductor 
106b has a function as a channel formation region, the 
conductor 104 has a function as a gate electrode, the 
insulator 112a, the charge accumulation layer 112b, and the 
insulator 112c each have a function as a gate insulator, the 
conductor 116a has a function as a source electrode, and the 
conductor 116b has a function as a drain electrode. The 
insulator 106a and the insulator 106c have functions of 
reducing the density of defect states at the interfaces 
between the semiconductor 106b and the insulator 106a and 
between the semiconductor 106b and the insulator 106c. 
Combination of materials used for the insulator 106a, the 
semiconductor 106b, and the insulator 106c will be 
described later. The conductor 104, which serves as the gate 
electrode of the transistor Tr 1, is electrically connected to 
a wiring WL 1. Note that the wiring WL 1 has a function 
as a word line. Note that the transistor Tr 1 is not limited to 
the structure illustrated in FIG. 1A. For example, some 
components such as the insulators 106a and 106c are not 
necessarily provided. 
0060. The transistor Tr 1 includes the charge accumula 
tion layer 112b between the conductor 104 and the semi 
conductor 106b. Thus, the threshold voltage of the transistor 
Tr 1 corresponds to the polarity and amount of charge 
included in the charge accumulation layer 112b. The thresh 
old voltage of the transistor Tr 1 can be controlled by the 
charge accumulation layer 112b; therefore, the transistor 
Tr 1 can serve as a memory cell (also referred to as a 
memory element) which stores data corresponding to the 
threshold voltage. 
0061. As shown in the left of FIG. 2A, the threshold 
Voltage of the transistor Tr 1 is negative when electrons are 
not accumulated in the charge accumulation layer 112b. 
When electrons are accumulated in the charge accumulation 
layer 112b as shown in FIG. 2B, the threshold voltage 
changes to cancel an electric field generated by the electrons, 
and then the threshold Voltage becomes positive as shown in 
the right of FIG. 2A. That is, the transistor Tr 1 takes data 
“1” because it is on when electrons are not accumulated in 
the charge accumulation layer 112b, and takes data “0” 
because of non-conduction when electrons are accumulated 
in the charge accumulation layer 112b. Although the descrip 
tion is about a two-valued memory cell here, a multivalued 
memory cell of three values or more (such as a four-valued, 
eight-valued, sixteen-valued, or thirty-two-valued memory 
cell) may be used. Note that electron injection into the 
charge accumulation layer 112b will be described later. 
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0062. The transistors Tr 2 to Tr 2n have the same struc 
tures as that of the transistor Tr 1. Each of the gate elec 
trodes of the transistors Tr 2 to Tr 2n is electrically con 
nected to corresponding wirings WL 2 to WL 2n. The 
wirings WL 2 to WL 2n each have a function as a word 
line. 

0063. As described above, the transistors Tr 1 to Tr 2n 
each have a function as a memory cell. The transistors Tr 1 
to Tr 2n are connected in series; thus, they can be collec 
tively called one memory cell String. Memory cell Strings 
can be arranged in matrix over the substrate 100, for 
example. Each of the memory cell Strings is electrically 
connected to a selection transistor. Specifically, the memory 
cell Strings are arranged over points of intersection of a 
plurality of straight lines extending in a first direction and a 
plurality of straight lines extending in a second direction 
over the substrate 100. The angle between the first direction 
and the second direction may be typically 45° or 90°. 
However, the angle may be in the range of greater than or 
equal to 10° and less than or equal to 90°, greater than or 
equal to 30° and less than or equal to 90°, greater than or 
equal to 45° and less than or equal to 90°, or greater than or 
equal to 60° and less than or equal to 90°, for example. The 
arrangement of the memory cell Strings is preferably dense, 
and it depends on the shape of the memory cell Strings. A 
wiring SL and a wiring BL provided along the first direction, 
for example, can be shared between the memory cell Strings 
formed along the first direction. Note that the arrangement 
of the memory cell Strings is not limited to a matrix 
arrangement. The wiring SL has a function as a Source line. 
The wiring BL has a function as a bit line. 
0064. The plurality of memory cell strings are collec 
tively called a block. One block is supposed to include axb 
memory cell strings, a is the number of memory cell Strings 
in the first direction (a is a natural number) and b is the 
number of memory cell strings in the second direction (b is 
a natural number). Note that the blocks may have different 
numbers of memory cell strings. A rule of how to form the 
blocks may be determined as appropriate. In a block, the 
wiring BGL is electrically connected to the conductor 132, 
for example. The conductors 132 are electrically isolated 
from the wirings BGL between the blocks. In one block, 
wirings WL 1 to WL 2n provided along the second direc 
tion, for example, can be shared between the memory cell 
strings formed along the second direction. The wirings 
WL 1 to WL 2n may be provided for each of the blocks or 
may be shared between the blocks arranged along the second 
direction. Memory cells sharing the wirings WL 1 to 
WL 2n are collectively called a page. Note that the wirings 
BL and SL can be shared between blocks arranged along the 
first direction. 

0065. A source terminal of the transistor Tr S1 is elec 
trically connected to the wiring SL, and its drain terminal of 
the transistor Tr S1 is electrically connected to a first 
terminal of the memory cell string. A drain terminal of the 
transistor Tr S2 is electrically connected to the wiring BL, 
and its source terminal of the transistor Tr S2 is electrically 
connected to a second terminal of the memory cell String. 
The transistors Tr S1 and Tr S2 can be called selection 
transistors because the transistors control conduction or 
non-conduction between the memory cell String and the 
wirings. 
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0066. The operations of writing and reading data to/from 
the semiconductor device shown in FIGS. 1A and 1B will be 
described below. 

<Reset Operation> 

0067. When data is written to each of the memory cells, 
data is preferably deleted (data “1” is preferably written) in 
advance of the writing operation. The operation of deleting 
data is also referred to as a reset operation. The reset 
operation is performed in each block. For example, a reset 
operation can be performed in the following manner: a block 
storing data to be deleted is selected, an erasing potential V, 
(e.g., 15 V) is applied to the wiring BGL electrically 
connected to the conductor 132, a low potential (a potential 
such as 0 V, at which the transistors Tr 1 to Tr 2n are turned 
off) is applied to the wirings WL 1 to WL 2n, and the 
transistors Tr S1 and Tr S2 are turned on as shown in FIG. 
3A. Note that when the conductor 132 is not provided, a 
reset operation can also be performed by an erasing potential 
V applied to the wirings SL and BL. Electrons stored in the 
charge accumulation layer 112b of each of the transistors 
Tr 1 to Tr 2n can be extracted through the reset operation. 
0068. In a block from which data is not deleted, the 
electrical connection between the conductor 132 and the 
wiring BGL is cut off so that an erasing potential V is not 
to be applied to the conductor 132. Alternatively, as shown 
in FIG. 3B, a potential Such as an erasing potential V, at 
which the transistors Tr 1 to Tr 2n are turned on, may be 
applied to the wirings WL 1 to WL 2n electrically con 
nected to a block from which data is not deleted. That is, the 
charge accumulation layer 112b is not applied with a dif 
ference in potential which leads electron extraction. 
0069. Note that data in a memory cell which is not 
subjected to rewriting is preferably stored in a different 
region in advance of the reset operation of the block. 

<Writing Operation> 

0070 Next, a writing operation of data to each memory 
cell will be described with reference to FIGS. 4 to 6. 
0071. A writing operation of data can be performed for 
each of the above pages. First, a writing potential (e.g., 15 
V) is applied to a word line of a page subjected to writing, 
and then a positive potential (a potential such as 3 V, at 
which a transistor is turned on) is applied to a word line of 
a page which is not subjected to writing. As shown in FIG. 
4, a writing potential is applied to the wiring WL 1 first, and 
then positive potentials are applied to the wirings WL 2 to 
WL 2n. In addition, the transistor Tr S1 electrically con 
nected to the wiring SL is off, and the transistor Tr S2 
electrically connected to the wiring BL is on. Accordingly, 
a potential of the wiring BL is applied to the memory cell of 
the page subjected to writing. Data corresponding to the 
potential of the wiring BL is written to the memory cell. 
Specifically, when a potential of the wiring BL is a low 
potential Such as 0 V, electrons are injected into the charge 
accumulation layer 112b because a difference between the 
potential of the wiring BL and the writing potential applied 
to the wiring WL 1 is increased. When the potential of the 
wiring BL is a positive potential, electrons are not injected 
into the charge accumulation layer 112b because a difference 
between the potential of the wiring BL and the writing 
potential applied to the wiring WL 1 is decreased. That is, 
data “0” is written to the memory cell when a low potential 
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is applied to the wiring BL, and the memory cell keeps data 
“1” when a positive potential is applied. 
0072 Data writing can be performed page by page in 
Such a manner that each of the wirings BL is applied with a 
potential required in the corresponding memory cell String. 
As shown in FIGS. 5 and 6, the same data writing is 
performed also for the wirings WL 2 to WL 2n, so that data 
writing can be performed for the block or the whole of the 
semiconductor device. 

0073. Note that data other than the data “0” or data “1” 
can also be written to the memory cell. For example, the 
amount of electrons injected into the charge accumulation 
layer 112b can be controlled on the basis of a potential of the 
wiring BL or the like or a potential applying period. 

<Reading Operation> 

0074 Next, a reading operation of data written in each 
memory cell will be described with reference to FIGS. 7 to 
9 
0075 A reading operation of data can also be performed 
for each of the pages. First, a low potential such as 0 V is 
applied to a word line of a page Subjected to reading, and 
then a positive potential (a potential Such as 3 V, at which a 
transistor is turned on) is applied to a word line of a page 
which is not subjected to reading. As shown in FIG. 7, a low 
potential is applied to the wiring WL 1 first, and then 
positive potentials are applied to the wirings WL 2 to 
WL 2n. In addition, the transistor Tr S1 electrically con 
nected to the wiring SL and the transistor Tr S2 electrically 
connected to the wiring BL are on. A reading potential Such 
as 1 V is applied to the wiring BL, and a low potential such 
as 0 V is applied to the wiring SL. At this time, a current is 
Supplied to the memory cell String if the memory cell has 
data “1,” and a current is not supplied to the memory cell 
string if the memory cell has data “0.” Accordingly, data of 
the memory cell can be read by detection of the current value 
at that time or by detection of a potential drop of the wiring 
BL. 

0076 Data in each of the memory cell strings is output to 
the wiring BL, thus, data per page can be read. As shown in 
FIGS. 8 and 9, the same data reading is performed for the 
wirings WL 2 to WL 2n, so that data reading subjected to 
the block or the whole of the semiconductor device can be 
performed. 
0077. As described above, the semiconductor device of 
one embodiment of the present invention has high integra 
tion due to the three-dimensional arrangement of the 
memory cells. Thus, the semiconductor device has a large 
storage capacity per footprint. For example, the semicon 
ductor device has a storage capacity of 1 Tbyte or more, 3 
Tbyte or more, or 10 Tbyte or more. The semiconductor 
device can also be called a semiconductor device including 
a nonvolatile or Substantially nonvolatile memory element 
because it can store data for a long period. 
0078. The semiconductor device of one embodiment of 
the present invention is Suited for a storage device for 
computers because the semiconductor device is capable of 
rewriting and storing data for a long period, and has a large 
storage capacity. For example, the semiconductor device can 
be used in a main storage device (also referred to as a main 
memory or a memory) that stores data inside a computer, an 
external storage device (also referred to as a storage or a 
second storage device) that stores data outside a computer, 
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or the like. Examples of the external storage device include 
a memory card and a solid state drive (SSD). 

<Modification Example of Semiconductor Device> 

0079. The structure of the semiconductor device of one 
embodiment of the present invention is not limited to the 
structure in FIG. 1A. For example, the insulator 106c may 
be provided to have a shape along the insulator 130 with the 
semiconductor 106b and the insulator 106a therebetween as 
shown in FIG. 10. The insulator 112a may be provided to 
have a shape along the insulator 130 with the insulator 106c. 
the semiconductor 106b, and the insulator 106a therebe 
tween. In addition, the charge accumulation layer 112b may 
be provided to have a shape along the insulator 130 with the 
insulator 112a, the insulator 106c, the semiconductor 106b, 
and the insulator 106a therebetween. The conductors 116a 
and 116b in FIG. 1A can be omitted. 

0080. The transistors Tr S1 and Tr S2 may be FIN-type 
transistors as shown in FIG. 11. 

<Components of Semiconductor Device> 

0081. The components of the semiconductor device will 
be described below. 

0082. The insulators 120, 122, 124, 126, 128, and 130 
may each be formed to have a single-layer structure or a 
stacked-layer structure including an insulator containing, for 
example, boron, carbon, nitrogen, oxygen, fluorine, magne 
sium, aluminum, silicon, phosphorus, chlorine, argon, gal 
lium, germanium, yttrium, Zirconium, lanthanum, neo 
dymium, hafnium, or tantalum. For example, aluminum 
oxide, magnesium oxide, silicon oxide, silicon oxynitride, 
silicon nitride oxide, silicon nitride, gallium oxide, germa 
nium oxide, yttrium oxide, Zirconium oxide, lanthanum 
oxide, neodymium oxide, hafnium oxide, or tantalum oxide 
may be used. Note that a “silicon oxynitride film refers to 
a film that includes oxygen at a higher proportion than 
nitrogen, and a “silicon nitride oxide film refers to a film 
that includes nitrogen at a higher proportion than oxygen. 
0083. Note that the insulators 120, 122, 124, 126, 128, 
and 130 have functions of isolating adjacent elements, 
wirings, and the like in some cases; thus, an insulator with 
a low dielectric constant is preferably used. For example, an 
insulator with a dielectric constant of 5 or lower, preferably 
4 or lower, or further preferably 3 or lower is used. Spe 
cifically, an insulator containing silicon and oxygen or an 
insulator containing fluorine in addition to silicon and oxy 
gen, or the like is preferably used. At least one of the 
insulators 120, 122, 124, 126, 128, and 130 may be a space. 
0084. At least one of the insulators 120, 122, 124, 126, 
128, and 130 preferably contains an insulator having a 
function of blocking oxygen and impurities such as hydro 
gen (a function of not transmitting oxygen or impurities Such 
as hydrogen). When an insulator that has a function of 
blocking oxygen and impurities such as hydrogen is placed 
near the transistors Tr 1 to Tr 2n, the electrical character 
istics of the transistors Tr 1 to Tr 2n can be stable. 
0085. When the transistors Tr 1 to Tr 2n are transistors 
including an oxide semiconductor, it is preferable that the 
adjacent insulator 130 or/and insulator 126 be an insulator 
including excess oxygen. The excess oxygen can be used to 
reduce oxygen vacancy in the oxide semiconductor. Note 
that excess oxygen means oxygen in an insulator or the like 
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which does not bond with (which is liberated from) the 
insulator or the like or has low bonding energy with the 
insulator or the like. 
0086 An insulator including excess oxygen may release 
oxygen, the amount of which is higher than or equal to 
1x10" atoms/cm, higher than or equal to 1x10" atoms/ 
cm, or higher than or equal to 1x10' atoms/cm (converted 
into the number of oxygen atoms) in thermal desorption 
spectroscopy (TDS) analysis in the range of a surface 
temperature of 100° C. to 700° C. inclusive or 100° C. to 
500° C. inclusive. 
I0087. The method for measuring the amount of released 
oxygen using TDS analysis will be described below. 
I0088. The total amount of gas released from a measure 
ment sample in TDS analysis is proportional to the integral 
value of the ion intensity of the released gas. Then, com 
parison with a reference sample is made, whereby the total 
amount of released gas can be calculated. 
I0089 For example, the number of oxygen molecules 
(N) released from a measurement sample can be calcu 
lated according to the following formula using the TDS 
results of a silicon Substrate containing hydrogen at a 
predetermined density, which is a reference sample, and the 
TDS results of the measurement sample. Here, all gases 
having a mass-to-charge ratio of 32 which are obtained in 
the TDS analysis are assumed to originate from an oxygen 
molecule. Note that CH-OH, which is a gas having the 
mass-to-charge ratio of 32, is not taken into consideration 
because it is unlikely to be present. Furthermore, an oxygen 
molecule including an oxygen atom having a mass number 
of 17 or 18 which is an isotope of an oxygen atom is not 
taken into consideration either because the proportion of 
Such a molecule in the natural world is negligible. 

0090 The value N is obtained by conversion of the 
number of hydrogen molecules desorbed from the reference 
sample into densities. The value S is the integral value of 
ion intensity when the reference sample is subjected to the 
TDS analysis. Here, the reference value of the reference 
sample is set to N/S. The value S is the integral value 
of ion intensity when the measurement sample is analyzed 
by TDS. The value a is a coefficient affecting the ion 
intensity in the TDS analysis. Refer to Japanese Published 
Patent Application No. H6-275697 for details of the above 
formula. The amount of released oxygen was measured with 
a thermal desorption spectroscopy apparatus produced by 
ESCO Ltd., EMD-WA1000S/W, using a silicon substrate 
containing a certain amount of hydrogen atoms as the 
reference sample. 
0091. Furthermore, in the TDS analysis, oxygen is partly 
detected as an oxygen atom. The ratio between oxygen 
molecules and oxygen atoms can be calculated from the 
ionization rate of the oxygen molecules. Note that, since the 
above a includes the ionization rate of the oxygen molecules, 
the number of the released oxygen atoms can also be 
estimated through the measurement of the number of the 
released oxygen molecules. 
0092. Note that N is the number of the released oxygen 
molecules. The number of released oxygen in the case of 
being converted into oxygen atoms is twice the number of 
the released oxygen molecules. 
0093. Furthermore, an insulator from which oxygen is 
released by heat treatment may contain a peroxide radical. 
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Specifically, the spin density attributed to the peroxide 
radical is greater than or equal to 5x10'7 spins/cm. Note 
that the insulator containing a peroxide radical may have an 
asymmetric signal with a g factor of approximately 2.01 in 
electron spin resonance (ESR). 
0094. In the case where the transistors Tr S1 and Tr S2 
are silicon transistors including single crystal silicon, poly 
crystalline silicon, or the like, excess oxygen might be a 
factor in degrading the electrical characteristics. Accord 
ingly, the insulator 122 preferably includes an insulator 
having a low oxygen-transmitting property so that the excess 
oxygen does not enter the transistors Tr S1 or Tr S2. 
0095. On the contrary, hydrogen can be used to terminate 
dangling bonds of silicon. Consequently, electrical charac 
teristics of the transistors Tr S1 and Tr S2 can be improved. 
Note that hydrogen becomes a factor in degrading the 
electrical characteristics of the transistors Tr 1 to Tr 2n in 
Some cases, so that the insulator 122 preferably includes an 
insulator having a low hydrogen-transmitting property. 
0096. Because of its small atomic radius or the like, 
hydrogen is likely to be diffused in an insulator (i.e., the 
diffusion coefficient of hydrogen is large). For example, a 
low-density insulator has a high hydrogen-transmitting 
property. In other words, a high-density insulator has a low 
hydrogen-transmitting property. The density of a low-den 
sity insulator is not always low throughout the insulator, an 
insulator including a low-density part is also referred to as 
a low-density insulator. This is because the low-density part 
serves as a hydrogen path. Although a density that allows 
hydrogen to be transmitted is not limited, it is typically 
lower than 2.6 g/cm. Examples of a low-density insulator 
include an inorganic insulator Such as silicon oxide or silicon 
oxynitride and an organic insulator Such as polyester, poly 
olefin, polyamide (e.g., nylon or aramid), polyimide, poly 
carbonate, or acrylic. Examples of a high-density insulator 
include magnesium oxide, aluminum oxide, germanium 
oxide, gallium oxide, yttrium oxide, Zirconium oxide, lan 
thanum oxide, neodymium oxide, hafnium oxide, and tan 
talum oxide. Note that a low-density insulator and a high 
density insulator are not limited to these insulators. For 
example, the insulators may contain one or more of boron, 
nitrogen, fluorine, neon, phosphorus, chlorine, and argon. 
0097. An insulator having crystal grain boundaries can 
have a high hydrogen-transmitting property. In other words, 
hydrogen is less likely to be transmitted through an insulator 
having no grain boundaries or few grain boundaries. For 
example, a non-polycrystalline insulator (e.g., an amorphous 
insulator) has a lower hydrogen-transmitting property than 
that of a polycrystalline insulator. 
0098. An insulator having a high hydrogen-bonding 
energy has a low hydrogen-transmitting property in some 
cases. For example, when an insulator which forms a 
hydrogen compound by bonding with hydrogen has bonding 
energy at which hydrogen is not released at temperatures in 
fabrication and operation of a device, the insulator can be in 
the category of an insulator having a low hydrogen-trans 
mitting property. For example, an insulator which forms a 
hydrogen compound at higher than or equal to 200° C. and 
lower than or equal to 1000°C., higher than or equal to 300° 
C. and lower than or equal to 1000° C., or higher than or 
equal to 400° C. and lower than or equal to 1000° C. has a 
low hydrogen-transmitting property in some cases. An insu 
lator which forms a hydrogen compound and which releases 
hydrogen at higher than or equal to 200° C. and lower than 
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or equal to 1000° C., higher than or equal to 300° C. and 
lower than or equal to 1000° C., or higher than or equal to 
400° C. and lower than or equal to 1000° C. has a low 
hydrogen-transmitting property in some cases. An insulator 
which forms a hydrogen compound and which releases 
hydrogen at higher than or equal to 20° C. and lower than or 
equal to 400° C., higher than or equal to 20° C. and lower 
than or equal to 300° C., or higher than or equal to 20° C. 
and lower than or equal to 200° C. has a high hydrogen 
transmitting property in Some cases. Hydrogen which is 
released easily and liberated can be referred to as excess 
hydrogen. 
0099. The charge accumulation layer 112b may be 
formed to have a single-layer structure or a stacked-layer 
structure including an insulator containing, for example, 
boron, carbon, nitrogen, oxygen, fluorine, magnesium, alu 
minum, silicon, phosphorus, chlorine, argon, gallium, ger 
manium, yttrium, Zirconium, lanthanum, neodymium, half 
nium, or tantalum. For example, aluminum oxide, 
magnesium oxide, silicon oxide, silicon oxynitride, silicon 
nitride oxide, silicon nitride, gallium oxide, germanium 
oxide, yttrium oxide, Zirconium oxide, lanthanum oxide, 
neodymium oxide, hafnium oxide, or tantalum oxide may be 
used. 

0100. The insulators 112a and 112c may each be formed 
to have a single-layer structure or a stacked-layer structure 
including an insulator containing, for example, boron, car 
bon, nitrogen, oxygen, fluorine, magnesium, aluminum, 
silicon, phosphorus, chlorine, argon, gallium, germanium, 
yttrium, Zirconium, lanthanum, neodymium, hafnium, or 
tantalum. For example, aluminum oxide, magnesium oxide, 
silicon oxide, silicon oxynitride, silicon nitride oxide, silicon 
nitride, gallium oxide, germanium oxide, yttrium oxide, 
Zirconium oxide, lanthanum oxide, neodymium oxide, half 
nium oxide, or tantalum oxide may be used. 
0101 The charge accumulation layer 112b is provided 
between the insulators 112a and 112c. The charge accumu 
lation layer 112b has a function of accumulating electrons. 
For example, an insulator including an electron trap is 
suitable for the charge accumulation layer 112b. The elec 
tron trap can be formed by addition of impurities, applica 
tion of damages, or the like. The electron trap may be formed 
at an interface between the charge accumulation layer 112b 
and the insulator 112a or at an interface between the charge 
accumulation layer 112b and the insulator 112c. In that case, 
junction of different kinds of materials is preferably formed 
between the charge accumulation layer 112b and the insu 
lator 112a and between the charge accumulation layer 112b 
and the insulator 112c. When the interface between the 
charge accumulation layer 112b and the insulator 112a 
includes an electron trap, the insulator 112c is not necessar 
ily provided in some cases. Alternatively, when the interface 
between the charge accumulation layer 112b and the insu 
lator 112c includes an electron trap, the insulator 112a is not 
necessarily provided in some cases. Note that electrons are 
preferably less likely to move in the charge accumulation 
layer 112b because the charge accumulation layer 112b is 
shared with the adjacent memory cells. Note that when the 
adjacent memory cells and the charge accumulation layer 
112b are separated, electrons can move in the charge accu 
mulation layer 112b. That is, the charge accumulation layer 
112b may be a semiconductor or a conductor. 
0102 The insulators 112a and 112c each preferably have 
a thickness which leads to electron tunneling by the gate 
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Voltage or the back gate Voltage so that electrons are injected 
to the charge accumulation layer 112b. Note that, in order to 
prevent electron leakage during a time when the memory 
cell stores data, the thickness is preferably such a thickness 
that electron tunneling does not occur when the gate Voltage 
or the back gate voltage is not applied. Note that it is difficult 
to totally eliminate electron tunneling; therefore, the insu 
lators 112a and 112c may have a thickness at which data can 
be stored and electron tunneling does not occur. The thick 
ness of the insulators 112a and 112c may be greater than or 
equal to 3 nm and less than or equal to 15 nm, preferably 
greater than or equal to 4 nm and less than or equal to 10 nm. 
An insulator with a large energy gap is preferably used so 
that electron leakage is prevented. The energy gaps of the 
insulators 112a and 112c are, for example, larger than or 
equal to 6 eV and smaller than or equal to 10 eV, preferably 
larger than or equal to 7 eV and smaller than or equal to 10 
eV. further preferably larger than or equal to 8 eV and 
smaller than or equal to 10 eV. 
0103 Specifically, silicon nitride, silicon nitride oxide, or 
hafnium oxide that has high density of defect states is 
preferably used for the charge accumulation layer 112b. 
Silicon oxide or silicon oxynitride is preferably used for the 
insulators 112a and 112c. 

0104. The conductors 154, 140, 142, 144, 146, 148, 104, 
116a, 116b, 132, 134, 136, and 138 each may be formed to 
have a single-layer structure or a stacked-layer structure 
including a conductor containing one or more kinds of, for 
example, boron, nitrogen, oxygen, fluorine, silicon, phos 
phorus, aluminum, titanium, chromium, manganese, cobalt, 
nickel, copper, Zinc, gallium, yttrium, Zirconium, molybde 
num, ruthenium, silver, indium, tin, tantalum, and tungsten. 
An alloy or a compound of the above element may be used, 
for example, and a conductor containing aluminum, a con 
ductor containing copper and titanium, a conductor contain 
ing copper and manganese, a conductor containing indium, 
tin, and oxygen, a conductor containing titanium and nitro 
gen, or the like may be used. 
0105. The insulator 106a, the semiconductor 106b, and 
the insulator 106C will be described below. 

0106 Placing the insulator 106a under the semiconductor 
106b and placing the insulator 106c over the semiconductor 
106b can improve electrical characteristics of the transistor 
in Some cases. 

0107 The insulator 106a, the semiconductor 106b, and 
the insulator 106c each preferably include a CAAC-OS. 
0108. The semiconductor 106b is an oxide containing 
indium, for example. The semiconductor 106b can have high 
carrier mobility (electron mobility) by containing indium, 
for example. The semiconductor 106b preferably contains 
an element M. The element M is preferably aluminum, 
gallium, yttrium, tin, or the like. Other elements which can 
be used as the element Mare boron, silicon, titanium, iron, 
nickel, germanium, Zirconium, molybdenum, lanthanum, 
cerium, neodymium, hafnium, tantalum, tungsten, and the 
like. Note that two or more of the above elements may be 
used in combination as the element M in some cases. The 
element M is an element having a high bonding energy with 
oxygen, for example. The element M is an element whose 
bonding energy with oxygen is higher than that of indium. 
The element M is an element that can increase the energy 
gap of the oxide, for example. Furthermore, the semicon 
ductor 106bpreferably contains zinc. When containing zinc, 
the oxide is easily crystallized in Some cases. 
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0109) Note that the semiconductor 106b is not limited to 
the oxide containing indium. The semiconductor 106b may 
be, for example, an oxide which does not contain indium and 
contains Zinc, gallium, tin, or the like Such as a Zinc tin oxide 
or a gallium tin oxide. 
0110. The semiconductor 106b is formed using, for 
example, an oxide with a wide energy gap. For example, the 
energy gap of the semiconductor 106b is greater than or 
equal to 2.5 eV and less than or equal to 4.2 eV, preferably 
greater than or equal to 2.8 eV and less than or equal to 3.8 
eV. further preferably greater than or equal to 3 eV and less 
than or equal to 3.5 eV. 
0111. The insulators 106a and 106c are each an oxide 
containing one or more or two or more elements contained 
in the semiconductor 106b other than oxygen, for example. 
Since the insulators 106a and 106c each contain one or more 
or two or more elements contained in the semiconductor 
106b other than oxygen, a defect state is less likely to be 
formed at the interface between the insulator 106a and the 
semiconductor 106b and the interface between the semicon 
ductor 106b and the insulator 106c. 

0.112. The insulator 106a, the semiconductor 106b, and 
the insulator 106c preferably contain at least indium. In the 
case of using an In-M-Zn oxide as the insulator 106a, when 
the total proportion of In and M is assumed to be 100 atomic 
%, the proportions of In and M are preferably set to be less 
than 50 atomic 96 and greater than 50 atomic '%, respec 
tively, and further preferably less than 25 atomic 96 and 
greater than 75 atomic 96, respectively. In the case of using 
an In-M-Zn oxide as the semiconductor 106b, when the total 
proportion of In and M is assumed to be 100 atomic '%, the 
proportions of In and Mare preferably set to be greater than 
25 atomic '% and less than 75 atomic '%, respectively, and 
further preferably greater than 34 atomic 96 and less than 66 
atomic '%, respectively. In the case of using an In-M-Zn 
oxide as the insulator 106c, when the total proportion of In 
and M is assumed to be 100 atomic '%, the proportions of In 
and M are preferably set to be less than 50 atomic '% and 
greater than 50 atomic '%, respectively, and further prefer 
ably less than 25 atomic '% and greater than 75 atomic '%, 
respectively. Note that the insulator 106c may be an oxide 
that is of the same type as the oxide of the insulator 106a. 
Note that the insulator 106a and/or the insulator 106c 
do? does not necessarily contain indium in some cases. For 
example, the insulator 106a and/or the insulator 106c may 
be gallium oxide. Note that the atomic ratio between the 
elements contained in the insulator 106a, the semiconductor 
106b, and the insulator 106c is not necessarily a simple 
integer ratio. 
0113. As the semiconductor 106b, an oxide having an 
electron affinity higher than those of the insulators 106a and 
106c is used. For example, as the semiconductor 106b, an 
oxide having an electron affinity higher than those of the 
insulators 106a and 106c by 0.07 eV or higher and 1.3 eV 
or lower, preferably 0.1 eV or higher and 0.7 eV or lower, 
and further preferably 0.15 eV or higher and 0.4 eV or lower 
is used. Note that the electron affinity refers to an energy 
difference between the vacuum level and the bottom of the 
conduction band. 

0114. An indium gallium oxide has a low electron affinity 
and a high oxygen-blocking property. Therefore, the insu 
lator 106c preferably includes an indium gallium oxide. The 
gallium atomic ratio Ga/(In+Ga) is, for example, higher 
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than or equal to 70%, preferably higher than or equal to 
80%, further preferably higher than or equal to 90%. 
0115. At this time, when gate voltage is applied, a chan 
nel is formed in the semiconductor 106b whose electron 
affinity is the highest among the insulator 106a, the semi 
conductor 106b, and the insulator 106c. 
0116. Here, in some cases, there is a mixed region of the 
insulator 106a and the semiconductor 106b between the 
insulator 106a and the semiconductor 106b. Furthermore, in 
Some cases, there is a mixed region of the semiconductor 
106b and the insulator 106c between the semiconductor 
106b and the insulator 106c. The mixed region has a low 
density of defect states. For that reason, the Stack including 
the insulator 106a, the semiconductor 106b, and the insu 
lator 106c has a band structure where energy is changed 
continuously at each interface and in the vicinity of the 
interface (continuous junction) (see FIG. 12). Note that 
boundaries of the insulator 106a, the semiconductor 106b, 
and the insulator 106c are not clear in some cases. 

0117. At this time, electrons move mainly in the semi 
conductor 106b, but neither in the insulator 106 a nor in the 
insulator 106c. Note that the insulator 106a and the insulator 
106c can exhibit a property of any of a conductor, a 
semiconductor, and an insulator when existing alone. When 
the transistor operates, they each, however, have a region 
where a channel is not formed. Specifically, a channel is 
formed only in a region near the interface between the 
insulator 106a and the semiconductor 106b and a region 
near the interface between the insulator 106C and the semi 
conductor 106b, whereas a channel is not formed in the other 
region. Therefore, the insulator 106a and the insulator 106c 
can be called insulators when the transistor operates, and are 
thus referred to as, not semiconductors or conductors, but 
insulators in this specification. The insulator 106a, the 
semiconductor 106b, and the insulator 106c are separately 
called semiconductor or insulator only because of the rela 
tive difference in physical property. Therefore, for example, 
an insulator that can be used as the insulator 106a or the 
insulator 106c can be used as the semiconductor 106b in 
some cases. As described above, when the density of defect 
states at the interface between the insulator 106a and the 
semiconductor 106b and the density of defect states at the 
interface between the semiconductor 106b and the insulator 
106c are decreased, electron movement in the semiconduc 
tor 106b is less likely to be inhibited and the on-state current 
of the transistor can be increased. 

0118. As factors in inhibiting electron movement are 
decreased, the on-state current of the transistor can be 
increased. For example, in the case where there is no factor 
in inhibiting electron movement, electrons are assumed to be 
moved efficiently. Electron movement is also inhibited, for 
example, in the case where physical unevenness in a channel 
formation region is large. 
0119) To increase the on-state current of the transistor, for 
example, root mean square (RMS) roughness with a mea 
Surement area of 1 umx1 um of the top or bottom Surface of 
the semiconductor 106b (a formation surface; here, the top 
surface of the insulator 106a) is less than 1 nm, preferably 
less than 0.6 nm, further preferably less than 0.5 nm, still 
further preferably less than 0.4 nm. The average surface 
roughness (also referred to as Ra) with the measurement 
area of 1 umx1 um is less than 1 nm, preferably less than 0.6 
nm, further preferably less than 0.5 nm, still further prefer 
ably less than 0.4 nm. The maximum difference (also 
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referred to as P-V) with the measurement area of 1 umx1 
um is less than 10 nm, preferably less than 9 mm, further 
preferably less than 8 nm, still further preferably less than 7 
nm. RMS roughness, Ra, and P-V can be measured using, 
for example, a scanning probe microscope SPA-500 manu 
factured by SII Nano Technology Inc. 
0120 Moreover, the thickness of the insulator 106c is 
preferably as Small as possible to increase the on-state 
current of the transistor. For example, the insulator 106c is 
formed to include a region having a thickness of less than 10 
nm, preferably less than or equal to 5 nm, further preferably 
less than or equal to 3 nm. Meanwhile, the insulator 106c has 
a function of blocking entry of elements other than oxygen 
(such as hydrogen and silicon) included in the adjacent 
insulator into the semiconductor 106b where a channel is 
formed. For this reason, it is preferable that the insulator 
106c have a certain thickness. For example, the insulator 
106c is formed to include a region having a thickness of 
greater than or equal to 0.3 nm, preferably greater than or 
equal to 1 nm, further preferably greater than or equal to 2 
nm. The insulator 106c preferably has an oxygen blocking 
property to Suppress outward diffusion of oxygen released 
from the other insulators. 
I0121 To improve reliability, the insulator 106a is pref 
erably thick and the insulator 106c is preferably thin. For 
example, the insulator 106a includes a region with a thick 
ness of for example, greater than or equal to 10 nm, 
preferably greater than or equal to 20 nm, further preferably 
greater than or equal to 40 nm, still further preferably greater 
than or equal to 60 nm. When the thickness of the insulator 
106a is made large, a distance from an interface between the 
adjacent insulator and the insulator 106a to the semicon 
ductor 106b in which a channel is formed can be large. Since 
the productivity of the semiconductor device might be 
decreased, the insulator 106a has a region with a thickness 
of for example, less than or equal to 200 nm, preferably less 
than or equal to 120 nm, further preferably less than or equal 
to 80 nm. 

0.122 For example, a region with a silicon concentration 
measured by secondary ion mass spectrometry (SIMS) of 
higher than or equal to 1x10" atoms/cm and lower than or 
equal to 1x10" atoms/cm, preferably higher than or equal 
to 1x10" atoms/cm and lower than or equal to 5x10' 
atoms/cm, further preferably higher than or equal to 1x10' 
atoms/cm and lower than or equal to 2x10" atoms/cm is 
provided, for example, between the semiconductor 106b and 
the insulator 106a. A region with a silicon concentration 
measured by SIMS of higher than or equal to 1x10' 
atoms/cm and lower than or equal to 1x10" atoms/cm, 
preferably higher than or equal to 1x10" atoms/cm and 
lower than or equal to 5x10" atoms/cm, further preferably 
higher than or equal to 1x10' atoms/cm and lower than or 
equal to 2x10" atoms/cm is provided between the semi 
conductor 106b and the insulator 106c. 

I0123. The semiconductor 106b includes a region with a 
hydrogen concentration measured by SIMS of higher than or 
equal to 1x10" atoms/cm and lower than or equal to 2x10' 
atoms/cm, preferably higher than or equal to 1x10" atoms/ 
cm and lower than or equal to 5x10" atoms/cm, further 
preferably higher than or equal to 1x10" atoms/cm and 
lower than or equal to 1x10" atoms/cm, and still further 
preferably higher than or equal to 1x10' atoms/cm and 
lower than or equal to 5x10" atoms/cm. It is preferable to 
reduce the hydrogen concentration in the insulator 106a and 
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the insulator 106c in order to reduce the hydrogen concen 
tration in the semiconductor 106b. The insulator 106a and 
the insulator 106c each include a region with a hydrogen 
concentration measured by SIMS of higher than or equal to 
1x10' atoms/cm and lower than or equal to 2x10' atoms/ 
cm, preferably higher than or equal to 1x10" atoms/cm 
and lower than or equal to 5x10" atoms/cm, further pref 
erably higher than or equal to 1x10" atoms/cm and lower 
than or equal to 1x10" atoms/cm, and still further prefer 
ably higher than or equal to 1x10" atoms/cm and lower 
than or equal to 5x10" atoms/cm. The semiconductor 106b 
includes a region with a nitrogen concentration measured by 
SIMS of higher than or equal to 1x10" atoms/cm and lower 
than or equal to 5x10" atoms/cm, preferably higher than or 
equal to 1x10" atoms/cm and lower than or equal to 5x10' 
atoms/cm, further preferably higher than or equal to 1x10' 
atoms/cm and lower than or equal to 1x10" atoms/cm, and 
still further preferably higher than or equal to 1x10" atoms/ 
cm and lower than or equal to 5x10" atoms/cm. It is 
preferable to reduce the nitrogen concentration in the insu 
lator 106a and the insulator 106c in order to reduce the 
nitrogen concentration in the semiconductor 106b. The 
insulator 106a and the insulator 106c each include a region 
with a nitrogen concentration measured by SIMS of higher 
than or equal to 1x10" atoms/cm and lower than or equal 
to 5x10" atoms/cm, preferably higher than or equal to 
1x10" atoms/cm and lower than or equal to 5x10" atoms/ 
cm, further preferably higher than or equal to 1x10' 
atoms/cm and lower than or equal to 1x10" atoms/cm, and 
still further preferably higher than or equal to 1x10" atoms/ 
cm and lower than or equal to 5x10'7 atoms/cm. 
0.124. The above three-layer structure is an example. For 
example, a two-layer structure including the semiconductor 
106b and the insulator 106a or including the semiconductor 
106b and the insulator 106c may be employed. A four-layer 
structure in which any one of the semiconductors described 
as examples of the insulator 106a, the semiconductor 106b, 
and the insulator 106c is provided under or over the insulator 
106a or under or over the insulator 106c may be employed. 
An n-layer structure (n is an integer of 5 or more) may be 
employed in which one of the semiconductors described as 
examples of the insulator 106a, the semiconductor 106b, and 
the insulator 106c is provided at two or more of the 
following positions: over the insulator 106a, under the 
insulator 106a, over the insulator 106C, and under the 
insulator 106c. 

<Composition> 

0.125. The composition of an In-M-Zn oxide will be 
described below. The element M is aluminum, gallium, 
yttrium, tin, or the like. Other elements which can be used 
as the element M are boron, silicon, titanium, iron, nickel, 
germanium, Zirconium, molybdenum, lanthanum, cerium, 
neodymium, hafnium, tantalum, tungsten, and the like. 
0126 FIG. 13 is a triangular diagram whose vertices 
represent In, M, and Zn. In the diagram, In means the 
atomic concentration of In, MI means the atomic concen 
tration of the element M, and Zn means the atomic 
concentration of Zn. 
0127. A crystal of an In-M-Zn oxide is known to have a 
homologous structure and is represented by InMO(ZnO), 
(m is a natural number). Since In and M can be interchanged, 
the crystal can also be represented by InMO(ZnO), 
(-1sCs1). This composition is represented by any of the 
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dashed lines denoted as In: M:Zn=1+C.:1-C.:1. In: M: 
Zn=1+C.:1-C.:2. In: M:Zn=1+C.:1-C.:3. In: M:Zn 
=1+C.:1-C.:4, and In:M:Zn=1+C.:1-C.:5. Note that the 
bold lines on the dashed lines represent, for example, the 
compositions that each allow oxides (raw materials) to be a 
solid solution when the oxides are mixed and subjected to 
baking at 1350° C. 
I0128. Thus, when an oxide has a composition close to the 
above composition that allows the oxide to be a solid 
solution, the crystallinity can be increased. When an In-M- 
Zn oxide is deposited by a sputtering method, the compo 
sition of a target is different from the composition of the 
deposited film in Some cases. For example, using an In-M- 
Zn oxide in which an atomic ratio is 1:1:1, 1:1:1.2, 3:1:2, 
4:2:4.1, 1:3:2, 1:3:4, or 1:4:5 as a target results in a film 
having an atomic ratio of 1:1:0.7 (approximately 1:1:0.5 to 
1:1:0.9), 1:1:0.9 (approximately 1:1:0.8 to 1:1:1:1), 3:1:1.5 
(approximately 3:1:1 to 3:1:1.8), 4:2:3 (approximately 4:2: 
2.6 to 4:2:3.6), 1:3:1.5 (approximately 1:3:1 to 1:3:1.8), 
1:3:3 (approximately 1:3:2.5 to 1:3:3.5), or 1:4:4 (approxi 
mately 1:4:3.4 to 1:4:4.4). Thus, in order to obtain a film 
with a desired composition, a composition of a target may be 
selected in consideration of a change in the composition. 

<Structure of Oxide Semiconductor 

0129. The structure of an oxide semiconductor will be 
described below. 

0.130. An oxide semiconductor is classified into a single 
crystal oxide semiconductor and the other, a non-single 
crystal oxide semiconductor. Examples of a non-single 
crystal oxide semiconductor include a c-axis aligned crys 
talline oxide semiconductor (CAAC-OS), a polycrystalline 
oxide semiconductor, a nanocrystalline oxide semiconductor 
(nc-OS), an amorphous-like oxide semiconductor (a-like 
OS), and an amorphous oxide semiconductor. 
I0131 From another perspective, an oxide semiconductor 
is classified into an amorphous oxide semiconductor and the 
other, a crystalline oxide semiconductor. Examples of a 
crystalline oxide semiconductor include a single crystal 
oxide semiconductor, a CAAC-OS, a polycrystalline oxide 
semiconductor, and an inc-OS. 
0.132. An amorphous structure is generally thought to be 
isotropic and have no non-uniform structure, to be meta 
stable and not have fixed positions of atoms, to have a 
flexible bond angle, and to have a short-range order but have 
no long-range order, for example. 
0133. In other words, a stable oxide semiconductor can 
not be regarded as a completely amorphous oxide semicon 
ductor. Moreover, an oxide semiconductor that is not iso 
tropic (e.g., an oxide semiconductor that has a periodic 
structure in a microscopic region) cannot be regarded as a 
completely amorphous oxide semiconductor. In contrast, an 
a-like OS, which is not isotropic, has an unstable structure 
that contains a void. Because of its instability, an a-like OS 
is close to an amorphous oxide semiconductor in terms of 
physical properties. 

<CAAC-OS 

0.134 First, a CAAC-OS will be described. 
0.135 ACAAC-OS is one of oxide semiconductors hav 
ing a plurality of c-axis aligned crystal parts (also referred to 
as pellets). 
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0.136 Analysis of a CAAC-OS by X-ray diffraction 
(XRD) will be described. For example, when the structure of 
a CAAC-OS including an InCaZnO crystal that is classified 
into the space group R-3m is analyzed by an out-of-plane 
method, a peak appears at a diffraction angle (20) of around 
31 as shown in FIG. 14A. This peak is derived from the 
(009) plane of the InGaZnO crystal, which indicates that 
crystals in the CAAC-OS have c-axis alignment, and that the 
c-axes are aligned in a direction Substantially perpendicular 
to a surface over which the CAAC-OS film is formed (also 
referred to as a formation surface) or the top surface of the 
CAAC-OS film. Note that a peak sometimes appears at a 20 
of around 36° in addition to the peak at a 20 of around 31. 
The peak at a 20 of around 36° is derived from a crystal 
structure classified into the space group Fd-3m. Therefore, 
it is preferable that the CAAC-OS do not show the peak. 
0.137. On the other hand, in structural analysis of the 
CAAC-OS by an in-plane method in which an X-ray is 
incident on the CAAC-OS in a direction parallel to the 
formation surface, a peak appears at a 20 of around 56°. This 
peak is derived from the (110) plane of the InGaZnO, 
crystal. When analysis (cp scan) is performed with 20 fixed 
at around 56° and with the sample rotated using a normal 
vector to the sample surface as an axis (cp axis), as shown in 
FIG. 14B, a peak is not clearly observed. In contrast, in the 
case where single crystal InGaZnO is Subjected to p scan 
with 20 fixed at around 56°, as shown in FIG. 14C, six peaks 
which are derived from crystal planes equivalent to the (110) 
plane are observed. Accordingly, the structural analysis by 
XRD shows that the directions of a-axes and b-axes are 
irregularly oriented in the CAAC-OS. 
0138 Next, a CAAC-OS analyzed by electron diffraction 
will be described. For example, when an electron beam with 
a probe diameter of 300 nm is incident on a CAAC-OS 
including an InGaZnO crystal in a direction parallel to the 
formation surface of the CAAC-OS, a diffraction pattern 
(also referred to as a selected-area electron diffraction pat 
tern) shown in FIG. 14D can be obtained. In this diffraction 
pattern, spots derived from the (009) plane of an InGaZnO, 
crystal are included. Thus, the electron diffraction also 
indicates that pellets included in the CAAC-OS have c-axis 
alignment and that the c-axes are aligned in a direction 
substantially perpendicular to the formation surface or the 
top surface of the CAAC-OS. Meanwhile, FIG. 14E shows 
a diffraction pattern obtained in Such a manner that an 
electron beam with a probe diameter of 300 nm is incident 
on the same sample in a direction perpendicular to the 
sample surface. As shown in FIG. 14E, a ring-like diffraction 
pattern is observed. Thus, the electron diffraction using an 
electron beam with a probe diameter of 300 nm also indi 
cates that the a-axes and b-axes of the pellets included in the 
CAAC-OS do not have regular orientation. The first ring in 
FIG. 14E is considered to be derived from the (010) plane, 
the (100) plane, and the like of the InGaZnO crystal. The 
second ring in FIG. 14E is considered to be derived from the 
(110) plane and the like. 
0.139. In a combined analysis image (also referred to as a 
high-resolution TEM image) of a bright-field image and a 
diffraction pattern of a CAAC-OS, which is obtained using 
a transmission electron microscope (TEM), a plurality of 
pellets can be observed. However, even in the high-resolu 
tion TEM image, a boundary between pellets, that is, a grain 
boundary is not clearly observed in Some cases. Thus, in the 
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CAAC-OS, a reduction in electron mobility due to the grain 
boundary is less likely to occur. 
0140 FIG. 15A shows a high-resolution TEM image of a 
cross section of the CAAC-OS which is observed from a 
direction substantially parallel to the sample surface. The 
high-resolution TEM image is obtained with a spherical 
aberration corrector function. The high-resolution TEM 
image obtained with a spherical aberration corrector func 
tion is particularly referred to as a Cs-corrected high 
resolution TEM image. The Cs-corrected high-resolution 
TEM image can be observed with, for example, an atomic 
resolution analytical electron microscope JEM-ARM200F 
manufactured by JEOL Ltd. 
0141 FIG. 15A shows pellets in which metal atoms are 
arranged in a layered manner. FIG. 15A proves that the size 
of a pellet is greater than or equal to 1 nm or greater than or 
equal to 3 nm. Therefore, the pellet can also be referred to 
as a nanocrystal (nc). Furthermore, the CAAC-OS can also 
be referred to as an oxide semiconductor including c-axis 
aligned nanocrystals (CANC). A pellet reflects unevenness 
of a formation surface or a top surface of the CAAC-OS, and 
is parallel to the formation surface or the top surface of the 
CAAC-OS. 

0142 FIGS. 15B and 15C show Cs-corrected high-reso 
lution TEM images of a plane of the CAAC-OS observed 
from the direction substantially perpendicular to the sample 
surface. FIGS. 15D and 15E are images obtained through 
image processing of FIGS. 15B and 15C. The method of 
image processing is as follows. The image in FIG. 15B is 
subjected to fast Fourier transform (FFT), so that an FFT 
image is obtained. Then, mask processing is performed Such 
that a range of from 2.8 nm to 5.0 nm from the origin in 
the obtained FFT image remains. After the mask processing, 
the FFT image is processed by inverse fast Fourier transform 
(IFFT) to obtain a processed image. The image obtained in 
this manner is called an FFT filtering image. The FFT 
filtering image is a Cs-corrected high-resolution TEM image 
from which a periodic component is extracted, and shows a 
lattice arrangement. 
0143. In FIG. 15D, a portion where a lattice arrangement 

is broken is shown by a dashed line. A region Surrounded by 
the dashed line is one pellet. The portion denoted with the 
dashed line is a junction of pellets. The dashed line draws a 
hexagon, which means that the pellet has a hexagonal shape. 
Note that the shape of the pellet is not always a regular 
hexagon but is a non-regular hexagon in many cases. 
0144. In FIG. 15E, a dotted line denotes a boundary 
between a region with a regular lattice arrangement and 
another region with a regular lattice arrangement. A clear 
crystal grain boundary cannot be observed even in the 
vicinity of the dotted line. When a lattice point in the vicinity 
of the dotted line is regarded as a center and Surrounding 
lattice points are joined, a distorted hexagon, pentagon, 
and/or heptagon can be formed, for example. That is, a 
lattice arrangement is distorted so that formation of a crystal 
grain boundary is inhibited. This is probably because the 
CAAC-OS can tolerate distortion owing to a low density of 
the atomic arrangement in an a-b plane direction, an inter 
atomic bond distance changed by Substitution of a metal 
element, and the like. 
(0145 As described above, the CAAC-OS has c-axis 
alignment, its pellets (nanocrystals) are connected in an a-b 
plane direction, and the crystal structure has distortion. For 
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this reason, the CAAC-OS can also be referred to as an oxide 
semiconductor including a c-axis-aligned a-b-plane-an 
chored (CAA) crystal. 
0146 The CAAC-OS is an oxide semiconductor with 
high crystallinity. Entry of impurities, formation of defects, 
or the like might decrease the crystallinity of an oxide 
semiconductor. This means that the CAAC-OS has small 
amounts of impurities and defects (e.g., oxygen vacancies). 
0147 Note that the impurity means an element other than 
the main components of the oxide semiconductor, Such as 
hydrogen, carbon, silicon, or a transition metal element. For 
example, an element (specifically, silicon or the like) having 
higher strength of bonding to oxygen than a metal element 
included in an oxide semiconductor extracts oxygen from 
the oxide semiconductor, which results in disorder of the 
atomic arrangement and reduced crystallinity of the oxide 
semiconductor. A heavy metal Such as iron or nickel, argon, 
carbon dioxide, or the like has a large atomic radius (or 
molecular radius), and thus disturbs the atomic arrangement 
of the oxide semiconductor and decreases crystallinity. 
0148. The characteristics of an oxide semiconductor hav 
ing impurities or defects might be changed by light, heat, or 
the like. Impurities contained in the oxide semiconductor 
might serve as carrier traps or carrier generation sources, for 
example. For example, oxygen vacancy in the oxide semi 
conductor might serve as a carrier trap or serve as a carrier 
generation source when hydrogen is captured therein. 
014.9 The CAAC-OS having small amounts of impurities 
and oxygen vacancies is an oxide semiconductor with low 
carrier density (specifically, lower than 8x10"/cm, prefer 
ably lower than 1x10'/cm, further preferably lower than 
1x10"/cm, and is higher than or equal to 1x10/cm). 
Such an oxide semiconductor is referred to as a highly 
purified intrinsic or substantially highly purified intrinsic 
oxide semiconductor. A CAAC-OS has a low impurity 
concentration and a low density of defect states. Thus, the 
CAAC-OS can be referred to as an oxide semiconductor 
having stable characteristics. 

0150. Next, an inc-OS will be described. 
0151. Analysis of an inc-OS by XRD will be described. 
When the structure of an inc-OS is analyzed by an out-of 
plane method, a peak indicating orientation does not appear. 
That is, a crystal of an inc-OS does not have orientation. 
0152 For example, when an electron beam with a probe 
diameter of 50 nm is incident on a 34-nm-thick region of 
thinned inc-OS including an InGaZnO crystal in a direction 
parallel to the formation Surface, a ring-like diffraction 
pattern (a nanobeam electron diffraction pattern) shown in 
FIG. 16A is observed. FIG. 16B shows a diffraction pattern 
obtained when an electron beam with a probe diameter of 1 
nm is incident on the same sample. As shown in FIG. 16B, 
a plurality of spots are observed in a ring-like region. In 
other words, ordering in an inc-OS is not observed with an 
electron beam with a probe diameter of 50 nm but is 
observed with an electron beam with a probe diameter of 1 

. 

0153. Furthermore, an electron diffraction pattern in 
which spots are arranged in an approximately hexagonal 
shape is observed in some cases as shown in FIG.16C when 
an electron beam with a probe diameter of 1 nm is incident 
on a region with a thickness of less than 10 nm. This means 
that an inc-OS has a well-ordered region, i.e., a crystal, in the 
range of less than 10 nm in thickness. Note that an electron 
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diffraction pattern having regularity is not observed in some 
regions because crystals are aligned in various directions. 
0154 FIG. 16D shows a Cs-corrected high-resolution 
TEM image of a cross section of an inc-OS observed from 
the direction substantially parallel to the formation surface. 
In a high-resolution TEM image, an inc-OS has a region in 
which a crystal part is observed. Such as the part indicated 
by additional lines in FIG. 16D, and a region in which a 
crystal part is not clearly observed. In most cases, the size of 
a crystal part included in the nc-OS is greater than or equal 
to 1 nm and less than or equal to 10 nm, or specifically, 
greater than or equal to 1 nm and less than or equal to 3 nm. 
Note that an oxide semiconductor including a crystal part 
whose size is greater than 10 nm and less than or equal to 
100 nm is sometimes referred to as a microcrystalline oxide 
semiconductor. In a high-resolution TEM image of the 
inc-OS film, for example, a grain boundary is not always 
found clearly. Note that there is a possibility that the origin 
of the nanocrystal is the same as that of a pellet in a 
CAAC-OS. Therefore, a crystal part of the nc-OS may be 
referred to as a pellet in the following description. 
0.155. As described above, in the nc-OS, a microscopic 
region (for example, a region with a size greater than or 
equal to 1 nm and less than or equal to 10 nm, in particular, 
a region with a size greater than or equal to 1 nm and less 
than or equal to 3 nm) has a periodic atomic arrangement. 
There is no regularity of crystal orientation between differ 
ent pellets in the nc-OS. Thus, the orientation of the whole 
film is not observed. Accordingly, in some cases, the nc-OS 
cannot be distinguished from an a-like OS or an amorphous 
oxide semiconductor, depending on an analysis method. 
0156 Since there is no regularity of crystal orientation 
between the pellets (nanocrystals), the nc-OS can also be 
referred to as an oxide semiconductor including random 
aligned nanocrystals (RANC) or an oxide semiconductor 
including non-aligned nanocrystals (NANC). 
0157. The nc-OS is an oxide semiconductor that has high 
regularity as compared with an amorphous oxide semicon 
ductor. Therefore, the nc-OS is likely to have a lower density 
of defect states than an a-like OS and an amorphous oxide 
semiconductor. Note that there is no regularity of crystal 
orientation between different pellets in the nc-OS. There 
fore, the nc-OS has a higher density of defect states than the 
CAAC-OS. 
<a-Like OSD 

0158. An a-like OS has a structure intermediate between 
those of the nc-OS and the amorphous oxide semiconductor. 
0159 FIGS. 17A and 17B are high-resolution cross 
sectional TEM images of an a-like OS. FIG. 17A is the 
high-resolution cross-sectional TEM image of the a-like OS 
at the start of the electron irradiation. FIG. 17B is the 
high-resolution cross-sectional TEM image of the a-like OS 
after the electron (e-) irradiation at 4.3x10 e/nm. FIGS. 
17A and 17B show that stripe-like bright regions extending 
vertically are observed in the a-like OS from the start of the 
electron irradiation. It can be also found that the shape of the 
bright region changes after the electron irradiation. Note that 
the bright region is presumably a Void or a low-density 
region. 
(0160 The a-like OS has an unstable structure because it 
contains a void. To verify that an a-like OS has an unstable 
structure as compared with a CAAC-OS and an inc-OS, a 
change in structure caused by electron irradiation will be 
described below. 
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0161. An a-like OS, an inc-OS, and a CAAC-OS are 
prepared as samples. Each of the samples is an In-Ga—Zn 
oxide. 
0162 First, a high-resolution cross-sectional TEM image 
of each sample is obtained. The high-resolution cross 
sectional TEM images show that all the samples have crystal 
parts. 
0163. It is known that a unit cell of an InCaZnO crystal 
has a structure in which nine layers including three In-O 
layers and six Ga—Zn-O layers are stacked in the c-axis 
direction. Accordingly, the spacing between these adjacent 
layers is equivalent to the lattice spacing (also referred to as 
d value) on the (009) plane. The value is calculated to be 
0.29 mm from crystal structural analysis. Accordingly, a 
portion where the spacing between lattice fringes is greater 
than or equal to 0.28 nm and less than or equal to 0.30 nm 
is regarded as a crystal part of InGaZnO in the following 
description. Each of lattice fringes corresponds to the a-b 
plane of the InGaZnO crystal. 
0164 FIG. 18 shows change in the average size of crystal 
parts (at 22 points to 30 points) in each sample. Note that the 
crystal part size corresponds to the length of the lattice 
fringe. FIG. 18 indicates that the size of the crystal part in 
the a-like OS increases with an increase in the cumulative 
electron dose in obtaining TEM images, for example. As 
shown in FIG. 18, a crystal part of approximately 1.2 mm 
(also referred to as an initial nucleus) at the start of TEM 
observation grows to a size of approximately 1.9 nm at a 
cumulative electron (e-) dose of 4.2x10 e/nm. In con 
trast, the crystal part size in the nc-OS and the CAAC-OS 
shows little change from the start of electron irradiation to 
a cumulative electron dose of 4.2x10 e/nm. As shown in 
FIG. 18, the crystal part sizes in an inc-OS and a CAAC-OS 
are approximately 1.3 nm and approximately 1.8 nm, 
respectively, regardless of the cumulative electron dose. For 
observation of electron beam irradiation and TEM, a Hitachi 
H-9000NAR transmission electron microscope was used. 
The conditions of electron beam irradiations were as fol 
lows: the accelerating voltage was 300 kV; the current 
density was 6.7x10e/(nmxs); and the diameter of irradia 
tion region was 230 nm. 
0.165. In this manner, growth of the crystal part in the 
a-like OS is sometimes induced by electron irradiation. In 
contrast, in the nc-OS and the CAAC-OS, growth of the 
crystal part is hardly induced by electron irradiation. There 
fore, the a-like OS has an unstable structure as compared 
with the no-OS and the CAAC-OS. 
0166 The a-like OS has a lower density than the nc-OS 
and the CAAC-OS because it contains a void. Specifically, 
the density of the a-like OS is higher than or equal to 78.6% 
and lower than 92.3% of the density of the single crystal 
oxide semiconductor having the same composition. The 
density of each of the nc-OS and the CAAC-OS is higher 
than or equal to 92.3% and lower than 100% of the density 
of the single crystal oxide semiconductor having the same 
composition. Note that it is difficult to deposit an oxide 
semiconductor having a density of lower than 78% of the 
density of the single crystal oxide semiconductor. 
0167 For example, in the case of an oxide semiconductor 
having an atomic ratio of In: Ga:Zn=1:1:1, the density of 
single crystal InGaZnO with a rhombohedral crystal struc 
ture is 6.357 g/cm. Accordingly, in the case of the oxide 
semiconductor having an atomic ratio of In:Gia:Zn=1:1:1, 
the density of the a-like OS is higher than or equal to 5.0 
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g/cm and lower than 5.9 g/cm. For example, in the case of 
the oxide semiconductor having an atomic ratio of In:Gia: 
Zn=1:1:1, the density of each of the nc-OS and the CAAC 
OS is higher than or equal to 5.9 g/cm and lower than 6.3 
g/cm. 
(0168 Note that in the case where an oxide semiconductor 
having a certain composition does not exist in a single 
crystal structure, single crystal oxide semiconductors with 
different compositions are combined at an adequate ratio, 
which makes it possible to calculate density equivalent to 
that of a single crystal oxide semiconductor with the desired 
composition. The density of a single crystal oxide semicon 
ductor having the desired composition can be calculated 
using a weighted average according to the combination ratio 
of the single crystal oxide semiconductors with different 
compositions. Note that it is preferable to use as few kinds 
of single crystal oxide semiconductors as possible to calcu 
late the density. 
(0169. As described above, oxide semiconductors have 
various structures and various properties. Note that an oxide 
semiconductor may be a stacked layer including two or more 
of an amorphous oxide semiconductor, an a-like OS, an 
inc-OS, and a CAAC-OS, for example. 
0170 This application is based on Japanese Patent Appli 
cation serial No. 2015-106145 filed with Japan Patent Office 
on May 26, 2015, the entire contents of which are hereby 
incorporated by reference. 

1. A semiconductor device comprising: 
a substrate; 
an insulator over the Substrate; and 
a memory cell String comprising a plurality of transistors 

connected in series, 
wherein the memory cell string is provided on a side 

Surface of the insulator, and 
wherein the plurality of transistors each overlap with each 

other in a direction perpendicular to a top Surface of the 
Substrate. 

2. The semiconductor device according to claim 1, 
wherein the plurality of transistors each comprise a gate 

insulator and a gate electrode, 
wherein the gate insulator comprises a first insulator, a 

second insulator, and a charge accumulation layer, and 
wherein the charge accumulation layer is positioned 

between the first insulator and the second insulator. 

3. The semiconductor device according to claim 1, 
wherein the plurality of transistors each comprise an oxide 
semiconductor. 

4. The semiconductor device according to claim 3, 
wherein the oxide semiconductor comprises indium, an 
element M (aluminum, gallium, yttrium, or tin), and zinc. 

5. The semiconductor device according to claim 1 further 
comprising a first transistor and a second transistor over the 
Substrate, 

wherein a source terminal of the first transistor is electri 
cally connected to a first terminal of the memory cell 
String, and 

wherein a drain terminal of the second transistor is 
electrically connected to a second terminal of the 
memory cell String. 

6. The semiconductor device according to claim 5, 
wherein the first transistor and the second transistor each 
comprise single crystal silicon. 
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7. The semiconductor device according to claim 5, 
wherein the first transistor and the second transistor each are 
between the substrate and the insulator. 

8. A semiconductor device comprising: 
a Substrate; 
an insulator over the Substrate; and 
a plurality of memory cell strings, the plurality of memory 

cell Strings each comprise a plurality of transistors 
connected in series, 

wherein the plurality of memory cell Strings each are 
provided on a side Surface of the insulator, and 

wherein the plurality of transistors of one memory cell 
strings each overlap with each other in a direction 
perpendicular to a top surface of the Substrate. 

9. The semiconductor device according to claim 8. 
wherein the plurality of transistors each comprise a gate 

insulator and a gate electrode, 
wherein the gate insulator comprises a first insulator, a 

second insulator, and a charge accumulation layer, and 
wherein the charge accumulation layer is positioned 

between the first insulator and the second insulator. 
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10. The semiconductor device according to claim 8. 
wherein the plurality of transistors each comprise an oxide 
semiconductor. 

11. The semiconductor device according to claim 10, 
wherein the oxide semiconductor comprises indium, an 
element M (aluminum, gallium, yttrium, or tin), and zinc. 

12. The semiconductor device according to claim 10 
further comprising a first transistor and a second transistor 
over the substrate, 

wherein a source terminal of the first transistor is electri 
cally connected to a first terminal of each of the 
plurality of memory cell Strings, and 

wherein a drain terminal of the second transistor is 
electrically connected to a second terminal of each of 
the plurality of memory cell strings. 

13. The semiconductor device according to claim 12, 
wherein the first transistor and the second transistor each 
comprise single crystal silicon. 

14. The semiconductor device according to claim 12, 
wherein the first transistor and the second transistor each are 
between the substrate and the insulator. 
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