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METHOD FOR FORMING OXDE 
SEMICONDUCTOR FILM, 

SEMICONDUCTOR DEVICE, AND METHOD 
FOR MANUFACTURING SEMCONDUCTOR 

DEVICE 

BACKGROUND OF THE INVENTION 

0001 1. Field of the Invention 
0002 The present invention relates to a method for form 
ing an oxide semiconductor film and a method for manufac 
turing a semiconductor device. 
0003. In this specification, a semiconductor device means 
a general device which can function by utilizing semiconduc 
tor characteristics, and an electrooptic device, a semiconduc 
tor circuit, and an electronic device are all semiconductor 
devices. 
0004 2. Description of the Related Art 
0005. A technique by which transistors are formed using 
semiconductor thin films formed over a Substrate having an 
insulating Surface has been attracting attention. Such transis 
tors are applied to a wide range of electronic devices such as 
an integrated circuit (IC) and an image display device (dis 
play device). As materials of semiconductor thin films appli 
cable to the transistors, silicon-based semiconductor materi 
als have been widely used, but oxide semiconductors have 
been attracting attention as alternative materials. 
0006 For example, disclosure is made of a transistor 
whose active layer is formed using an oxide semiconductor 
containing In, Ga., and Zn and having an electron carrier 
concentration of lower than 10"/cm, and a sputtering 
method is considered the most suitable as a method for form 
ing a film of the oxide semiconductor (see Patent Document 
1). 

REFERENCE 

0007 Patent Document 1 Japanese Published Patent 
Application No. 2006-165528 

SUMMARY OF THE INVENTION 

0008. There have been cases where transistors formed 
using oxide semiconductors are inferior in reliability to tran 
sistors formed using amorphous silicon. In the present inven 
tion, a semiconductor device including a highly reliable tran 
sistor formed using an oxide semiconductor is provided. 
0009. In addition, a method for forming an oxide semicon 
ductor film, which can be used to provide Such a semicon 
ductor device, is described. 
0010 Impurities such as hydrogen, nitrogen, and carbon 
contained in an oxide semiconductor film might lead to less 
favorable semiconductor characteristics of the oxide semi 
conductor film. 
0011 For example, hydrogen and nitrogen which are con 
tained in an oxide semiconductor film generate carriers in the 
oxide semiconductor film. Thus, hydrogen and nitrogen in the 
oxide semiconductor film included in a transistor might cause 
a shift of the threshold voltage of the transistor in the negative 
direction, resulting in a reduction in reliability of the transis 
tOr. 

0012. In addition, nitrogen, carbon, and a rare gas con 
tained in an oxide semiconductor film inhibit formation of a 
crystalline region in the oxide semiconductor film in some 
cases. For example, a nitrogen molecule and a carbon dioxide 
molecule have large diameter; thus, particularly inhibit for 
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mation of a crystalline region in the oxide semiconductor 
film. Further, when a carbon atom is substituted by a metal 
atom in the oxide semiconductor film, a crystal structure is cut 
at a position where the Substitution occurs. 
0013 That is why it is important to obtain an oxide semi 
conductor film containing few impurities in order to manu 
facture a highly reliable transistor. 
0014 Specifically, the concentration of hydrogen in the 
oxide semiconductor film, which is measured by secondary 
ion mass spectrometry (SIMS), is lower than 5x10" atoms/ 
cm, preferably lower than or equal to 5x10" atoms/cm, 
more preferably lower than or equal to 1x10" atoms/cm, 
still more preferably lower than or equal to 5x10' atoms/ 
cm 
0015 The concentration of nitrogen in the oxide semicon 
ductor film, which is measured by SIMS, is lower than 5x10' 
atoms/cm, preferably lower than or equal to 5x10" atoms/ 
cm, more preferably lower than or equal to 1x10" atoms/ 
cm, still more preferably lower than or equal to 5x10'7 
atoms/cm. 
0016. The concentration of carbon in the oxide semicon 
ductor film, which is measured by SIMS, is lower than 5x10' 
atoms/cm, preferably lower than or equal to 5x10" atoms/ 
cm, more preferably lower than or equal to 1x10" atoms/ 
cm, still more preferably lower than or equal to 5x10'7 
atoms/cm. 
0017. When electrons are generated due to hydrogen (in 
cluding hydrogen contained in water or the like) and nitrogen 
which are contained in an oxide semiconductor film included 
in a transistor, the drain current might flow in the transistor 
even without application of the gate Voltage (the transistor is 
normally on). Note that a drain current refers to a current 
flowing between a source and a drain of a transistor, and a gate 
voltage refers to a potential difference between a source 
potential as a reference potential and a gate potential. Conse 
quently, the threshold Voltage shifts in the negative direction. 
A transistor formed using an oxide semiconductor film is 
likely to have n-type conductivity, and it comes to have nor 
mally-on characteristics by a shift of the threshold voltage in 
the negative direction. 
0018. Further, the threshold voltage of a transistor formed 
using an oxide semiconductor film might change due to the 
entry of hydrogen or nitrogen into the oxide semiconductor 
film after the transistor is manufactured. The shift of the 
threshold voltage significantly impairs the reliability of the 
transistor. 

0019 For that reason, hydrogen and nitrogen contained in 
an oxide semiconductor film and a film in contact with the 
oxide semiconductor film need to be reduced to form a highly 
reliable transistor. 

0020 Similarly, it is known that electrons are generated 
due to oxygen vacancies in an oxide semiconductor film. 
0021. To prevent oxygen vacancies from being caused in 
an oxide semiconductor film, it is preferable that the oxide 
semiconductor film contain oxygen between lattices. The 
oxygen between lattices can fill oxygen vacancies caused in 
the oxide semiconductor film. 

0022. In the case where an oxide semiconductor film 
included in a transistor is single-crystal, carriers due to oxy 
gen vacancies are generated in the oxide semiconductor film 
owing to the absence of oxygen between lattices which fill the 
oxygen vacancies; as a result, the threshold Voltage of the 
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transistor shifts in the negative direction in some cases. Thus, 
the oxide semiconductor film is preferably non-single-crys 
tal. 
0023. It is preferable that a CAAC OS (c-axis aligned 
crystalline oxide semiconductor) film be used as the oxide 
semiconductor film. 
0024. The CAAC OS film is not completely single-crys 

tal nor completely amorphous. The CAAC OS film is an 
oxide semiconductor film with a crystal-amorphous mixed 
phase structure where crystal regions and amorphous regions 
are included in an amorphous phase. Note that in many cases, 
the crystal region fits inside a cube whose one side is less than 
100 nm. In an observation image obtained with a transmission 
electron microscope (TEM), a boundary between the amor 
phous region and the crystal region in the CAAC OS film is 
not clear. Further, with the TEM, a grain boundary in the 
CAAC OS film is not found. Thus, in the CAAC OS film, 
a reduction in electron mobility due to the grain boundary is 
Suppressed. 
0025. In the crystal regions included in the CAAC OS 
film, c-axes are aligned in the direction parallel to the normal 
vector of a surface where the CAAC OS film is formed or 
the normal vector of a surface of the CAAC OS film, trian 
gular or hexagonal atomic order which is seen from the direc 
tion perpendicular to the a-b plane is formed, and metal atoms 
are arranged in a layered manner or metal atoms and oxygen 
atoms are arranged in a layered manner when seen from the 
direction perpendicular to the c-axis. Note that the directions 
of the a-axis and the b-axis of one crystal region may be 
different from those of another crystal region. In this specifi 
cation, a simple term "perpendicular” means a range of 85° to 
95°. In addition, a simple term “parallel' means a range of -5° 
to 59. 

0026. In the CAAC OS film, distribution of crystal 
regions is not necessarily uniform. For example, in the case 
where crystal growth occurs from the surface side of an oxide 
semiconductor film in a formation process of the CAAC OS 
film, the proportion of crystal regions in the vicinity of a 
surface of the CAAC OS film is higher than that in the 
vicinity of the surface where the CAAC OS film is formed 
in some cases. Further, when an impurity is added to the 
CAAC OS film, the crystal region in a region to which the 
impurity is added becomes amorphous in Some cases. 
0027. Since the c-axes of the crystal regions included in 
the CAAC OS film are aligned in the direction parallel to 
the normal vector of the surface where the CAAC OS film 
is formed or the normal vector of the surface of the CAAC 
OS film, the directions of the c-axes may be different from 
each other depending on the shape of the CAAC OS film 
(the cross-sectional shape of the surface where the CAAC 
OS film is formed or the cross-sectional shape of the surface 
of the CAAC OS film). Note that when the CAAC OS 
film is formed, the direction of the c-axis of the crystal region 
is the direction parallel to the normal vector of the surface 
where the CAAC OS film is formed or the normal vector of 
the surface of the CAAC OS film. The crystal region is 
formed by deposition or by performing treatment for crystal 
lization Such as heat treatment after deposition. 
0028. In a transistor formed using the CAAC OS film, 
changes in electric characteristics due to irradiation with vis 
ible light or ultraviolet light can be reduced. Thus, the tran 
sistor has high reliability. 
0029. For improvement in crystallinity of an oxide semi 
conductor film, the following factors are important: the flat 
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ness of a surface where the oxide semiconductor film is 
formed and a formation method of the oxide semiconductor 
film. 
0030 Specifically, the surface where the oxide semicon 
ductor film is formed has an average surface roughness (R) 
of 1 nm or less, preferably 0.3 nm or less, more preferably 0.1 
nm or less. 
0031. Further, the oxide semiconductor film is preferably 
formed in an oxygen gas atmosphere by a sputtering method 
while a substrate is heated. During the film formation, the 
entry of impurities which inhibit formation of a crystal region 
in the oxide semiconductor film is Suppressed as much as 
possible. 
0032. A specific example of the impurity inhibiting for 
mation of a crystal region in the oxide semiconductor film is 
carbon dioxide. In addition, large-diameter atoms or mol 
ecules of some rare gases (helium, neon, argon, krypton, and 
Xenon), nitrogen, carbon monoxide, and hydrocarbon might 
also be impurities which inhibit formation of a crystal region 
in the oxide semiconductor film. 
0033. To prevent the above impurities from entering the 
oxide semiconductor film, it is necessary to reduce impurities 
in a target, a deposition gas, and a deposition chamber. 
0034 Specifically, a deposition gas with a purity of 8N or 
more, preferably 9N or more may be used. 
0035 Impurities existing in a deposition chamber can be 
reduced as follows. 
0036 Impurities existing in a deposition chamber depend 
on a balance between the amount of gas reduced from the 
deposition chamber and the amount of gas leaking into the 
deposition chamber. Therefore, it is preferable that the 
amount of gas reduced from a deposition chamber be large 
and the amount of gas leaking into the deposition chamber be 
Small. 

0037. The amount of gas reduced from a deposition cham 
ber depends on the kind and capacity of a vacuum pump and 
the length and the thickness of a pipe connected to the vacuum 
pump. For example, as the pipe connected to the vacuum 
pump is shorter and thicker, a larger amount of gas can be 
reduced. 

0038. Further, parallel connection of different kinds of 
vacuum pumps allows a reduction of a variety of kinds of 
gases. For example, it is preferable to use a turbo molecular 
pump and a cryopump which are connected in parallel. 
0039. Alternatively, the same kinds of vacuum pumps may 
be connected in parallel. For example, in the case where two 
cryopumps are connected in parallel, while one of the cry 
opumps is in regeneration, evacuation can be performed with 
the use of the other cryopump. Accordingly, down time of an 
apparatus in regeneration of the cryopump can be reduced, 
leading to an increase in productivity. Further, when evacua 
tion is performed using the plurality of vacuum pumps 
together, higher evacuation capability can be achieved. 
0040. In addition, it is also necessary to reduce the amount 
of gas leaking into a deposition chamber. 
0041 Leakage into a deposition chamber includes internal 
leakage due to impurities adsorbed onto the interior wall of 
the deposition chamber and external leakage from a sealed 
portion. 
0042. For example, to remove impurities adsorbed onto 
the interior wall of a deposition chamber, evacuation may be 
performed while the deposition chamber is heated. Heating a 
deposition chamber permits desorption of the impurities 
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adsorbed onto the interior wall of the deposition chamber; 
thus, impurities can be efficiently removed. 
0043. Further, it is preferable to perform dummy film for 
mation. Note that the dummy film formation refers to film 
formation on a dummy Substrate, in which a film is deposited 
on the dummy Substrate and the inner wall of a deposition 
chamber so that impurities in the deposition chamber and an 
adsorbate on the interior wall of the deposition chamber are 
confined in the film. The dummy film formation may be 
performed while the deposition chamber is heated. 
0044) To remove impurities present in a deposition cham 

ber, it is preferable that a heated oxygen gas or a heated inert 
gas such as a heated rare gas, or the like be supplied to 
increase pressure in the deposition chamber, and after the 
elapse of a certain period of time, treatment for evacuating the 
deposition chamber be performed. The supply of the heated 
gas allows impurities adsorbed in the deposition chamber to 
be desorbed from the deposition chamber, so that the impu 
rities in the deposition chamber. Note that repeated perfor 
mance of this treatment is effective. A gas heating system may 
be provided in a deposition apparatus itself to Supply a heated 
oxygen gas or a heated inert gas such as a heated rare gas. 
Provision of a gas heating system in a deposition apparatus 
makes it possible to reduce the piping distance between the 
gas heating system and a deposition chamber or the like; thus, 
gas can be Supplied to the deposition chamber with the gas 
kept at a high temperature. 
0045. With the above method, the leakage rate is made to 
be 3x10 Parm/s or less, preferably 1x10 Parm/s or less, 
more preferably 3x10' Parm/s or less, still more preferably 
1x10 Pam/s or less, further preferably 3x107 Parm/s or 
less. 

0046 Note that the leakage rate of a gas having a mass 
to-charge ratio (m/z) of 28 (e.g., nitrogen molecule) is 1x10 
Pa-m/s or less, preferably 3x10 Pa m/s or less. 
0047. Note that the leakage rate of a gas having a mass 
to-charge ratio (m/z) of 44 (e.g., carbon oxide molecule) is 
3x10 Pa m/s or less, preferably 1x10 Pa m/s or less. 
0048. Note that the leakage rate of a gas having a mass 
to-charge ratio (m/z) of 18 (e.g., water molecule) is 1x107 
Pa-m/s or less, preferably 3x10 Pa m/s or less. 
0049 Further, with the above method, the pressure in a 
deposition chamber is made to be specifically 1x10 Pa or 
less, preferably 3x10 Pa or less, more preferably 1x10 Pa 
or less. 

0050. In a deposition chamber under such a condition, an 
oxide semiconductor film is formed. 

0051. Note that in forming the oxide semiconductor film, 
it is preferable to remove impurities adsorbed onto a surface 
where the oxide semiconductor film is to be formed, in 
advance. 

0052 Specifically, plasma treatment and/or heat treatment 
may be performed to remove impurities adsorbed onto the 
surface where the oxide semiconductor film is to be formed. 
Note that the plasma treatment and the heat treatment are 
preferably performed in a reduced-pressure atmosphere. A 
reduced-pressure atmosphere in this specification refers to an 
atmosphere where the pressure is 10 Pa or less, 1 Pa or less, 
1x10 Pa or less, or 1x10 Pa or less. 
0053. It is preferable that after the treatment for removing 
impurities adsorbed onto a Surface where the oxide semicon 
ductor film is to be formed, a substrate be transferred to the 
deposition chamber of the oxide semiconductor film so that 
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the impurities are not adsorbed onto the surface where the 
oxide semiconductor film is to be formed, without exposure 
to the air. 
0054 Here, the oxide semiconductor film is preferably 
formed under the condition that the substrate heating tem 
perature is 100° C. to 650° C. inclusive, preferably 150° C. to 
600° C. inclusive, more preferably 200° C. to 500° C. inclu 
sive. When the substrate heating temperature falls within the 
above range, the impurity concentration in the oxide semi 
conductor film can be decreased, and the oxide semiconduc 
tor film is likely to have high crystallinity. 
0055. After formation of the oxide semiconductor film, 
heat treatment is preferably performed. The heat treatment is 
performed at 250° C. to 650° C. inclusive, preferably 300° C. 
to 600° C. inclusive, in an inert atmosphere, a reduced-pres 
Sure atmosphere, or an oxidation atmosphere. Though the 
heat treatment, the impurity concentration in the oxide semi 
conductor film can be decreased, and the oxide semiconduc 
tor film is likely to have high crystallinity. 
0056. A transistor formed using the oxide semiconductor 
film formed in the aforementioned manner has high reliability 
and a small variation in threshold Voltage. 
0057. It is possible to provide an oxide semiconductor film 
from which impurities such as hydrogen, nitrogen, and car 
bon are reduced and which have a low carrier density and high 
crystallinity. 
0.058 With the use of the oxide semiconductor film, a 
transistor which has high reliability and a small variation in 
threshold voltage can be provided. 
0059. With the use of the transistor, a semiconductor 
device which has high reliability and excellent characteristics 
can be provided. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0060. In the accompanying drawings: 
0061 FIGS. 1A and 1B are top views which illustrate 
examples of deposition apparatuses; 
0062 FIGS. 2A and 2B illustrate a deposition chamber 
and a substrate heating chamber, respectively; 
0063 FIGS. 3A and 3B are a top view and a cross-sec 
tional view which illustrate an example of a transistor; 
0064 FIGS. 4A and 4B are a top view and a cross-sec 
tional view which illustrate an example of a transistor; 
0065 FIGS. 5A and 5B are a top view and a cross-sec 
tional view which illustrate an example of a transistor; 
0.066 FIGS. 6A and 6B are a top view and a cross-sec 
tional view which illustrate an example of a transistor; 
0067 FIGS. 7A to 7C are a top view and cross-sectional 
views which illustrate examples of transistors; 
0068 FIGS. 8A and 8B are a top view and a cross-sec 
tional view which illustrate an example of a transistor; 
0069 FIG.9 is a circuit diagram illustrating an example of 
a display device; 
0070 FIG. 10A is a cross-sectional view which illustrates 
an example of a semiconductor device, FIG. 10B is a circuit 
diagram, and FIG. 10C is a graph showing electric character 
istics; 
(0071 FIG. 11A is a cross-sectional view which illustrates 
an example of a semiconductor device, FIG. 11B is a circuit 
diagram, and FIG. 11C is a graph showing electric character 
istics; 
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0072 FIG. 12A is a block diagram which illustrates a 
specific example of a CPU according to one embodiment of 
the present invention, and FIGS. 12B and 12C are circuit 
diagrams of parts of the CPU: 
0073 FIGS. 13 Ato 13C are perspective views which illus 
trate examples of electronic devices according to embodi 
ments of the present invention; 
0074 FIGS. 14A to 14E illustrate a crystalline structure of 
an oxide semiconductor according to one embodiment of the 
present invention; 
0075 FIGS. 15A to 15C illustrate a crystalline structure of 
an oxide semiconductor according to one embodiment of the 
present invention; 
0076 FIGS. 16A to 16C illustrate a crystalline structure of 
an oxide semiconductor according to one embodiment of the 
present invention; 
0077 FIGS. 17A and 17B illustrate crystalline structures 
of oxide semiconductors according to embodiments of the 
present invention; 
0078 FIG. 18 is a graph showing the Vgs dependence of 
field-effect mobility, which is obtained by calculation; 
0079 FIGS. 19A to 19C are graphs each showing the Vgs 
dependence of Ids and field-effect mobility, which is obtained 
by calculation; 
0080 FIGS. 20A to 20O are graphs each showing the Vgs 
dependence of Ids and field-effect mobility, which is obtained 
by calculation; 
0081 FIGS. 21A to 21C are graphs each showing the Vgs 
dependence of Ids and field-effect mobility, which is obtained 
by calculation; 
0082 FIGS. 22A and 22B are a top view and a cross 
sectional view of a transistor, 
I0083 FIGS. 23A and 23B are graphs each showing V-I. 
characteristics and field-effect mobility of transistors of 
Samples 1 and 2: 
I0084 FIGS. 24A and 24B are graphs each showing V-I. 
characteristics between before and after a BT test of the 
transistor of Sample 1: 
I0085 FIGS. 25A and 25B are graphs each showing V-I. 
characteristics between before and after a BT test of the 
transistor of Sample 2: 
I0086 FIG. 26A is a graph showing the relation between 
substrate temperature and threshold voltage of the transistor 
of Sample 2, and FIG. 26B is a graph showing the relation 
between substrate temperature and field-effect mobility of the 
transistor of Sample 2: 
0087 FIG. 27 is a graph showing off-state current of a 
transistor formed using an oxide semiconductor film; 
0088 FIG. 28 is a graph showing XRD results of oxide 
semiconductor films; 
0089 FIG. 29 is a graph showing the relation between 
pressures in a deposition chamber and elapsed time after the 
operation of a vacuum pump was stopped; 
0090 FIG. 30 is a diagram illustrating a crystal structure 
of an oxide semiconductor according to one embodiment of 
the present invention; 
0091 FIGS.31A and 31B are diagrams illustrating crystal 
structures of an oxide semiconductor according to one 
embodiment of the present invention; 
0092 FIGS. 32A to 32C are graphs each showing TDS 
analysis results of oxide semiconductor films; 
0093 FIG.33 is a graph showing SIMS results of oxide 
semiconductor films; 
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0094 FIG. 34 is a graph showing SIMS results of oxide 
semiconductor films; 
(0095 FIG. 35 is a graph showing SIMS results of oxide 
semiconductor films; 
(0096 FIG. 36 is a graph showing XRD results of oxide 
semiconductor films; 
(0097 FIG. 37 is a graph showing the relation between 
pressures in a deposition chamber and elapsed time after the 
operation of a vacuum pump was stopped; 
(0098 FIGS. 38A to 38C are diagrams each illustrating a 
connecting method of a gas heating system; and 
(0099 FIGS. 39A to 39D are diagrams illustrating crystal 
structures of an oxide semiconductor according to one 
embodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

0100 Hereinafter, embodiments and examples of the 
present invention will be described in detail with reference to 
the accompanying drawings. However, the present invention 
is not limited to the following description, and it is easily 
understood by those skilled in the art that modes and details 
disclosed herein can be modified in various ways. Further, the 
present invention is not construed as being limited to descrip 
tion of the embodiments and the examples. In describing 
structures of the present invention with reference to the draw 
ings, common reference numerals are used for the same por 
tions in different drawings. Note that the same hatched pattern 
is applied to similar parts, and the similar parts are not espe 
cially denoted by reference numerals in some cases. 
0101. Note that the ordinal numbers such as “first and 
“second in this specification are used for the sake of conve 
nience and do not denote the order of steps or the stacking 
order of layers. In addition, the ordinal numbers in this speci 
fication do not denote particular names which specify the 
present invention. 

Embodiment 1 

0102. In this embodiment, a method for forming an oxide 
semiconductor film containing few impurities and a transistor 
formed using the oxide semiconductor film will be described. 
0103 First, a structure of a deposition apparatus which 
allows the entry of few impurities during film formation will 
be described using FIGS. 1A and 1B. 
0104 FIG. 1A illustrates a multi-chamber deposition 
apparatus. The deposition apparatus includes a Substrate Sup 
ply chamber 11 provided with three cassette ports 14 for 
holding Substrates, load lock chambers 12a and 12b, a trans 
fer chamber 13, a substrate heating chamber 15, and deposi 
tion chambers 10a, 10b, and 10c. The substrate supply cham 
ber 11 is connected to the load lock chambers 12a and 12b. 
The load lock chambers 12a and 12b are connected to the 
transfer chamber 13. The substrate heating chamber 15 and 
the deposition chambers 10a to 10c are each connected only 
to the transfer chamber 13. A gate valve is provided for a 
connecting portion between chambers so that each chamber 
can be independently kept under vacuum. Although not illus 
trated, the transfer chamber 13 has one or more substrate 
transfer robots. Here, the substrate heating chamber 15 pref 
erably also serves as a plasma treatment chamber. With a 
single wafer multi-chamber deposition apparatus, a Substrate 
does not need to be exposed to the air between treatments, and 
adsorption of impurities to a Substrate can be suppressed. In 
addition, the order of film formation, heat treatment, or the 
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like can be freely determined Note that the number of the 
deposition chambers, the number of the load lock chambers, 
and the number of the substrate heating chambers are not 
limited to the above, and can be determined as appropriate 
depending on the space for placement or the process. 
0105. An example of a deposition chamber (sputtering 
chamber) illustrated in FIG. 1A will be described with refer 
ence to FIG. 2A. A deposition chamber 10 includes a target 
32, a target holder 34 for holding a target, a substrate holder 
42 for holding a substrate, which is embedded with a substrate 
heater 44, and a shutterplate 48 capable of being rotated about 
a shutter axis 46. The target holder 34 is connected to an RF 
power source 50 for Supplying power through a matching box 
52. The deposition chamber 10 is connected to a gas supply 
source 56 through a refiner 54 and is connected to a vacuum 
pump 58 and a vacuum pump 59. Here, the deposition cham 
ber 10, the RF power source 50, the shutter axis 46, the shutter 
plate 48, and the substrate holder 42 are grounded. Note that 
one or more of the deposition chamber 10, the shutter axis 46, 
the shutter plate 48, and the substrate holder 42 may be in a 
floating state depending on the use. 
0106 Further, the number of vacuum pumps is not limited 

to two (the vacuum pumps 58 and 59), and three or more 
vacuum pumps may be provided or only one of the vacuum 
pumps may be provided. For example, another vacuum pump 
may be provided in series with the vacuum pump 58. 
0107 As the vacuum pumps 58 and 59, a rough vacuum 
pump such as a dry pump and high vacuum pumps such as a 
Sputter ion pump, a turbo molecular pump, and a cryopump 
may be used in appropriate combination. It is known that the 
turbo molecular pump is capable of stably removing a gas of 
a large-diameter atom or molecule, needs low frequency of 
maintenance, and thus enables high productivity, whereas it 
has a low capability in removing hydrogen and water. Hence, 
a combination of a cryopump having a high capability in 
removing an atom or molecule having a relatively high melt 
ing point, such as water, and a sputterion pump having a high 
capability in removing a highly reactive atom or molecule is 
effective. Further, a turbo molecular pump provided with a 
cryotrap may be used for the vacuum pump. The temperature 
of a refrigerator of the cryotrap is 100 K or lower, preferably 
80 K or lower. In the case where the cryotrap includes a 
plurality of refrigerators, it is preferable to set the tempera 
tures of the refrigerators at different temperatures because 
efficient evacuation is possible. For example, the tempera 
tures of a first-stage refrigerator and a second-stage refrigera 
tor may be set at 100 K or lower and 20 K or lower, respec 
tively. 
0108) Note that a cryopump is an entrapment pump; thus, 
regeneration needs to be performed regularly. The cryopump 
is not used very often for an apparatus for mass production 
because it cannot perform evacuation during regeneration, 
resulting in low productivity. To solve this problem, two or 
more cryopumps may be connected in parallel. In the case 
where two or more cryopumps are connected in parallel, even 
when one of the cryopumps is in regeneration, evacuation can 
be performed with the use of any of the other cryopumps. 
Alternatively, a cryopump and a turbo molecular pump may 
be connected in parallel. In this case, for example, the turbo 
molecular pump is used for evacuation in film formation and 
the cryopump is used in a process except for film formation, 
so that the frequency of regeneration can be reduced. 
0109 Further, the number of the gas supply sources 56 and 
the number of the refiners 54 may each be plural. For 
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example, the number of deposition gas Supply sources and the 
number of refiners can each be increased depending on the 
number of kinds of deposition gases. The gas Supply sources 
and the refiners may be directly connected to the deposition 
chamber 10. In such a case, a mass flow controller for con 
trolling the flow rate of a deposition gas may be provided 
between each refiner and the deposition chamber 10. Alter 
natively, the gas Supply sources and the refiners may be con 
nected to pipes between the deposition chamber 10 and the 
refiners 54. 
0110. An example in which a gas heating system is pro 
vided between the refiner 54 and the deposition chamber 10 
will be described with reference to FIG. 38A to 38C. FIG. 
38A to 38C each illustrate a detailed structure of connection 
from the gas supply source 56 to the deposition chamber 10. 
0111 FIG. 38A illustrates a structure in which the depo 
sition chamber 10 and the gas heating system 57 are con 
nected through a pipe, the gas heating system 57 and a mass 
flow controller 55 are connected through a pipe, the mass flow 
controller 55 and the refiner 54 are connected through a pipe, 
and the refiner 54 and the gas supply source 56 are connected 
through a pipe. 
0112 FIG. 38B illustrates a structure in which the depo 
sition chamber 10 and the mass flow controller 55 are directly 
connected through a pipe, the mass flow controller 55 and the 
gas heating system 57 are connected through a pipe, the gas 
heating system 57 and the refiner 54 are connected through a 
pipe, and the refiner 54 and the gas supply source 56 are 
connected through a pipe. 
0113 Note that it is preferable to use a mass flow control 
ler which can accurately control the flow rate of even a heated 
gas, in the case of using a heated gas. 
0114 FIG. 38C illustrates a structure in which the depo 
sition chamber 10 and the gas heating system 57 are con 
nected through a pipe, the gas heating system 57 and the 
refiner 54 are connected through a pipe, and the refiner 54 and 
the gas Supply source 56 are connected through a pipe. 
0.115. In the structure in FIG.38C, a mass flow controller 

is not provided, and a gas flow rate control system different 
from a mass flow controller may be provided. Alternatively, a 
system with which a certain amount of gas is supplied may be 
provided. 
0116. The structure in FIG.38C may be used, for example, 
in the case where the gas flow rate is not necessarily con 
trolled with high accuracy. A mass flow controller needs 
regular maintenance and replacement of components as well 
as being relatively expensive. Thus, the structure in FIG.38C 
without a mass flow controller permits reduction in cost of an 
apparatus. 
0117 For example, the structure in FIG.38C may be used 
to reduce impurities in the deposition chamber 10 in which a 
heated gas which is described later is used. 
0118 With the gas heating system 57, a gas to be supplied 
to the deposition chamber 10 can be heated to 40°C. to 400° 
C. inclusive, preferably 50° C. to 200° C. inclusive. 
0119 Subsequently, the deposition chamber illustrated in 
FIG. 2A will be described. In is preferable to provide a mag 
net inside or below the target holder 34, which is not illus 
trated, because high-density plasma can be confined on the 
periphery of the target. With this method called a magnetron 
sputtering method, an increase in deposition rate, a reduction 
in plasma damage on the Substrate, and an improvement in 
film quality can be achieved. When the magnet can be rotated 
in employing a magnetron Sputtering method, non-unifor 
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mity of a magnetic field can be Suppressed, so that efficiency 
of use of the target can be increased and variation in film 
quality in a Substrate plane can be reduced. 
0120 Although the RF power source is used as a sputter 
ing power source here, one embodiment of the present inven 
tion is not necessarily limited to an RF power source. A DC 
power source, an AC power Source, or two kinds or more 
power sources between which switching can be performed 
may be provided depending on the use. In the case where a 
DC power source oran AC power Source is used, the matching 
box between the power source and the target holder is not 
necessary. 

0121 The substrate holder 42 needs to be provided with a 
chuck system for Supporting a Substrate. As the chuck system, 
an electrostatic chuck system, a clamp system, and the like 
can be given. To increase the uniformity of film quality and 
film thickness in a substrate plane, the substrate holder 42 
may be provided with a rotating system. Further, a plurality of 
substrate holders may be provided in the deposition chamber 
so that film formation of a plurality of substrates can be 
performed simultaneously. Furthermore, a structure may be 
employed in which the shutter axis 46, the shutter plate 48, 
and the substrate heater 44 are not provided. In the structure 
in FIG. 2A, the target faces upward and the substrates faces 
downward; however, it is also possible to employ a structure 
in which the target faces downward and the substrate faces 
upward, or a structure in which the target and the Substrate are 
provided sideways so that they face each other. 
0122. In the substrate heating chamber 15, for example, a 
resistance heater or the like may be used for heating. Alter 
natively, heat conduction or heat radiation from a medium 
Such as a heated gas may be used for heating. For example, a 
rapid thermal annealing (RTA) apparatus such as a gas rapid 
thermal annealing (GRTA) apparatus or a lamp rapid thermal 
annealing (LRTA) apparatus can be used. The LRTA appara 
tus is an apparatus for heating an object by radiation of light 
(an electromagnetic wave) emitted from a lamp such as a 
halogen lamp, a metalhalide lamp, a Xenonarc lamp, a carbon 
arc lamp, a high-pressure sodium lamp, or a high-pressure 
mercury lamp. In the GRTA apparatus, heat treatment is per 
formed using a high-temperature gas. An inert gas is used as 
a gas. 

0123 For example, the substrate heating chamber 15 can 
have a structure illustrated in FIG.2B. In the substrate heating 
chamber 15, the substrate holder 42 embedded with the sub 
strate heater 44 is provided. The substrate heating chamber 15 
is connected to the gas supply source 56through the refiner 54 
and is connected to the vacuum pump 58 and the vacuum 
pump 59. Note that instead of a heating system with a sub 
strate heater, an LRTA apparatus may be provided so as to 
face the Substrate holder. In Such a case, a reflective plate may 
be provided on the substrate holder 42 to transmit heat effi 
ciently. Here, in the case where the substrate heating chamber 
15 also serves as a plasma treatment chamber, the substrate 
holder 42 is connected to the RF power source 50 through the 
matching box 52, and a counter electrode 68 is provided so as 
to face the substrate holder 42. 

0.124 Note that the back pressure of each of the deposition 
chamber 10 and the substrate heating chamber 15 is 1x10' 
Pa or less, preferably 3x10 Pa or less, more preferably 
1x10 Pa or less. 
0.125. In each of the deposition chamber 10 and the sub 
strate heating chamber 15, the partial pressure of a gas having 
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a mass-to-charge ratio (m/z) of 18 is 3x10 Pa or less, pref 
erably 1x10 Pa or less, more preferably 3x10 Pa or less. 
I0126. In each of the deposition chamber 10 and the sub 
strate heating chamber 15, the partial pressure of a gas having 
a mass-to-charge ratio (m/z) of 28 is 3x10 Pa or less, pref 
erably 1x10 Pa or less, more preferably 3x10 Pa or less. 
I0127. In each of the deposition chamber 10 and the sub 
strate heating chamber 15, the partial pressure of a gas having 
a mass-to-charge ratio (m/z) of 44 is 3x10 Pa or less, pref 
erably 1x10 Pa or less, more preferably 3x10 Pa or less. 
I0128. Further, in each of the deposition chamber 10 and 
the substrate heating chamber 15, the leakage rate is 3x10 
Pa-m/s or less, preferably 1x10 Pam/s or less. 
I0129. In each of the deposition chamber 10 and the sub 
strate heating chamber 15, the leakage rate of a gas having a 
mass-to-charge ratio (m/z) of 18 is 1x107 Pam/s or less, 
preferably 3x10 Parm/s or less. 
0.130. In each of the deposition chamber 10 and the sub 
strate heating chamber 15, the leakage rate of a gas having a 
mass-to-charge ratio (m/z) of 28 is 1x10 Pam/s or less, 
preferably 1x10 Parm/s or less. 
I0131. In each of the deposition chamber 10 and the sub 
strate heating chamber 15, the leakage rate of a gas having a 
mass-to-charge ratio (m/z) of 44 is 3x10 Parm/s or less, 
preferably 1x10 Pam/s or less. 
0.132. The leakage rate depends on external leakage and 
internal leakage. The external leakage refers to inflow of gas 
from the outside of a vacuum system through a minute hole, 
a sealing defect, or the like. The internal leakage is due to 
leakage through a partition, Such as a valve, in a vacuum 
system or due to gas released from an internal member. Mea 
Sures need to be taken from both aspects of external leakage 
and internal leakage in order that the leakage rate be lower 
than or equal to the above value. 
0.133 For example, an open/close portion of the deposi 
tion chamber is preferably sealed with a metal gasket. For the 
metal gasket, a metal material covered with iron fluoride, 
aluminum oxide, or chromium oxide is preferably used. The 
metal gasket enables higher adhesion than an O-ring, leading 
to a reduction in the external leakage. Further, by use of a 
metal material covered with iron fluoride, aluminum oxide, 
chromium oxide, or the like which is in the passive state, the 
release of gas containing impurities generated from the metal 
gasket is Suppressed, so that the internal leakage can be 
reduced. 
I0134) For a member of the deposition apparatus, alumi 
num, chromium, titanium, Zirconium, nickel, or vanadium, 
which releases a smalleramount of gas containing impurities, 
is used. Alternatively, an alloy material containing iron, chro 
mium, nickel, and the like covered with the above material 
may be used. The alloy material containing iron, chromium, 
nickel, and the like is rigid, resistant to heat, and Suitable for 
processing. Here, when Surface unevenness of the member is 
decreased by polishing or the like to reduce the Surface area, 
the release of gas can be reduced. 
0.135 Alternatively, the above member of the deposition 
apparatus may be covered with iron fluoride, aluminum 
oxide, chromium oxide, or the like. 
0.136 The member of the deposition apparatus is prefer 
ably formed using only a metal material when possible. For 
example, in the case where a viewing window formed using 
quartz or the like is provided, a surface is preferably covered 
thinly with iron fluoride, aluminum oxide, chromium oxide, 
or the like to suppress the release of gas. 
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0.137 When the refiner of a deposition gas is provided, the 
length of a pipe between the refiner and the deposition cham 
ber is less than or equal to 5 m, preferably less than or equal 
to 1 m. When the length of the pipe is less than or equal to 5 
m or less than or equal to 1 m, the effect of the release of gas 
from the pipe can be reduced accordingly. 
0.138. As the pipe for the deposition gas, a metal pipe the 
inside of which is covered with iron fluoride, aluminum 
oxide, chromium oxide, or the like is preferably used. With 
the above pipe, the amount of released gas containing impu 
rities is small and the entry of impurities into the deposition 
gas can be reduced as compared with a SUS316L-EP pipe, for 
example. Further, a high-performance ultra-compact metal 
gasket joint (UPG joint) is preferably used as a joint of the 
pipe. A structure where all the materials of the pipe are metal 
materials is preferable because the effect of the release of gas 
or the external leakage can be reduced as compared to a 
structure where resin or the like is used. 

0.139. An adsorbate does not affect the pressure in the 
deposition chamber when existing in the deposition chamber; 
however, the adsorbate releases gas at the time of the evacu 
ation of the deposition chamber. Therefore, although there is 
no correlation between the leakage rate and the evacuation 
rate, it is important that the adsorbate present in the deposition 
chamber be desorbed as much as possible and evacuation be 
performed in advance with the use of a pump with high 
evacuation capability. Note that the deposition chamber may 
beheated for promotion of desorption of the adsorbate. By the 
heating, the rate of desorption of the adsorbate can be 
increased about tenfold. The heating may be performed at a 
temperature in the range of 100° C. to 450° C. At this time, 
when the adsorbate is removed while an inert gas is Supplied, 
the desorption rate of water or the like, which is difficult to 
desorb simply by evacuation, can be further increased. Note 
that when the inert gas to be supplied is heated to substantially 
the same temperature as the heating temperature of the depo 
sition chamber, the desorption rate of the adsorbate can be 
further increased. Here, a rare gas is preferably used as an 
inert gas. Depending on the kind of a film to be formed, 
oxygen or the like may be used instead of an inert gas. For 
example, in the case of depositing an oxide, using oxygen, 
which is the main component of the oxide, is preferable in 
SOC CaSCS. 

0140 Alternatively, treatment for evacuating the deposi 
tion chamber is preferably performed a certain period of time 
after a heated oxygen gas, a heated inert gas such as a heated 
rare gas, or the like is Supplied to increase pressure in the 
deposition chamber. The Supply of the heated gas facilitates 
desorption of the adsorbate in the deposition chamber. Note 
that a positive effect can be achieved when this treatment is 
repeated 2 to 30 times inclusive, preferably 5 to 15 times 
inclusive. Specifically, an inert gas, oxygen, or the like at a 
temperature in the range of 40° C. to 400° C., preferably 50° 
C. to 200°C. is supplied to the deposition chamber so that the 
pressure therein is kept at 0.1 Pa to 10 kPa inclusive, 1 Pa to 
1 kPa inclusive, or 5 Pato 100 Pa inclusive for 1 minute to 300 
minutes inclusive or 5 minutes to 120 minutes inclusive. After 
that, the deposition chamber is evacuated for 5 minutes to 300 
minutes inclusive or 10 minutes to 120 minutes inclusive. 

0141. The rate of desorption of the adsorbate can be fur 
ther increased also by dummy film formation. For a dummy 
Substrate, a material which releases a smaller amount of gas is 
preferably used, and for example, the same material as that of 
a substrate 100 which is to be described later may be used. 
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Note that the dummy film formation may be performed at the 
same time as the heating of the deposition chamber. 
0.142 FIG. 1B illustrates a deposition apparatus having a 
structure different from that in FIG. 1A. The deposition appa 
ratus includes a load lock chamber 22a, a Substrate heating 
chamber 25, deposition chambers 20a and 20b, and a load 
lock chamber 22b. The loadlock chamber 22a is connected to 
the substrate heating chamber 25. The substrate heating 
chamber 25 is connected to the deposition chamber 20a. The 
deposition chamber 20a is connected to the deposition cham 
ber 20b. The deposition chamber 20b is connected to the load 
lock chamber 22b. A gate valve is provided for a connecting 
portion between chambers so that each chamber can be inde 
pendently kept in a vacuum state. Note that the deposition 
chambers 20a and 20b have structures similar to those of the 
deposition chambers 10a to 10c in FIG. 1A. The substrate 
heating chamber 25 has a structure similar to that of the 
substrate heating chamber 15 in FIG. 1A. A substrate is trans 
ferred in only one direction indicated by arrows in FIG. 1B, 
and an inlet and an outlet for the substrate are different. 
Unlike the single wafer multi-chamber deposition apparatus 
in FIG. 1A, there is no transfer chamber, and the footprint can 
be reduced accordingly. Note that the number of the deposi 
tion chambers, the number of the load lock chambers, and the 
number of the substrate heating chambers are not limited to 
the above, and can be determined as appropriate depending 
on the space for placement or the process. For example, the 
deposition chamber 20b may be omitted, or a second sub 
strate heating chamber or a third deposition chamber which is 
connected to the deposition chamber 20b may be provided. 
0143. When an oxide semiconductor film is formed with 
the use of the above deposition apparatus, the entry of impu 
rities into the oxide semiconductor film can be suppressed. 
Furthermore, when a film in contact with the oxide semicon 
ductor film is formed with the use of the above deposition 
apparatus, the entry of impurities into the oxide semiconduc 
tor film from the film in contact therewith can be suppressed. 
0144. Next, a method for forming an oxide semiconductor 
film in which the concentration of hydrogen, nitrogen, and 
carbon, which are impurities, is low. 
0145 The oxide semiconductor film is formed in an oxy 
gen gas atmosphere at a Substrate heating temperature of 100° 
C. to 600° C. inclusive, preferably 150° C. to 550° C. inclu 
sive, and more preferably 200° C. to 500° C. inclusive. The 
thickness of the oxide semiconductor film is more than or 
equal to 1 nm and less than or equal to 40 nm, and preferably 
more than or equal to 3 nm and less than or equal to 20 nm. As 
the substrate heating temperature at the time offilm formation 
is higher, the impurity concentration of the obtained oxide 
semiconductor film is lower. Further, the atomic arrangement 
in the oxide semiconductor film is ordered and the density 
thereof is increased, so that a polycrystalline film or a 
CAAC OS film is likely to be formed. Furthermore, since 
an oxygen gas atmosphere is employed for the film formation, 
an unnecessary atom is not contained in the oxide semicon 
ductor film unlike in the case of employing a rare gas atmo 
sphere or the like, so that a polycrystalline film or a CAAC 
OS film is readily formed. Note that a mixed atmosphere of an 
oxygen gas and a rare gas may be used. In that case, the 
percentage of the oxygen gas is higher than or equal to 30 Vol. 
%, preferably higher than or equal to 50 Vol.%, more prefer 
ably higher than or equal to 80 vol.%. As the oxide semicon 
ductor film is thinner, the short channel effect of the transistor 
can be reduced. However, when the semiconductor film is too 
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thin, it is significantly influenced by interface Scattering; thus, 
the field-effect mobility might be decreased. 
0146 The oxide semiconductor film is formed under the 
condition that the deposition pressure is less than or equal to 
0.8 Pa, preferably less than or equal to 0.4 Pa, and the distance 
between a target and a Substrate is less than or equal to 40mm, 
preferably less than or equal to 25 mm. When the oxide 
semiconductor film is formed under Such a condition, the 
frequency of the collision of a sputtered particle and another 
sputtered particle, a gas, or an ion can be reduced. That is, 
depending on the deposition pressure, the distance between 
the target and the substrate is made shorter than the mean free 
path of a sputtered particle, a gas, or anion, so that the entry 
of impurities into the film can be reduced. 
0147 For example, when the pressure is 0.4 Pa and the 
temperature is 25°C. (the absolute temperature is 298 K), a 
hydrogen molecule (H) has a mean free path of 48.7 mm, a 
helium atom (He) has a mean free path of 57.9 mm, a water 
molecule (HO) has a mean free path of 31.3 mm, an ethane 
molecule (CH) has a mean free path of 13.2 mm, a neonatom 
(Ne) has a mean free path of 42.3 mm, a nitrogen molecule 
(N) has a mean free path of 23.2 mm, a carbon monoxide 
molecule (CO) has a mean free path of 16.0 mm, an oxygen 
molecule (O) has a mean free path of 26.4 mm, an argon 
atom (Ar) has a mean free path of 28.3 mm, a carbon dioxide 
molecule (CO) has a mean free path of 10.9 mm, a krypton 
atom (Kr) has a mean free path of 13.4 mm, and a Xenon atom 
(Xe) has a mean free path of 9.6 mm. Note that a doubling of 
the pressure halves a mean free path and a doubling of the 
absolute temperature doubles a mean free path. 
0148. The mean free path depends on pressure, tempera 

ture, and the diameter of an atom or molecule. In the case 
where pressure and temperature are constant, as the diameter 
ofanatom or molecule is larger, the mean free path is shorter. 
Note that the diameters of the following atoms or molecules 
areas follows: H: 0.218 mm; He: 0.200 nm: HO: 0.272 nm: 
CH: 0.419 mm: Ne: 0.234 nm: N: 0.316 mm; CO: 0.380 nm: 
O: 0.296 mm; Ar: 0.286 mm; CO: 0.460 nmi; Kr: 0.415 nm: 
and Xe: 0.491 nm. 

014.9 Thus, as the diameter of an atom or molecule is 
larger, the mean free pathis shorter and the growth of a crystal 
region is inhibited due to the large diameter of the atom or 
molecule when the molecule enters the film. For this reason, 
it can be said that, for example, an atom or molecule with a 
diameter of an Ar atom or larger is likely to serve as an 
impurity. 
0150. Here, whether the crystal structure can be main 
tained in the case where CO, is added between layers of an 
In—Ga—Zn-O crystal was evaluated by classical molecu 
lar dynamics simulation. 
0151 FIG. 30 is a schematic diagram of an In Ga— 
Zn-O crystal. Here, CO was added to layers indicated by 
arrows in FIG. 30. The additive rate of CO with respect to all 
atoms in the In-Ga Zn-O crystal was 0.07% (5.19x10'/ 
cm), 0.15% (1.04x10'/cm), 0.22% (1.65x10'/cm), 
0.30% (2.08x10°/cm), 0.37% (2.60x10°/cm), 0.44% 
(3.11x10/cm), 0.52% (3.63x10°/cm), 0.59% 
(4.15x10/cm), or 0.67% (4.67x10/cm). 
0152 For the simulation, Materials Explorer 5.0 manufac 
tured by Fujitsu Limited was used, and the temperature, the 
pressure, the time step size, and the number of steps were 298 
K, 1 atmospheric pressure, 0.2 fs, and 5,000,000 times, 
respectively. 
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0153. As a result, when the additive rate of CO was 0.07% 
to 0.52%, the In—Ga—Zn-O crystal was maintained, 
whereas when the additive rate of CO was 0.59% to 0.67%, 
the In-Ga-Zn-O crystal was notable to be maintained. 
0154) This result reveals that the rate of CO with respect 
to all atoms in the In-Ga—Zn-O crystal needs to be less 
than or equal to 0.52% or less than 0.59% so that the 
In-Ga—Zn-O crystal can be obtained. 
0155 Next, heat treatment is performed. The heat treat 
ment is performed at 250° C. to 650° C. inclusive, preferably 
300° C. to 600° C. inclusive in a reduced pressure atmo 
sphere, an inert atmosphere, or an oxidation atmosphere. By 
the heat treatment, the impurity concentration in the oxide 
semiconductor film can be reduced. Further, the oxide semi 
conductor film is likely to have high crystallinity. The oxida 
tion atmosphere refers to an atmosphere containing an oxi 
dation gas such as oxygen, oZone, or nitrous oxide at 10 ppm 
or higher. 
0156 The heat treatment is preferably performed in such a 
manner that after heat treatment is performed in a reduced 
pressure atmosphere or an inert atmosphere, the atmosphere 
is Switched to an oxidation atmosphere with the temperature 
maintained and heat treatment is further performed. When the 
heat treatment is performed in a reduced pressure atmosphere 
or an inert atmosphere, the impurity concentration in the 
oxide semiconductor film can be reduced; however, oxygen 
vacancies are caused at the same time. By the heat treatment 
in an oxidation atmosphere, the caused oxygen vacancies can 
be reduced. 
0157. When heat treatment is performed on the oxide 
semiconductor film after the film formation in addition to the 
Substrate heating in the film formation, the impurity concen 
tration in the film can be significantly reduced. 
0158 With the above deposition apparatus, an oxide semi 
conductor film containing few impurities can be formed. 
Such an oxide semiconductor film containing few impurities 
has a low carrier density and high crystallinity; thus, the 
semiconductor characteristics thereof are excellent. Accord 
ingly, a transistor including Such an oxide semiconductor film 
can be highly reliable. 
0159 Specifically, the concentration of hydrogen in the 
oxide semiconductor film, which is measured by SIMS, is 
lower than 5x10" atoms/cm, preferably lower than or equal 
to 5x10" atoms/cm, more preferably lower than or equal to 
1x10" atoms/cm, still more preferably lower than or equal 
to 5x10'7 atoms/cm. 
0160 The concentration of nitrogen in the oxide semicon 
ductor film, which is measured by SIMS, is lower than 5x10' 
atoms/cm, preferably lower than or equal to 5x10" atoms/ 
cm, more preferably lower than or equal to 1x10" atoms/ 
cm, still more preferably lower than or equal to 5x10'7 
atoms/cm. 
0.161 The concentration of carbon in the oxide semicon 
ductor film, which is measured by SIMS, is lower than 5x10' 
atoms/cm, preferably lower than or equal to 5x10" atoms/ 
cm, more preferably lower than or equal to 1x10" atoms/ 
cm, still more preferably lower than or equal to 5x10'7 
atoms/cm. 
0162 The amount of each of the following gas released 
from the oxide semiconductor film is 1x10'/cm or less, 
preferably 1x10"/cm or less, which is measured by thermal 
desorption spectroscopy (TDS) analysis: a gas having a mass 
to-charge ratio (m/z) of 2 (e.g., water molecule), a gas having 



US 2012/0298998 A1 

a mass-to-charge ratio (m/z) of 18, a gas having a mass-to 
charge ratio (m/z) of 28, and a gas having a mass-to-charge 
ratio (m/z) of 44. 
0163 A measurement method of the amount of released 
oxygenatoms, which is to be described later, is referred to for 
a measurement method of the release amount using TDS 
analysis. 
0164 Subsequently, a transistor including the oxide semi 
conductor film formed using the above deposition apparatus 
will be described with reference to FIGS. 3A and 3B, FIGS. 
4A and 4B, FIGS.5A and 5B, FIGS. 6A and 6B, FIGS. 7A to 
7C, and FIGS. 8A and 8B. 
0.165 Transistors illustrated in FIGS. 3A and 3B, FIGS. 
4A and 4B, FIGS. 5A and 5B, and FIGS. 6A and 6B are 
excellent in productivity because the number of photolithog 
raphy processes is small. The transistors in FIGS. 3A and 3B. 
FIGS. 4A and 4B, FIGS.5A and 5B, and FIGS. 6A and 6B are 
often used for display devices in which transistors have rela 
tively large sizes, and the like. 
0166 First, the structure of the transistor in FIGS. 3A and 
3B will be described. FIG. 3A is a top view of the transistor. 
FIG. 3B is a cross-sectional view along dashed-dotted line 
A-B in FIG. 3A. 
(0167. The transistor in FIG. 3B includes, over the sub 
strate 100, a base insulating film 102; an oxide semiconductor 
film 106 provided over the base insulating film 102; a pair of 
electrodes 116 provided over and at least partly in contact 
with the oxide semiconductor film 106; a gate insulating film 
112 provided to cover the oxide semiconductor film 106 and 
the pair of electrodes 116; and a gate electrode 104 provided 
to overlap with the oxide semiconductor film 106 with the 
gate insulating film 112 interposed therebetween. 
0168 Here, the oxide semiconductor film with a low 
impurity concentration described in this embodiment may be 
used as the oxide semiconductor film 106. 
0169. The thickness of the oxide semiconductor film 106 

is larger than or equal to 1 nm and Smaller than or equal to 50 
nm, preferably larger than or equal to 3 nm and Smaller than 
or equal to 20 nm Particularly in the case where the transistor 
has a channel length of 30 nm or less and the oxide semicon 
ductor film 106 has a thickness of around 5 nm, a short 
channel effect can be suppressed and stable electrical char 
acteristics can be obtained. 
0170 The oxide semiconductor film 106 preferably con 
tains at least In and Zn. Further, it is preferable that the oxide 
semiconductor film 106 contain Ga, Sn, Hf, or Al in addition 
to Inand Zn so that variations in electric characteristics of the 
transistor can be reduced. 
0171 Alternatively, the oxide semiconductor film 106 
may contain one or more kinds of lanthanoid Such as La, Ce, 
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu in 
addition to In and Zn so that variations in electric character 
istics of the transistor can be reduced. 

0172 For the oxide semiconductor film 106, any of the 
followings can be used for example: two-component metal 
oxides such as an In-Zn-O-based material, a Sn—Zn-O- 
based material, an Al-Zn-O-based material, a Zn-Mg 
O-based material, a Sn-Mg-O-based material, an 
In—Mg-O-based material, and an In-Ga—O-based mate 
rial, three-component metal oxides such as an In-Ga—Zn 
O-based material, an In-Al-Zn-O-based material, an 
In—Sn-Zn-O-based material, a Sn—Ga—Zn-O-based 
material, an Al-Ga—Zn-O-based material, a Sn—Al 
Zn O-based material, an In Hf Zn O-based material, 
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an In-La-Zn-O-based material, an In—Ce—Zn-O- 
based material, an In-Pr—Zn-O-based material, an 
In Nd-Zn-O-based material, an In-Sm—Zn-O- 
based material, an In-Eu—Zn-O-based material, an 
In Gd Zn O-based material, an In Tb-Zn O-based 
material, an In-Dy—Zn-O-based material, an In-Ho 
Zn-O-based material, an In-Er—Zn-O-based material, 
an In Tm Zn-O-based material, an In Yb-Zn-O- 
based material, and an In-Lu-Zn-O-based material, and 
four-component metal oxides such as an In Sn—Ga—Zn 
O-based material, an In Hf Ga—Zn-O-based material, 
an In-Al-Ga—Zn-O-based material, an In-Sn—Al 
Zn O-based material, an In—Sn Hf, Zn O-based 
material, and an In-Hf Al-Zn-O-based material. 
0173 For example, an “In Ga—Zn O-based material' 
means an oxide containing In, Ga., and Zn as its main com 
ponents and there is no particular limitation on the ratio of 
In: Ga:Zn. 
0.174 For example, high field-effect mobility can be 
achieved relatively easily in the case of a transistor formed 
using an In Sn—Zn-O-based material. Specifically, the 
transistor can have a field-effect mobility of 31 cm/Vs or 
more, 40 cm/Vs or more, 60 cm/Vs or more, 80 cm/Vs or 
more, or 100 cm/Vs or more. Also in the case of a transistor 
formed using a material other thanan In-Sn—Zn-O-based 
material (e.g., an In-Ga—Zn-O-based material), the field 
effect mobility can be increased by reducing the defect den 
S1ty. 
(0175. In the case where an In Zn O-based material is 
used for the oxide semiconductor film 106, the atomic ratio of 
In to Zn is in the range of 0.5:1 to 50:1, preferably 1:1 to 20:1, 
more preferably 1.5:1 to 15:1. When the atomic ratio of In to 
Zn is in the above range, the field-effect mobility of the 
transistor can be increased. Here, when the atomic ratio of 
In:Zn:O of the compound is X:Y:Z, Z>1.5X+Y is preferably 
satisfied. 
0176 A material represented by InMO(ZnO), (mo-0) 
may be used for the oxide semiconductor film 106. Here, M 
represents one or more metal elements selected from Zn, Ga. 
Al, Mn, Sn, Hf, and Co. For example, M may be Ga, Ga and 
Al, Ga and Mn, Ga and Co, or the like. 
0177. For the oxide semiconductor film 106, a material 
which has a band gap of 2.5 eV or more, preferably 2.8 eV or 
more, more preferably 3.0 eV or more is selected to reduce the 
off-state current of the transistor. 
0.178 Note that it is preferable that an alkali metal, an 
alkaline earth metal, and the like be reduced from the oxide 
semiconductor film 106 so that the impurity concentration is 
extremely low. When the oxide semiconductor film 106 con 
tains any of the above impurities, recombination in a bandgap 
occurs owing to a level formed by the impurity, so that the 
off-state current of the transistor is increased. 
0179. As for alkali metal concentrations in the oxide semi 
conductor film 106, which are measured by SIMS, the con 
centration of sodium is 5x10" atoms/cm or lower, prefer 
ably 1x10" atoms/cm or lower, more preferably 1x10' 
atoms/cm or lower; the concentration of lithium is 5x10' 
atoms/cm or lower, preferably 1x10" atoms/cm or lower; 
and the concentration of potassium is 5x10" atoms/cm or 
lower, preferably 1x10" atoms/cm or lower. 
0180. The use of the oxide semiconductor film 106 
described above makes it possible to reduce the off-state 
current of the transistor. Specifically, for example, the off 
state current of the transistor with a channel length of 3 um 
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and a channel width of 1 um can be lower than or equal to 
1x10' A, lower than or equal to 1x10' A, or lower than or 
equal to 1x10'' A. 
0181. The oxide semiconductor film 106 is a non-single 
crystal oxide semiconductor film. It is particularly preferable 
that the oxide semiconductor film 106 have crystallinity. For 
example, a polycrystalline film or a CAAC OS film is used. 
0182 An example of a crystal structure of the CAAC OS 
film will be described in detail with reference to FIGS. 14A to 
14E, FIGS. 15A to 15C, FIGS. 16A to 16C, and FIGS. 17A 
and 17B. In FIGS. 14A to 14E, FIGS. 15A to 15C, FIGS. 16A 
to 16C, and FIGS. 17A and 17B, the vertical direction corre 
sponds to the c-axis direction and a plane perpendicular to the 
c-axis direction corresponds to the a-b plane, unless other 
wise specified. When the expressions “upper half and “lower 
half are simply used, they refer to the upper half above the 
a-b plane and the lower half below the a-b plane (the upper 
half and the lower half with respect to the a-b plane). Further, 
in FIGS. 14A to 14E, O surrounded by a circle represents 
tetracoordianate O and O surrounded by a double circle rep 
resents tricoordinate O. 
0183 FIG. 14A illustrates a structure including one hexa 
coordinate In atom and six tetracoordinate oxygen (hereinaf 
ter referred to as tetracoordinate O) atoms proximate to the In 
atom. Here, a structure including one metal atom and oxygen 
atoms proximate thereto is referred to as a small group. The 
structure in FIG. 14A is actually an octahedral structure, but 
is illustrated as a planar structure for simplicity. Note that 
three tetracoordinate O atoms exist in each of the upper half 
and the lower half in FIG. 14A. In the small group illustrated 
in FIG. 14A, electric charge is 0. 
0184 FIG. 14B illustrates a structure including one pen 
tacoordinate Ga atom, three tricoordinate oxygen (hereinafter 
referred to as tricoordinate O) atoms proximate to the Ga 
atom, and two tetracoordinate O atoms proximate to the Ga 
atom. All the tricoordinate O atoms exist on the a-b plane. 
One tetracoordinate O atom exists in each of the upper half 
and the lower half in FIG. 14B. An In atom can also have the 
structure illustrated in FIG. 14B because an Inatom can have 
five ligands. In the small group illustrated in FIG. 14B, elec 
tric charge is 0. 
0185 FIG. 14C illustrates a structure including one tetra 
coordinate Zn atom and four tetracoordinate O atoms proxi 
mate to the Znatom. In FIG. 14C, one tetracoordinate Oatom 
exists in the upper half and three tetracoordinate O atoms 
exist in the lower half. Alternatively, three tetracoordinate O 
atoms may exist in the upper half and one tetracoordinate O 
atom may exist in the lower half in FIG. 14C. In the small 
group illustrated in FIG. 14C, electric charge is 0. 
0186 FIG. 14D illustrates a structure including one hexa 
coordinate Sn atom and six tetracoordinate O atoms proxi 
mate to the Sn atom. In FIG. 14D, three tetracoordinate O 
atoms exist in each of the upper half and the lower half. In the 
small group illustrated in FIG. 14D, electric charge is +1. 
0187 FIG. 14E illustrates a small group including two Zn 
atoms. In FIG.14E, one tetracoordinate Oatom exists in each 
of the upper half and the lower half. In the small group 
illustrated in FIG. 14E, electric charge is -1. 
0188 Here, a plurality of small groups form a medium 
group, and a plurality of medium groups form a large group 
(also referred to as a unit cell). 
0189 Now, a rule of bonding between the small groups 
will be described. The three O atoms in the upper half with 
respect to the hexacoordinate In atom in FIG. 14A each have 
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three proximate In atoms in the downward direction, and the 
three O atoms in the lower half each have three proximate In 
atoms in the upward direction. The one O atom in the upper 
half with respect to the pentacoordinate Ga atom in FIG. 14B 
has one proximate Ga atom in the downward direction, and 
the one O atom in the lower half has one proximate Ga atom 
in the upward direction. The one Oatom in the upper half with 
respect to the tetracoordinate Zn atom in FIG. 14C has one 
proximate Zn atom in the downward direction, and the three 
Oatoms in the lower halfeach have three proximate Znatoms 
in the upward direction. In this manner, the number of the 
tetracoordinate O atoms above the metal atom is equal to the 
number of the metal atoms proximate to and below each of the 
tetracoordinate O atoms. Similarly, the number of the tetra 
coordinate O atoms below the metal atom is equal to the 
number of the metal atoms proximate to and above each of the 
tetracoordinate O atoms. Since the coordination number of 
the tetracoordinate Oatom is 4, the sum of the number of the 
metal atoms proximate to and below the O atom and the 
number of the metal atoms proximate to and above the Oatom 
is 4. Accordingly, when the Sum of the number of tetracoor 
dinate O atoms above a metal atom and the number of tetra 
coordinate O atoms below another metal atom is 4, the two 
kinds of Small groups including the metal atoms can be 
bonded. For example, in the case where the hexacoordinate 
metal (In or Sn) atom is bonded through three tetracoordinate 
O atoms in the lower half, it is bonded to the pentacoordinate 
metal (Ga or In) atom or the tetracoordinate metal (Zn) atom. 
0190. A metal atom whose coordination number is 4, 5, or 
6 is bonded to another metal atom through a tetracoordinate O 
atom in the c-axis direction. In addition to the above, a 
medium group can be formed in a different manner by com 
bining a plurality of Small groups so that the total electric 
charge of the layered structure is 0. 
0191 FIG. 15A illustrates a model of a medium group 
included in a layered structure of an In-Sn—Zn-O-based 
material. FIG. 15B illustrates a large group including three 
medium groups. Note that FIG. 15C illustrates an atomic 
arrangement in the case where the layered structure in FIG. 
15B is observed from the c-axis direction. 

(0192. In FIG. 15A, a tricoordinate O atom is omitted for 
simplicity, and a tetracoordinate O atom is illustrated by a 
circle; the number in the circle shows the number of tetraco 
ordinate Oatoms. For example, three tetracoordinate Oatoms 
existing in each of the upper half and the lower half with 
respect to a Sn atom are denoted by circled 3. Similarly, in 
FIG. 15A, one tetracoordinate O atom existing in each of the 
upper half and the lower half with respect to an In atom is 
denoted by circled 1. FIG. 15A also illustrates a Zn atom 
proximate to one tetracoordinate Oatom in the lower half and 
three tetracoordinate Oatoms in the upper half, and a Zn atom 
proximate to one tetracoordinate Oatom in the upper half and 
three tetracoordinate O atoms in the lower half. 

0193 In the medium group included in the layered struc 
ture of the In—Sn Zn O-based material in FIG. 15A, in 
the order starting from the top, a Snatom proximate to three 
tetracoordinate O atoms in each of the upper half and the 
lower half is bonded to an In atom proximate to one tetraco 
ordinate O atom in each of the upper half and the lower half, 
the In atom is bonded to a Zn atom proximate to three tetra 
coordinate O atoms in the upper half, the Zn atom is bonded 
to an In atom proximate to three tetracoordinate O atoms in 
each of the upper half and the lower half through one tetra 
coordinate O atom in the lower half with respect to the Zn 
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atom, the Inatom is bonded to a small group that includes two 
Zn atoms and is proximate to one tetracoordinate O atom in 
the upper half, and the Small group is bonded to a Sn atom 
proximate to three tetracoordinate O atoms in each of the 
upper half and the lower half through one tetracoordinate O 
atom in the lower half with respect to the small group. A 
plurality of Such medium groups is bonded, so that a large 
group is formed. 
0194 Here, electric charge for one bond of a tricoordinate 
O atom and electric charge for one bond of a tetracoordinate 
O atom can be assumed to be -0.667 and -0.5, respectively. 
For example, electric charge of a (hexacoordinate or penta 
coordinate) In atom, electric charge of a (tetracooridnate) Zn 
atom, and electric charge of a (pentacoordinate or hexacoor 
dinate) Snatomare +3, +2, and +4, respectively. Accordingly, 
electric charge in a small group including a Sn atom is +1. 
Therefore, electric charge of -1, which cancels +1, is needed 
to form a layered structure including a Snatom. As a structure 
having electric charge of -1, the Small group including two 
Znatoms as illustrated in FIG.14E can be given. For example, 
with one Small group including two Znatoms, electric charge 
of one Small group including a Snatom can be cancelled, so 
that the total electric charge of the layered structure can be 0. 
0.195 Specifically, when the large group illustrated in FIG. 
15B is repeated, a crystal of the In Sn—Zn-O-based mate 
rial (InSnZnOs) can be obtained. Note that a layered struc 
ture of the obtained In–Sn—Zn-O-based material can be 
expressed by a composition formula, InSnZnO(ZnO) (m 
is a natural number). 
0196. The above-described rule also applies to the follow 
ing materials: a four-component metal oxide Such as an 
In—Sn-Ga—Zn-O-based material; three-component 
metal oxides Such as an In-Ga—Zn-O-based material, an 
In—Al-Zn-O-based material, a Sn—Ga—Zn-O-based 
material, an Al-Ga—Zn-O-based material, a Sn—Al 
Zn O-based material, an In Hf Zn O-based material, 
an In-La-Zn-O-based material, an In—Ce—Zn-O- 
based material, an In-Pr—Zn-O-based material, an 
In Nd-Zn-O-based material, an In-Sm—Zn-O- 
based material, an In-Eu—Zn-O-based material, an 
In Gd Zn O-based material, an In Tb-Zn O-based 
material, an In-Dy—Zn-O-based material, an In-Ho 
Zn-O-based material, an In-Er—Zn-O-based material, 
an In Tm Zn-O-based material, an In Yb-Zn-O- 
based material, and an In-Lu-Zn-O-based material; two 
component metal oxides such as an In-Zn-O-based mate 
rial, a Sn—Zn-O-based material, an Al-Zn-O-based 
material, a Zn-Mg-O-based material, a Sn-Mg-O- 
based material, an In-Mg-O-based material, and an 
In Ga—O-based material; and the like. 
0.197 As an example, FIG. 16A illustrates a model of a 
medium group included in a layered structure of an In-Ga— 
Zn O-based material. 

0198 In the medium group included in the layered struc 
ture of the In—Ga—Zn O-based material in FIG. 16A, in 
the order starting from the top, an In atom proximate to three 
tetracoordinate O atoms in each of an upper half and a lower 
half is bonded to a Zn atom proximate to one tetracoordinate 
O atom in an upper half, the Zn atom is bonded to a Ga atom 
proximate to one tetracoordinate O atom in each of an upper 
half and a lower half through three tetracoordinate Oatoms in 
a lower half with respect to the Zn atom, and the Ga atom is 
bonded to an In atom proximate to three tetracoordinate O 
atoms in each of an upper half and a lower half through one 
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tetracoordinate O atom in a lower half with respect to the Ga 
atom. A plurality of Such medium groups is bonded, so that a 
large group is formed. 
0199 FIG. 16B illustrates a large group including three 
medium groups. Note that FIG. 16C illustrates an atomic 
arrangement in the case where the layered structure in FIG. 
16B is observed from the c-axis direction. 
0200 Here, since electric charge of a (hexacoordinate or 
pentacoordinate) In atom, electric charge of a (tetracoordi 
nate) Zn atom, and electric charge of a (pentacoordinate) Ga 
atom are +3, +2, +3, respectively, electric charge of a small 
group including any of an In atom, a Zn atom, and a Ga atom 
is 0. As a result, the total electric charge of a medium group 
having a combination of such small groups is always 0. 
0201 In order to form the layered structure of the 
In-Ga—Zn-O-based material, a large group can beformed 
using not only the medium group illustrated in FIG. 16A but 
also a medium group in which the arrangement of the Inatom, 
the Ga atom, and the Zn atom is different from that in FIG. 
16A. 
0202 Specifically, when the large group illustrated in FIG. 
16B is repeated, a crystal of the In Ga—Zn O-based 
material can be obtained. Note that a layered structure of the 
obtained In-Ga—Zn-O-based material can be expressed 
by a composition formula, InGaO(ZnO), (n is a natural 
number). 
0203. In the case where n is 1 (InGaZnO), a crystal struc 
ture illustrated in FIG. 17A can be obtained, for example. 
Note that in the crystal structure in FIG. 17A, since a Ga atom 
and an In atom each have five ligands as described in FIG. 
14B, a structure in which Ga is replaced with In can be 
obtained. 
0204. In the case where n is 2 (InGaZnO), a crystal 
structure illustrated in FIG.17B can be obtained, for example. 
Note that in the crystal structure in FIG. 17B, since a Ga atom 
and an In atom each have five ligands as described in FIG. 
14B, a structure in which Ga is replaced with In can be 
obtained. 
0205 Here, a change in crystal state in the case where one 
carbon atom (C) was introduced into the large group of 
InGaZnO in FIG. 16B was evaluated using a first-principles 
calculation. 
(0206 Note that CASTEP software of first-principles cal 
culation produced by Accelrys Software Inc., was used for the 
first-principles calculation. An ultrasoft type pseudopotential 
was used, and the cut-off energy was 300 eV. 
0207 FIG. 31A shows a position in the large group of 
InGaZnO into which C is introduced. FIG. 31B shows a 
crystal state of the large group of InGaZnO after introduction 
of C and optimization of the structure. 
0208 FIG. 31B reveals that introduction of Callowed the 
bonding between C and O, resulting in an increase in inter 
atomic distance between Ga and O which had been bonded to 
each other. 
0209. This result shows that C in the In—Ga—Zn-O- 
based material inhibited maintenance of the crystal structure. 
0210. Next, a change in crystal state in the case where one 
carbon dioxide molecule (CO) is introduced into the large 
group of InGaZnO is evaluated using a first-principles cal 
culation. 
0211 Note that CASTEP software of first-principles cal 
culation produced by Accelrys Software Inc., was used for the 
first-principles calculation. An ultrasoft type pseudopotential 
was used, and the cut-off energy was 300 eV. 
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0212 FIG. 39A shows a position in the large group of 
InGaZnO into which CO, is introduced. FIGS. 39B to 39D 
show crystal states of the large group of InGaZnO during 
optimization of the structure in the case where CO, was 
introduced to a position shown in FIG. 39A. Here, the struc 
ture in FIG. 39D, the structure in FIG. 39C, and the structure 
in FIG. 39B are closer to the optimal structure in this order. 
0213. In FIG. 39B, CO, is substituted by part of the large 
group of InGaZnO, Then, as in FIG. 39C, the interlayer 
distance of InCaZnO is increased in the vicinity of CO. 
After that, as in FIG.39D, CO, is separated and the interlayer 
distance of InCaZnO is further increased. 
0214. This result shows that CO in the In Ga—Zn—O- 
based material inhibited maintenance of the crystal structure. 
0215. Hereinafter, the crystalline state of an oxide semi 
conductor film used in a transistor applicable to the semicon 
ductor device according to this embodiment will be 
described. 
0216) To evaluate crystalline states, an X-ray diffraction 
(XRD) analysis of oxide semiconductor films was conducted. 
The XRD analysis was conducted using an X-ray diffracto 
meter D8 ADVANCE manufactured by Bruker AXS, and 
measurement was performed by an out-of-plane method. 
0217 Sample A and Sample B were prepared and the 
XRD analysis was performed thereon. Methods for forming 
Sample A and Sample B will be described below. 
0218 First, a quartz substrate that had been subjected to 
dehydrogenation treatment was prepared. 
0219. Then, an In Sn Zn O film with a thickness of 
100 nm was formed over the quartz substrate. 
0220. The In—Sn Zn-O film was formed with a sput 
teringapparatus with a power of 100W (DC) in an oxygen gas 
atmosphere. An In-Sn—Zn-O target having an atomic 
ratio of In:Sn:Zn=1:1:1 was used as a target. Note that the 
Substrate heating temperature in film formation was set at 
room temperature (without heating) or at 200° C. A sample 
formed in this manner was used as Sample A. 
0221) Next, a sample formed by a method similar to that of 
Sample A was subjected to heat treatment at 650° C. As the 
heat treatment, heat treatment in a nitrogen gas atmosphere 
was first performed for one hour and heat treatment in an 
oxygen gas atmosphere was further performed for one hour 
without lowering the temperature. A sample formed in this 
manner was used as Sample B. 
0222 FIG. 28 shows XRD results of Sample A and 
Sample B. No peak derived from crystal was observed in 
Sample A, whereas peaks derived from crystal were observed 
when 20 was around 35 deg. and at 37 deg. to 38 deg. in 
Sample B. 
0223) These results reveal that the crystalline oxide semi 
conductor film was able to be obtained when heat treatment 
was performed on the sample at 650° C. 
0224. There is no particular limitation on the substrate 100 
as long as it has at least heat resistance enough to withstand 
heat treatment performed later. For example, a glass Sub 
strate, a ceramic Substrate, a quartz Substrate, or a Sapphire 
substrate may be used as the substrate 100. Alternatively, a 
single crystal semiconductor Substrate or a polycrystalline 
semiconductor Substrate made of silicon, silicon carbide, or 
the like, a compound semiconductor Substrate made of silicon 
germanium or the like, a silicon-on-insulator (SOI) substrate, 
or the like may be used as the substrate 100. It is preferable to 
use any of these substrates further provided with a semicon 
ductor element, as the substrate 100. 
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0225. Still alternatively, a flexible substrate may be used as 
the substrate 100. As a method of providing a transistor over 
a flexible substrate, there is a method in which a transistor is 
formed over a non-flexible substrate, and then the transistoris 
separated and transferred to the substrate 100 which is a 
flexible substrate. In that case, a separation layer is preferably 
provided between the non-flexible substrate and the transis 
tOr. 

0226. The base insulating film 102 can be formed to have 
a single-layer structure or a stacked-layer structure using one 
or more of silicon oxide, silicon oxynitride, silicon nitride 
oxide, silicon nitride, aluminum oxide, aluminum nitride, 
hafnium oxide, Zirconium oxide, yttrium oxide, lanthanum 
oxide, cesium oxide, tantalum oxide, and magnesium oxide. 
0227. It is preferable that the base insulating film 102 be 
sufficiently flat. Specifically, the film serving as a base is 
provided so as to have an average Surface roughness (Ra) of 1 
nm or less, preferably 0.3 nm or less, more preferably 0.1 nm 
or less. When Ra is less than or equal to the above value, a 
crystal region is easily formed in the oxide semiconductor 
film 106. Note that Ra is obtained by expanding centerline 
average roughness, which is defined by JIS B 0601, into three 
dimensions for application to a plane. Moreover, Ra can be 
expressed as the average value of the absolute values of devia 
tions from a reference Surface to a specific Surface and is 
defined by Formula 1. 

0228 Note that, in Formula 1, So represents the area of a 
measurement Surface (a quadrangular region which is defined 
by four points represented by the coordinates (x,y), (x,y). 
(x2y), and (x2y2)), and Zo represents the average height of 
the measurement Surface. Ra can be evaluated using an 
atomic force microscope (AFM). 
0229. In this specification, silicon oxynitride refers to a 
Substance in which the oxygen content is higher than the 
nitrogen content. For example, silicon oxynitride contains 
oxygen, nitrogen, silicon, and hydrogen at concentrations 
ranging from 50 at.% to 70 at.% inclusive, from 0.5at.% to 
15 at. 96 inclusive, from 25 at. '% to 35 at. 96 inclusive, and 
from Oat.% to 10 at.% inclusive, respectively. Silicon nitride 
oxide refers to a Substance in which the nitrogen content is 
higher than the oxygen content. For example, silicon nitride 
oxide contains oxygen, nitrogen, silicon, and hydrogen at 
concentrations ranging from 5at.% to 30 a.9% inclusive, from 
20 at. 96 to 55 at. 96 inclusive, from 25 at. 96 to 35 at. 96 
inclusive, and from 10 at. 96 to 25 at. '% inclusive, respec 
tively. Note that the above ranges are obtained in the case 
where measurements are performed using Rutherford back 
scattering spectrometry (RBS) and hydrogen forward Scatter 
ing (HFS). Moreover, the total of the percentages of the 
constituent elements does not exceed 100 at. 96. 
0230. It is preferable that an insulating film from which 
oxygen is released by heat treatment be used as the base 
insulating film 102. 
0231. To release oxygen by heat treatment means that the 
release amount of oxygen which is converted into oxygen 
atoms is greater than or equal to 1.0x10" atoms/cm or 
greater than or equal to 3.0x10' atoms/cm in thermal des 
orption spectroscopy (TDS) analysis. 

(EQUATION 1) 
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0232 Here, a measurement method of the amount of 
released oxygen using TDS analysis will be described. 
0233. The total amount of released gases in TDS analysis 

is proportional to the integral value of intensity of ions of the 
released gases, and the total amount of released gases can be 
calculated by comparison between the integral value of a 
measured sample and that of a standard sample. 
0234 For example, the amount of oxygen molecules 
(N) released from an insulating film can be found accord 
ing to Equation 2 with the TDS analysis results of a silicon 
wafer containing hydrogen at a predetermined density which 
is the standard sample and the TDS analysis results of the 
insulating film. Here, all gases having a mass number of 32 
which are obtained in the TDS analysis are assumed to origi 
nate from an oxygen molecule. A CH-OH gas, which is given 
as a gas having a mass number of 32, is not taken into con 
sideration on the assumption that it is unlikely to be present. 
Further, an oxygen molecule including an oxygen atom hav 
ing a mass number of 17 or 18 which is an isotope of an 
oxygen atom is also not taken into consideration because the 
proportion of such a molecule in the natural world is minimal. 

N EOUATION 2 No = xSox a EQ H2 

0235. The value N is obtained by conversion of the 
amount of hydrogen molecules desorbed from the standard 
sample into densities. The value S is the integral value of 
ion intensity in the case where the standard sample is Sub 
jected to the TDS analysis. Here, the reference value of the 
standard sample is set to N/S. The value S is the inte 
gral value of ion intensity in the case where the insulating film 
is subjected to the TDS analysis. The value C. is a coefficient 
affecting the ion intensity in the TDS analysis. Japanese Pub 
lished Patent Application No. H6-275697 can be referred to 
for details of Equation 2. Note that the amount of oxygen 
released from the above insulating film was measured with 
EMD-WA1000S/W, a thermal desorption spectroscopy appa 
ratus produced by ESCO Ltd., with the use of a silicon wafer 
containing a hydrogenatom at 1x10' atoms/cm as the stan 
dard sample. 
0236 Further, in the TDS analysis, oxygen is partly 
detected as an oxygen atom. The ratio between oxygen mol 
ecules and oxygen atoms can be calculated from the ioniza 
tion rate of the oxygen molecules. Note that, since the above 
a includes the ionization rate of the oxygen molecules, the 
amount of the released oxygen atoms can also be estimated 
through the evaluation of the amount of the released oxygen 
molecules. 
0237 Note that N is the amount of the released oxygen 
molecules. The amount of released oxygen in the case of 
being converted into oxygenatoms is twice the amount of the 
released oxygen molecules. 
0238. In the above structure, the film from which oxygen 

is released by heat treatment may be oxygen-excess silicon 
oxide (SiO, (X->2)). In the oxygen-excess silicon oxide (SiO, 
(XC-2)), the number of oxygenatoms per unit Volume is more 
than twice the number of silicon atoms per unit volume. The 
number of silicon atoms and the number of oxygenatoms per 
unit volume are measured by Rutherford backscattering spec 
trometry. 
0239. The supply of oxygen from the base insulating film 
102 to the oxide semiconductor film 106 can reduce the 
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interface state density between the oxide semiconductor film 
106 and the base insulating film 102. As a result, carrier 
trapping at the interface between the oxide semiconductor 
film 106 and the base insulating film 102 due to the operation 
of a transistor, or the like can be suppressed, and thus, a 
transistor with high reliability can be obtained. 
0240 Further, electric charge is generated due to oxygen 
vacancies in the oxide semiconductor film 106 in Some cases. 
In general, part of oxygen vacancies in the oxide semicon 
ductor film 106 serves as a donor and causes release of an 
electron which is a carrier. Consequently, the threshold volt 
age of a transistor shifts in the negative direction. When 
oxygen is sufficiently Supplied from the base insulating film 
102 to the oxide semiconductor film 106 so that the oxide 
semiconductor film 106 preferably contains excessive oxy 
gen, oxygen vacancies in the oxide semiconductor film 106 
which cause the negative shift of the threshold voltage can be 
reduced. 
0241 The excessive oxygen is mainly oxygen existing 
between lattices of the oxide semiconductor film 106. When 
the concentration of oxygen is set in the range of 1x10' 
atoms/cm to 2x10' atoms/cm, crystal distortion or the like 
is not caused and thus a crystal region is not destroyed, which 
is preferable. 
0242. The pair of electrodes 116 may be formed to have a 
single-layer structure or a stacked-layer structure using one or 
more of Al, Ti, Cr, Co, Ni, Cu, Y, Zr, Mo, Ag, Ta, and W, a 
nitride of any of these elements, an oxide of any of these 
elements, and an alloy of any of these elements. Alternatively, 
an oxide or an oxynitride which contains at least In and Zn 
may be used. For example, an In-Ga—Zn-O-N-based 
material may be used. 
0243 The gate insulating film 112 may be formed using a 
method and a material similar to those of the base insulating 
film 102. 

0244. The gate electrode 104 may be formed using a 
method and a material similar to those of the pair of electrodes 
116. 

0245 Next, the structure of the transistor in FIGS. 4A and 
4B will be described. FIG. 4A is a top view of the transistor. 
FIG. 4B is a cross-sectional view along dashed-dotted line 
A-B in FIG. 4A. 

0246 The transistor in FIG. 4B includes, over the sub 
strate 100, the base insulating film 102; a pair of electrodes 
216 provided over the base insulating film 102; an oxide 
semiconductor film 206 provided over the pair of electrodes 
216 so as to be at least partly in contact with the pair of 
electrodes 216 and the base insulating film 102; a gate insu 
lating film 212 provided to cover the pair of electrodes 216 
and the oxide semiconductor film 206; and a gate electrode 
204 provided to overlap with the oxide semiconductor film 
206 with the gate insulating film 212 interposed therebe 
tWeen. 

0247. Note that the pair of electrodes 216, the oxide semi 
conductor film 206, the gate insulating film 212, and the gate 
electrode 204 can be formed using methods and materials 
similar to those of the pair of electrodes 116, the oxide semi 
conductor film 106, the gate insulating film 112, and the gate 
electrode 104, respectively. 
0248. The structure of the transistor in FIGS.5A and 5B 
will be described. FIG. 5A is a top view of the transistor. FIG. 
5B is a cross-sectional view along dashed-dotted line A-B in 
FIG.S.A. 
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0249. The transistor in FIG. 5B includes, over the sub 
strate 100, a gate electrode 304; a gate insulating film 312 
provided to cover the gate electrode 304; an oxide semicon 
ductor film 306 provided to overlap with the gate electrode 
304 with the gate insulating film 312 interposed therebe 
tween; and a pair of electrodes 316 provided over and at least 
partly in contact with the oxide semiconductor film 306. Note 
that a protective insulating film 318 is preferably provided to 
cover the oxide semiconductor film 306 and the pair of elec 
trodes 316. 
(0250) Note that the pair of electrodes 316, the oxide semi 
conductor film 306, the gate insulating film 312, and the gate 
electrode 304 can be formed using methods and materials 
similar to those of the pair of electrodes 116, the oxide semi 
conductor film 106, the gate insulating film 112, and the gate 
electrode 104, respectively. 
0251. The protective insulating film 318 can be provided 
using a method and a material similar to those of the base 
insulating film 102. 
0252. The structure of the transistor in FIGS. 6A and 6B 
will be described. FIG. 6A is a top view of the transistor. FIG. 
6B is a cross-sectional view along dashed-dotted line A-B in 
FIG. 6A. 

0253. The transistor in FIG. 6B includes, over the sub 
strate 100, the gate electrode 304; the gate insulating film 312 
provided to cover the gate electrode 304; a pair of electrodes 
416 provided over the gate insulating film 312; and an oxide 
semiconductor film 406 provided over the pair of electrodes 
416 so as to be at least partly in contact with the pair of 
electrodes 416 and the gate insulating film 312. Note that a 
protective insulating film 418 is preferably provided to cover 
the pair of electrodes 416 and the oxide semiconductor film 
406. 

0254 Note that the pair of electrodes 416, the oxide semi 
conductor film 406, and the protective insulating film 418 can 
beformed using methods and materials similar to those of the 
pair of electrodes 116, the oxide semiconductor film 106, and 
the protective insulating film 318, respectively. 
0255. The manufacturing processes of the transistors illus 
trated in FIGS. 7A to 7C and FIGS. 8A and 8B area little more 
complicated than those of the transistors illustrated in FIGS. 
3A and 3B, FIGS. 4A and 4B, FIGS.5A and 5B, and FIGS. 
6A and 6B; however, parasitic capacitance is Smaller and 
short-channel effects are less likely to occur in the transistors 
in FIGS. 7A to 7C and FIGS. 8A and 8B. Thus, the structures 
of the transistors in FIGS. 7A to 7C and FIGS. 8A and 8B are 
suitable for a minute transistor whose electric characteristics 
need to be excellent. 

0256 The structure of the transistor in FIGS. 7A and 7B 
will be described. FIG. 7A is a top view of the transistor. FIG. 
7B is a cross-sectional view along dashed-dotted line A-B in 
FIG. 7A. 

0257. The transistor in FIG. 7B includes, over the sub 
strate 100, a base insulating film 502; a protective film 520 
provided on the periphery of the base insulating film 502; an 
oxide semiconductor film 506 provided over the base insu 
lating film 502 and the protective film 520 and including a 
high-resistance region 506a and low-resistance regions 506b; 
a gate insulating film 512 provided over the oxide semicon 
ductor film 506; a gate electrode 504 provided to overlap with 
the oxide semiconductor film 506 with the gate insulating 
film 512 interposed therebetween; sidewall insulating films 
524 provided in contact with side surfaces of the gate elec 
trode 504; and a pair of electrodes 516 provided over and at 
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least partly in contact with the oxide semiconductor film 506. 
Note that a protective insulating film 518 is preferably pro 
vided to cover the gate electrode 504, the sidewall insulating 
films 524, and the pair of electrodes 516. Further, wirings 522 
are preferably provided in contact with the pair of electrodes 
516 through openings formed in the protective insulating film 
S18. 
0258 Note that the pair of electrodes 516, the gate insu 
lating film 512, the protective insulating film 518, and the gate 
electrode 504 can be formed using methods and materials 
similar to those of the pair of electrodes 116, the gate insu 
lating film 112, the protective insulating film 318, and the gate 
electrode 104, respectively. 
(0259. The oxide semiconductor film 506 can be provided 
in Such a manner that an impurity having a function of reduc 
ing the resistance value of the oxide semiconductor film is 
added through the gate insulating film 512 with the use of the 
gate electrode 504 as a mask so that the high-resistance region 
506a and the low-resistance regions 506b are formed. As the 
impurity, phosphorus, nitrogen, boron, or the like may be 
used. After the addition of the impurity, heat treatment at 250° 
C. to 650° C. inclusive is preferably performed. Note that an 
ion implantation method is preferably employed to add the 
impurity because, in Such a case, less hydrogen enters the 
oxide semiconductor film as compared to the case where an 
ion doping method is employed to add the impurity. Note that 
the use of an ion doping method is not excluded. 
0260 The oxide semiconductor film 506 can alternatively 
be provided in such a manner that an impurity having a 
function of reducing the resistance value of the oxide semi 
conductor film is added through the gate insulating film 512 
with the use of the gate electrode 504 and the sidewall insu 
lating films 524 as masks So that the high-resistance region 
506a and the low-resistance regions 506b are formed. In that 
case, a region overlapping with the sidewall insulating films 
524 is not the low-resistance regions 506b but the high-resis 
tance region 506a (see FIG.7C). 
0261 Note that by addition of the impurity through the 
gate insulating film 512, damage caused at the time of addi 
tion of the impurity to the oxide semiconductor film 506 can 
be reduced. However, the impurity may be implanted without 
passing through the gate insulating film 512. 
0262 The base insulating film 502 can be formed in such 
a manner that an insulating film formed using a method and a 
material similar to those of the base insulating film 102 is 
processed to have groove portions. 
0263. The protective film 520 can be formed in such a 
manner that an insulating film is formed so as to fill the groove 
portions formed in the base insulating film 502 and then 
subjected to chemical mechanical polishing (CMP) treat 
ment. 

0264. The protective film 520 can be formed to have a 
single-layer structure or a stacked-layer structure using one or 
more of silicon nitride oxide, silicon nitride, aluminum oxide, 
aluminum nitride, hafnium oxide, Zirconium oxide, yttrium 
oxide, lanthanum oxide, cesium oxide, tantalum oxide, and 
magnesium oxide. 
0265. It is preferable that the protective film 520 do not 
allow permeation of oxygen even when heat treatment at 250° 
C. to 450° C. inclusive, preferably 150° C. to 800° C. inclu 
sive is performed for one hour, for example. 
0266. When the protective film.520 with such a property is 
provided on the periphery of the base insulating film 502, 
oxygen released from the base insulating film 502 by heat 
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treatment can be prevented from diffusing toward the outside 
of the transistor. Since oxygen is held in the base insulating 
film 502 in this manner, the field-effect mobility of the tran 
sistor can be prevented from decreasing, a variation in thresh 
old voltage can be reduced, and the reliability can be 
improved. 
0267. Note that a structure without the protective film 520 
may be employed. 
0268. The sidewall insulating films 524 are formed in such 
a manner that an insulating film is provided to cover the gate 
electrode 504 and then is etched. Highly anisotropic etching 
is employed for the etching. The sidewall insulating films 524 
can be formed in a self-aligned manner by performing a 
highly anisotropic etching step on the insulating film. For 
example, a dry etching method is preferably employed. As an 
etching gas used for a dry etching method, for example, a gas 
containing fluorine Such as trifluoromethane, octafluorocy 
clobutane, or tetrafluoromethane can be given. A rare gas or 
hydrogen may be added to the etching gas. As a dry etching 
method, a reactive ion etching (RIE) method in which high 
frequency Voltage is applied to a Substrate is preferably used. 
0269. The wirings 522 can be provided using a method and 
a material similar to those of the gate electrode 104. 
0270. The structure of the transistor in FIGS. 8A and 8B 
will be described. FIG. 8A is a top view of the transistor. A 
cross-sectional view along dashed-dottedline A-B in FIG. 8A 
is FIG. 8B. 
0271 The transistor illustrated in FIG. 8B includes, over 
the substrate 100, a base insulating film 602; a pair of elec 
trodes 616 provided in groove portions of the base insulating 
film 602; an oxide semiconductor film 606 including a high 
resistance region 606a and low-resistance regions 606b and 
provided over the base insulating film 602 and the pair of 
electrodes 616; a gate insulating film 612 provided over the 
oxide semiconductor film 606; and a gate electrode 604 pro 
vided to overlap with the oxide semiconductor film 606 with 
the gate insulating film 612 interposed therebetween. Note 
that a protective insulating film 618 is preferably provided to 
cover the gate insulating film 612 and the gate electrode 604. 
Further, wirings 622 are preferably provided in contact with 
the pair of electrodes 616 through openings formed in the 
protective insulating film 618, the gate insulating film 612. 
and the oxide semiconductor film 606. 
0272. Note that the gate insulating film 612, the protective 
insulating film 618, the oxide semiconductor film 606, the 
wirings 622, and the gate electrode 604 can be formed using 
methods and materials similar to those of the gate insulating 
film 112, the protective insulating film 318, the oxide semi 
conductor film 506, the wirings 522, and the gate electrode 
104, respectively. 
0273. The base insulating film 602 can be formed in such 
a manner that an insulating film formed using a method and a 
material similar to those of the base insulating film 102 is 
processed to have groove portions. 
0274 The pair of electrodes 616 can be formed in such a 
manner that a conductive film is formed so as to fill the groove 
portions formed in the base insulating film 602 and then 
subjected to CMP treatment. 
(0275. The field-effect mobility of transistors will be 
described below with reference to FIG. 18, FIGS. 19A to 19C, 
FIGS. 20A to 20O, and FIGS. 21A to 21C. 
0276. The field-effect mobility of a transistor tends to be 
measured lower than its ideal field-effect mobility for a vari 
ety of reasons; this phenomenon occurs not only in the case of 
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using an oxide semiconductor. One of the causes for a reduc 
tion in the field-effect mobility is a defect inside a semicon 
ductor or a defect at the interface between the semiconductor 
and an insulating film. Here, the field-effect mobility on the 
assumption that no defect exists inside the semiconductor is 
calculated theoretically using a Levinson model. 
0277 Assuming that the ideal field-effect mobility of the 
transistoris Lo and a potential barrier (such as a grain bound 
ary) exists in the semiconductor, the measured field-effect 
mobility L is expressed by Equation 3. 

E ) EQUATION 3 it Hoexp(- T 

0278 Here, E represents the height of the potential barrier, 
k represents the Boltzmann constant, and T represents the 
absolute temperature. Note that according to the Levinson 
model, the height of the potential barrier E is assumed to be 
attributed to a defect and is expressed by Equation 4. 

e2N2 e3N2t EQUATION 4 

0279 Here, e represents the elementary charge, N repre 
sents the average defect density per unit area in a channel, e 
represents the permittivity of the semiconductor, in represents 
the carrier density per unit area in the channel, C represents 
the gate insulating film capacitance per unit area, V repre 
sents the gate Voltage, and t represents the thickness of the 
channel. In the case where the thickness of a semiconductor 
layer is less than or equal to 30 nm, the thickness of the 
channel may be regarded as being the same as the thickness of 
the semiconductor layer. 
0280. The drain current I in a linear region can be 
expressed by Equation 5. 

EQUATION 5 

0281 Here, L represents the channel length and W repre 
sents the channel width, and L and Ware each 10um here. In 
addition, V represents the drain Voltage. 
0282. When taking logarithms of both sides of Equation 5, 
Equation 6 can be obtained. 

In Vgs 
-("ayer)- E = r("alar)- e3N2t L L 8kTsCVs 

EQUATION 6 

kT 

(0283) The right side of Equation 6 is a function of V: 
thus, the defect density N can be obtained from the slope of a 
line in a graph which is obtained by plotting actual measured 
values with ln(I/V) as the ordinate and 1/V as the 
abscissa. That is, the defect density N in a semiconductor can 
be obtained from the V-I characteristics of the transistor. 



US 2012/0298998 A1 

0284. The defect density N in the semiconductor depends 
on a Substrate temperature in deposition of the semiconduc 
tor. In the case where the semiconductor is an oxide semicon 
ductor deposited using an In-Sn—Zn-O target having a 
ratio of In:Sn:Zn=1:1:1 atomic ratio, the defect density N in 
the oxide semiconductor is approximately 1x10'/cm. 
0285. By calculation with Equations 3 and 4 on the basis of 
the above defect density N in the oxide semiconductor, the 
ideal field-effect mobility of the transistor is determined to 
be 120cm/Vs. Thus, in an ideal transistorin which no defect 
exists inside the oxide semiconductor and at the interface 
between the oxide semiconductor and the gate insulating film 
that is in contact with the oxide semiconductor, the field 
effect mobility to is found to be 120 cm/Vs. In contrast, in 
the case of using an oxide semiconductor with many defects, 
the field-effect mobility L of a transistor is approximately 30 
cm/Vs. 
0286 Note that even when no defect exists inside a semi 
conductor, Scattering at the interface between a channel and a 
gate insulating film affects the transport property of the tran 
sistor. The field-effect mobility L at a position that is a dis 
tance X away from the interface of the gate insulating film can 
be expressed by Equation 7. 

EQUATION 7 
- - - - eX 
At 1 to B p 

0287. Here, D represents the intensity of an electric field 
generated by the gate electrode, B represents a constant, and 
1 represents the depth at which the adverse effect of scattering 
at the interface is caused. Band 1 can be obtained from actual 
measurement results of the electric characteristics of a tran 
sistor, according to the above measurement results of the 
electric characteristics of the transistor formed using an oxide 
semiconductor, B is 4.75x107 cm/s and 1 is 10 nm. When Dis 
increased, i.e., when V is increased, the second term of 
Equation 7 is increased and accordingly the field-effect 
mobility L is decreased. 
0288 Calculation results of the field-effect mobility L of 
an ideal transistor in which no defect exists in an oxide semi 
conductor and at the interface between the oxide semicon 
ductor and a gate insulating film in contact with the oxide 
semiconductor are shown in FIG. 18. For the calculation, 
Sentaurus Device manufactured by Synopsys, Inc. was used, 
and the band gap, the electron affinity, the relative permittiv 
ity, and the thickness of the oxide semiconductor were 
assumed to be 2.8 eV. 4.7 eV, 15, and 15 nm, respectively. 
Further, the work functions of a gate, a source, and a drain 
were assumed to be 5.5 eV, 4.6 eV. and 4.6 eV, respectively. 
The thickness of a gate insulating film was assumed to be 100 
nm, and the relative permittivity thereof was assumed to be 
4.1. The channel length and the channel width were each 
assumed to be 10 Lim, and V was assumed to be 0.1 V. 
0289 FIG. 18 reveals that the field-effect mobilityu has a 
peak of more than 100 cm/Vs at V of around 1 V and is 
decreased as V becomes higher because the influence of 
interface scattering is increased. 
0290 Calculation results in the case where such an ideal 
transistor is miniaturized are shown in FIGS. 19A to 19C, 
FIGS. 20A to 200, and FIGS. 21A to 21C. Assume that 
transistors having the structures illustrated in FIGS. 7A to 7C 
were used for the calculations. 
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0291 Here, the resistivity of the low-resistance region 
506b was assumed to be 2x10 G2cm, and the width of the 
gate electrode 504, that of the sidewall insulating film 524, 
and the channel width were assumed to be 33 nm, 5 nm, and 
40 nm, respectively. Note that although the channel region is 
referred to as high-resistance region 506.a for convenience, 
the channel region was assumed to be an intrinsic semicon 
ductor here. 
0292 For the calculation, Sentaurus Device manufactured 
by Synopsys, Inc. was used. FIGS. 19A to 19C show V. 
dependence of I (solid line) and the field-effect mobility u 
(dotted line) of the transistor having the structure illustrated in 
FIG. 7B. It was obtained by calculation under the assump 
tion that V was 1 V, and the field-effect mobility u was 
obtained by calculation under the assumption that V is 0.1 V. 
FIG. 19A shows the results where the thickness of the gate 
insulating film was 15 nm, FIG. 19B shows the results where 
the thickness of the gate insulating film was 10 nm, and FIG. 
19C shows the results where the thickness of the gate insu 
lating film was 5 nm. 
0293 FIGS. 19A to 19C show that as the gate insulating 
film is thinner, the drain current I in an off state (here, in the 
range of V from -3 V to OV) decreases. On the other hand, 
there is no noticeable change in the peak value of the field 
effect mobility Land the drain current I in an on State (here, 
in the range of V from 0 V to 3 V). FIGS. 19A to 19C show 
that I exceeds 10 LA, which is requisite for a memory and 
the like that are semiconductor devices, at V of around 1 V. 
0294 Similarly, the calculation was also conducted on the 
transistor illustrated in FIG. 7C. The transistor in FIG. 7C is 
different from the transistor illustrated in FIG. 7B in that an 
oxide semiconductor film 507 including a high-resistance 
region 507a and low-resistance regions 507b is provided. 
Specifically, in the transistorillustrated in FIG.7C, a region of 
the oxide semiconductor film 507 which overlaps with the 
sidewall insulating film 524 is included in the high-resistance 
region 507a. In other words, the transistor has an offset region 
whose width is the same as the width of the sidewall insulat 
ing film 524. Note that the width of the offset region is also 
referred to as an offset length (L) (see FIG. 7A). Note that 
L on the right side is the same as L. on the left side for the 
sake of convenience. 

(0295 FIGS. 20A to 20C show V dependence of the drain 
current I (solid line) and the field-effect mobility u (dotted 
line) of the transistor illustrated in FIG.7C in which L is 5 
nm Note that I was calculated under the assumption that V. 
was 1 V, and the field-effect mobility L was calculated under 
the assumption that V was 0.1 V. FIG.20A shows the results 
where the thickness of the gate insulating film was 15 nm, 
FIG. 20B shows the results where the thickness of the gate 
insulating film was 10 nm, and FIG. 20O shows the results 
where the thickness of the gate insulating film was 5 nm. 
(0296 FIGS. 21A to 21C show V dependence of the drain 
current I (solid line) and the field-effect mobility u (dotted 
line) of the transistor illustrated in FIG.7C in which Lis 15 
nm Note that I was calculated under the assumption that V. 
was 1 V, and the field-effect mobility L was calculated under 
the assumption that V was 0.1 V. FIG.21A shows the results 
where the thickness of the gate insulating film was 15 nm, 
FIG. 21B shows the results where the thickness of the gate 
insulating film was 10 nm, and FIG. 21C shows the results 
where the thickness of the gate insulating film was 5 nm. 
0297. The calculation results in FIGS. 20A to 20O and 
FIGS. 21A to 21C show that as the gate insulating film is 
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thinner, the drain current I in an off state (here, in the range 
of V from -3 V to OV) decreases, similarly to those in FIGS. 
19A to 19C. On the other hand, there is no noticeable change 
in the peak value of the field-effect mobility u and the drain 
current I in an on state (here, in the range of V from 0 V to 
3 V). 
0298. The peak of the field-effect mobility L is approxi 
mately 80 cm/Vs in FIGS. 19A to 19C, approximately 60 
cm/Vs in FIGS. 20A to 20O, and approximately 40 cm/Vs 
in FIGS. 21A to 21C. These results show that the peak of the 
mobility u is decreased as the offset length L is increased 
and the same applies to I in an off state. I in an on state is 
also decreased as the offset length L is increased; however, 
the decrease in I in an on state is much more gradual than the 
decrease in I in an off state. Further, all the calculation 
results reveal that I exceeds 10 LA, which is requisite for a 
memory and the like, at V of around 1 V. 
0299 Next, the electric characteristics of a transistor 
formed using an oxide semiconductor will be described. 
0300 FIGS. 22A and 22B are a top view illustrating a 
structure of each of formed transistors (Sample 1 and Sample 
2) and a cross-sectional view along dashed-dotted line A-B in 
FIG.22A 

0301 The transistor in FIG.22B includes, over a substrate 
700, a base insulating film 702; an oxide semiconductor film 
706 provided over the base insulating film 702; a pair of 
electrodes 716 provided in contact with the oxide semicon 
ductor film 706; a gate insulating film 712 provided over the 
oxide semiconductor film 706 and the pair of electrodes 716; 
and a gate electrode 704 provided to overlap with the oxide 
semiconductor film 706 with the gate insulating film 712 
interposed therebetween. Further, an interlayer insulating 
film 718 covering the gate insulating film 712 and the gate 
electrode 704, wirings 722 connected to the pair of electrodes 
716 through openings formed in the interlayer insulating film 
718, and a protective insulating film 728 covering the inter 
layer insulating film 718 and the wirings 722 are provided. 
0302 As the substrate 700, a glass substrate was used. As 
the base insulating film 702, a silicon oxide film was used. As 
the oxide semiconductor film 706, an In Sn—Zn O film 
was used. As the pair of electrodes 716, a tungsten film was 
used. As the gate insulating film 712, a silicon oxide film was 
used. The gate electrode 704 had a stacked-layer structure of 
a tantalum nitride film and a tungsten film. The interlayer 
insulating film 718 had a stacked-layer structure of a silicon 
oxynitride film and a polyimide film. The wiring 722 had a 
stacked-layer structure in which a titanium film, an aluminum 
film, and a titanium film were formed in this order. As the 
protective insulating film 728, a polyimide film was used. 
0303) Note that in the transistor having the structure illus 
trated in FIG. 22A, the width of a portion where the gate 
electrode 704 overlaps with one of the pair of electrodes 716 
is referred to as Lov. Similarly, the width of a portion of the 
pair of electrodes 716, which does not overlap with the oxide 
semiconductor film 706, is referred to as dW. 
0304 Methods for forming the transistors (Sample 1 and 
Sample 2) each having the structure shown in FIG.22B will 
be described below. 

0305 First, plasma treatment was performed on a surface 
of the substrate 700 in an argon gas atmosphere. The plasma 
treatment was carried out with a sputtering apparatus by 
applying 200 W of bias power (RF) to the substrate 700 side 
for 3 minutes. 
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0306 Subsequently, without breaking the vacuum, the 
silicon oxide film as the base insulating film 702 was formed 
to a thickness of 300 nm. 

0307 The silicon oxide film was formed with a sputtering 
apparatus with 1500 W of power (RF) in an oxygen gas 
atmosphere. A quartz target was used as a target. The Sub 
strate heating temperature in the deposition was set at 100° C. 
0308 A surface of the base insulating film 702 was sub 
jected to CMP treatment to be planarized such that R, was 
about 0.2 nm. 

0309 Then, the In—Sn Zn O film as the oxide semi 
conductor film was formed to have a thickness of 15 nm. 

0310. The In—Sn Zn O film was formed with a sput 
tering apparatus with 100W of power (DC) in a mixed atmo 
sphere having a Volume ratio of argon:oxygen 2:3. An 
In Sn—Zn-O target having an atomic ratio of In:Sn:Zn=1: 
1:1 was used as a target. The Substrate heating temperature in 
the deposition was set at 200° C. 
0311. Then, heat treatment at 650°C. was performed only 
on Sample 2. As the heat treatment, heat treatment in a nitro 
gen gas atmosphere was first performed for 1 hour and then 
heat treatment in an oxygen gas atmosphere was performed 
for 1 hour while keeping the temperature. 
0312 The oxide semiconductor film was processed 
through a photolithography process, so that the oxide semi 
conductor film 706 was formed. 

0313 Next, the tungsten film was formed to a thickness of 
50 nm. 

0314. The tungsten film was formed with a sputtering 
apparatus with 1000W of power (DC) in an argon gas atmo 
sphere. The Substrate heating temperature in the deposition 
was Set at 200° C. 
0315. The tungsten film was processed through a photoli 
thography process, so that the pair of electrodes 716 was 
formed. 

0316 Then, the silicon oxide film as the gate insulating 
film 712 was formed to a thickness of 100 nm. The relative 
permittivity of the silicon oxide film was set to 3.8. 
0317. The silicon oxide film as the gate insulating film 712 
was formed in a manner similar to that of the base insulating 
film 702. 

0318 Next, the tantalum nitride film and the tungsten film 
were formed in this order to have thicknesses of 15 nm and 
135 nm, respectively. 
0319. The tantalum nitride film was formed with a sput 
tering apparatus with 1000 W of power (DC) in a mixed 
atmosphere having a Volume ratio of argon:oxygen 5:1. Sub 
strate heating was not performed in the deposition. 
0320. The tungsten film was formed with a sputtering 
apparatus with 4000 W of power (DC) in an argon gas atmo 
sphere. The Substrate heating temperature in the deposition 
was Set at 200° C. 

0321. The tantalum nitride film and the tungsten film were 
processed through a photolithography process, so that the 
gate electrode 704 was formed. 
0322 Next, the silicon oxynitride film as part of the inter 
layer insulating film 718 was formed to a thickness of 300 nm. 
0323. The silicon oxynitride film as part of the interlayer 
insulating film 718 was formed with a PCVD apparatus with 
35W of power (RF) in a mixed atmosphere having a volume 
ratio of monosilane: nitrous oxide=1:200. The substrate heat 
ing temperature in the deposition was set at 325°C. 
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0324. The silicon oxynitride film as part of the interlayer 
insulating film 718 was processed through a photolithogra 
phy process. 
0325 Then, photosensitive polyimide as part of the inter 
layer insulating film 718 was deposited to a thickness of 1500 

0326. The photosensitive polyimide as part of the inter 
layer insulating film 718 was exposed to light with the use of 
a photomask used in the photolithography process performed 
on the silicon oxynitride film as part of the interlayer insulat 
ing film 718, and developed, and then subjected to heat treat 
ment so that the photosensitive polyimide film was hardened. 
In this manner, the interlayer insulating film 718 was formed 
of the silicon oxynitride film and the photosensitive polyim 
ide film. The heat treatment was performed at 300° C. in a 
nitrogen atmosphere. 
0327 Next, the titanium film, the aluminum film, and the 
titanium film were formed in this order to thicknesses of 50 
nm, 100 nm, and 5 nm, respectively. 
0328. The two titanium films were formed with a sputter 
ing apparatus with 1000 W of power (DC) in an argon gas 
atmosphere. Substrate heating was not performed in the depo 
sition. 
0329. The aluminum film was formed with a sputtering 
apparatus with 1000 W of power (DC) in an argon atmo 
sphere. Substrate heating was not performed in the deposi 
tion. 

0330. The titanium film, the aluminum film, and the tita 
nium film were processed through a photolithography pro 
cess, so that the wirings 722 were formed. 
0331 Next, the photosensitive polyimide film as the pro 
tective insulating film 728 was formed to a thickness of 1500 

0332 The photosensitive polyimide film was exposed to 
light with the use of a photomask used in the photolithogra 
phy process performed on the wirings 722, and developed, so 
that openings exposing the wirings 722 were formed in the 
protective insulating film 728. 
0333. Then, heat treatment was performed so that the pho 
tosensitive polyimide film was hardened. The heat treatment 
was performed in a manner similar to that of the heat treat 
ment performed on the photosensitive polyimide film as the 
interlayer insulating film 718. 
0334 Through the above process, the transistor having the 
structure illustrated in FIG. 22B was formed. 

0335) Next, the electrical characteristics of the transistor 
having the structure in FIG.22B were evaluated. 
0336. Here, V-I characteristics of the transistor having 
the structure in FIG. 22B were measured; the results of 
Sample 1 are shown in FIG.23A, and the results of Sample 2 
are shown in FIG. 23B. The transistors used for the measure 
ment each have a channel length L of 3 um, a channel width 
W of 10 um, Lov of 3 um per side (6 um in total), and dW of 
3 um per side (6 um in total). V was set to 10 V. 
0337 Comparing Samples 1 and 2, it is found that the 
field-effect mobility of the transistor was increased by per 
forming heat treatment after formation of the oxide semicon 
ductor film. The inventors deemed that the increase in field 
effect mobility of the transistor might result from reduction in 
impurity concentration in the oxide semiconductor film by 
the heat treatment. Accordingly, it is understood that the 
impurity concentration in the oxide semiconductor film was 
reduced by the heat treatment performed after the oxide semi 

Nov. 29, 2012 

conductor film was formed, resulting in the field-effect 
mobility of the transistor close to ideal field-effect mobility. 
0338. Thus, the results suggest that the impurity concen 
tration in an oxide semiconductor film might be reduced by 
performing heat treatment after formation of the oxide semi 
conductor film, resulting in an increase in field-effect mobil 
ity of a transistor. 
0339 Next, BT tests were performed on Sample 1 and 
Sample 2. The BT tests will be described below. 
(0340 First, V-I characteristics of the transistors were 
measured at a substrate temperature of 25°C. and V of 10V. 
Note that V refers to a drain voltage (a potential difference 
between a drain and a source). Then, the Substrate tempera 
ture was set to 150° C. and V was set to 0.1 V. After that, 20 
V of V was applied so that the intensity of an electric field 
applied to the gate insulating films was 2 MV/cm, and the 
condition was kept for one hour. Next, V was set to 0 V. 
Then, V-I characteristics of the transistors were measured 
at a substrate temperature of 25° C. and V of 10 V. This 
process is called a positive BT test. 
(0341. In a similar manner, first, V-I characteristics of 
the transistors were measured at a Substrate temperature of 
25° C. and V of 10 V. Then, the substrate temperature was 
set to 150° C. and V was set to 0.1 V. After that, -20 V of V. 
was applied so that the intensity of an electric field applied to 
the gate insulating films was -2 MV/cm, and the condition 
was kept for one hour. Next, V was set to 0V. Then, V-I. 
characteristics of the transistors were measured at a substrate 
temperature of 25°C. and V of 10V. This process is called 
a negative BT test. 
(0342 FIGS. 24A and 24B show a result of the positive BT 
test of Sample 1 and a result of the negative BT test of Sample 
1, respectively. FIGS. 25A and 25B show a result of the 
positive BT test of Sample 2 and a result of the negative BT 
test of Sample 2, respectively. Note that arrows are used in the 
graphs to clearly show changes in V-I characteristics 
between before and after the BT tests. 

0343. The amount of shift in the threshold voltage of 
Sample 1 due to the positive BT test and that due to the 
negative BT test were 1.80 V and -0.42 V. respectively. The 
amount of shift in the threshold voltage of Sample 2 due to the 
positive BT test and that due to the negative BT test were 0.79 
V and 0.76 V, respectively. 
0344. It is found that, in each of Sample 1 and Sample 2, 
the amount of shift in the threshold voltage between before 
and after the BT tests is small and the samples are highly 
reliable transistors. 

0345 Next, the relation between the substrate temperature 
and electric characteristics of the transistor of Sample 2 was 
evaluated. 

0346. The transistor used for the measurement has a chan 
nellength L of 3 um, a channel width W of 10um, Lov of 3 um 
on one side (total Lov of 6 um), and dW of Oum. Note that V. 
was set to 10V. The substrate temperature was -40°C., -25° 
C., 259 C., 75° C. 1250 C., and 150° C. 
0347 FIG. 26A shows the relation between the substrate 
temperature and the threshold voltage, and FIG. 26B shows 
the relation between the substrate temperature and the field 
effect mobility. 
0348. From FIG. 26A, it is found that the threshold voltage 
gets lower as the Substrate temperature increases. Note that 
the threshold voltage is decreased from 0.38 V to -1.08 V in 
the range from -40°C. to 150° C. 
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0349 From FIG. 26B, it is found that the field-effect 
mobility gets lower as the Substrate temperature increases. 
Note that the mobility is decreased from 37.4 cm/Vs to 33.4 
cm/Vs in the range from -40°C. to 150° C. 
0350 Thus, it is found that variation in electric character 
istics of Sample 2 is Small in the above temperature range. 
0351. It is also found that the transistor described above 
has a high field-effect mobility and thus is highly reliable. 
0352 Similarly, the off-state current per micrometer in 
channel width of a transistor applicable to the semiconductor 
device according to one embodiment of the present invention 
was evaluated. 
0353 A sample was formed by a method similar to that of 
Sample 2. Note that the transistor used for the measurement 
has L of 3 um, W of 10 cm, Lov of 2 um, and dW of Oum. 
0354 FIG. 27 shows the relation between the off-state 
current of a transistor and the inverse of substrate temperature 
(absolute temperature) at measurement of the off-state cur 
rent. In FIG. 27, the horizontal axis represents a value (1000/ 
T) obtained by multiplying an inverse of Substrate tempera 
ture at measurement by 1000, for the sake of simplicity. 
0355. A method for measuring the off-state current of the 
transistor will be briefly described below. Here, the transistor 
used for the measurement is called a first transistor for the 
sake of convenience. 
0356. A drain of the first transistor is connected to a float 
ing gate FG, and the floating gate FG is connected to a gate of 
a second transistor. 
0357 First, the first transistor is turned off and then, elec 

tric charge is applied to the floating gate FG. Note that a 
constant drain Voltage is applied to the second transistor. 
0358. At this time, the electric charge of the floating gate 
FG gradually leaks through the first transistor. When the 
electric charge of the floating gate FG is leaked, the potential 
of a source of the second transistoris changed. The amount of 
electric charge leaking from the first transistor is estimated 
from the amount of change in potential of the source with 
respect to time; thus, the off-state current can be measured. 
0359 FIG. 27 shows that the off-state current per 
micrometer in channel width of the formed transistor was 
2x10/m (2ZA/um) when the substrate temperature at mea 
surement was 85°C. 
0360 Thus, the result shows that the off-state current of 
the formed transistor was significantly Small. 
0361. As described above, a highly reliable transistor can 
be formed with the use of an oxide semiconductor film con 
taining few impurities. 
0362. Further, a transistor having excellent electric char 
acteristics can be obtained. 
0363 This embodiment can be implemented in appropri 
ate combination with any of the structures described in the 
other embodiments. 

Embodiment 2 

0364. In this embodiment, a liquid crystal display device 
manufactured using the transistor described in Embodiment 1 
will be described. Note that although an example in which the 
transistor according to one embodiment of the present inven 
tion is applied to the liquid crystal display device is described 
in this embodiment, one embodiment of the present invention 
is not limited thereto. For example, application of the transis 
tor according to one embodiment of the present invention to 
an electroluminescence (EL) display device is readily con 
ceived by those skilled in the art. 
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0365 FIG. 9 is a circuit diagram of an active matrix liquid 
crystal display device. The liquid crystal display device 
includes source lines SL 1 to SL a, gate lines GL 1 to GL b, 
and a plurality of pixels 2200. The pixels 2200 each include a 
transistor 2230, a capacitor 2220, and a liquid crystal element 
2210. A pixel portion in the liquid crystal display device 
includes the pixels 2200 arranged in matrix. Note that a 
“source line SL and a “gate line GL simply refer to a source 
line and a gate line, respectively. 
0366 As the transistor 2230, the transistor described in 
Embodiment 1 can be used. With the use of the transistor 
according to one embodiment of the present invention, a 
liquid crystal display device with high display quality and 
high reliability can be obtained. 
0367 The gate line GL is connected to a gate of the tran 
sistor 2230, the source line SL is connected to a source of the 
transistor 2230, and a drain of the transistor 2230 is connected 
to one of capacitor electrodes of the capacitor 2220 and one of 
pixel electrodes of the liquid crystal element 2210. The other 
capacitor electrode of the capacitor 2220 and the other pixel 
electrode of the liquid crystal element 2210 are connected to 
a common electrode. Note that the common electrode may be 
formed in the same layer as the gate line GL using the same 
material as the gate line GL. 
0368. Further, the gate line GL is connected to a gate driver 
circuit. The gate driver circuit may include the transistor 
described in Embodiment 1. 
0369. The source line SL is connected to a source driver 
circuit. The source driver circuit may include the transistor 
described in Embodiment 1. 
0370. Note that either or both of the gate driver circuit and 
the source driver circuit may be formed over a separately 
prepared Substrate and connected using a method Such as chip 
on glass (COG), wire bonding, or tape automated bonding 
(TAB). 
0371 Since a transistor is easily broken by static electric 
ity or the like, a protection circuit is preferably provided. The 
protection circuit is preferably formed using a nonlinear ele 
ment. 

0372. When a potential is supplied to the gate line GL to be 
higher than or equal to the threshold voltage of the transistor 
2230, electric charge supplied from the source line SL flows 
as the drain current of the transistor 2230 and is stored in the 
capacitor 2220. After charging for one row, the transistors 
2230 in the row are turned off and voltage application from 
the source line SL stops; however, a necessary Voltage can be 
kept by the electric charge accumulated in the capacitors 
2220. Then, the capacitors 2220 in the next row are charged. 
In this manner, the capacitors in the first row to the b-throw 
are charged. 
0373. Since the off-state current of the transistor 2230 is 
low, the electric charge stored in the capacitor 2220 is not 
easily lost and capacitance of the capacitor 2220 can be 
reduced, so that power consumption needed for charging can 
be reduced. 
0374 Thus, with the use of the transistor according to one 
embodiment of the present invention, a liquid crystal display 
device with low power consumption, high display quality, and 
high reliability can be obtained. 
0375. This embodiment can be implemented in appropri 
ate combination with any of the other embodiments. 

Embodiment 3 

0376. In this embodiment, an example of manufacturing a 
memory which is a semiconductor device with the use of the 
transistor described in Embodiment 1 will be described. 
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0377 Typical examples of volatile memories include a 
dynamic random access memory (DRAM) which stores data 
by selecting a transistor included in a memory element and 
accumulating electric charge in a capacitor and a static ran 
dom access memory (SRAM) which holds stored data using 
a circuit such as a flip-flop. 
0378. The transistor described in Embodiment 1 can be 
applied to part of transistors included in a memory. 
0379 An example of a memory cell included in a semi 
conductor device to which the transistor described in 
Embodiment 1 is applied will be described with reference to 
FIGS 10A to 10C 

0380 FIG. 10A is a cross-sectional view of the memory 
cell. A transistor 3340 includes, over a substrate 3100, a base 
insulating film 3102; a protective film 3120 provided on the 
periphery of the base insulating film 3102; an oxide semicon 
ductor film 3106, which is provided over the base insulating 
film 3102 and the protective film 3120 and includes a high 
resistance region 3106a and low-resistance regions 3106b; a 
gate insulating film 3112 provided over the oxide semicon 
ductor film 3106; a gate electrode 3104 provided so that the 
oxide semiconductor film 3106 overlaps with the gate elec 
trode 3104 with the gate insulating film 3112 positioned 
therebetween; sidewall insulating films 3124 provided in con 
tact with a side surface of the gate electrode 3104; and a pair 
of electrodes 3116 provided in contact with at least the oxide 
semiconductor film 3106. 
0381. Here, the substrate 3100, the base insulating film 
3102, the protective film 3120, the oxide semiconductor film 
3106, the gate insulating film 3112, the gate electrode 3104. 
the sidewall insulating films 3124, and the pair of electrodes 
3116 may be provided using methods and materials which are 
similar to those of the substrate 100, the base insulating film 
502, the protective film 520, the oxide semiconductor film 
506, the gate insulating film 512, the gate electrode 504, the 
sidewall insulating films 524, and the pair of electrodes 516, 
respectively. 
0382 Further, the transistor 3340 includes an interlayer 
insulating film 3328 provided so as to cover the transistor 
3340, and an electrode 3326 provided over the interlayer 
insulating film 3328. A capacitor 3330 includes one of the 
pair of electrodes 3116, the interlayer insulating film 3328, 
and the electrode 3326. Although a parallel plate-type capaci 
tor is illustrated in the drawing, a stack-type capacitor or a 
trench-type capacitor may alternatively be used to increase 
capacity. The interlayer insulating film 3328 may be provided 
using methods and materials which are similar to those of the 
protective insulating film 518. The electrode 3326 may be 
provided using methods and materials which are similar to 
those of the pair of electrodes 516. 
0383. Furthermore, the transistor 3340 includes an inter 
layer insulating film 3118 provided so as to cover the inter 
layer insulating film 3328 and the electrode 3326, and a 
wiring 3122 connected to the other of the pair of electrodes 
3116 through an opening formed in the interlayer insulating 
film 3118 and the interlayer insulating film 3328. Although 
not illustrated, a protective film may be provided to cover the 
interlayer insulating film 3118 and the wiring 3122. With the 
protective film, a minute amount of leakage current generated 
due to Surface conduction of the interlayer insulating film 
3118 can be reduced and thus the off-state current of the 
transistor can be reduced. The wiring 3122 may be provided 
using methods and materials which are similar to those of the 
wiring 522. 
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0384 FIG. 10B is a circuit diagram of the memory cell in 
FIG. 10A. The memory cell includes a transistor Tr and a 
capacitor C connected to one of a source and a drain of the 
transistor Tr. Note that an electrode of the capacitor C which 
is not connected to the one of the source and the drain of the 
transistor Tr is grounded. A gate of the transistor Tris con 
nected to a word line WL, and the one of the source and the 
drain of the transistor Tris connected to a bit line BL. The bit 
line BL is connected to a sense amplifier SAmp Note that the 
transistor Tr and the capacitor C correspond to the transistor 
3340 and the capacitor 3330, respectively. 
0385. It is known that the potential held in the capacitor C 

is gradually decreased over time as shown in FIG. 10C owing 
to the off-state current of the transistor Tr. The potential is 
changed from V0 to V1 by charging is reduced over time to 
VA that is a limit for reading out data 1. This period is called 
a holding period T 1. Thus, in the case of a two-levelDRAM, 
a refresh operation needs to be performed within the holding 
period T 1. 
0386 Here, when the transistor 3340 is used as the tran 
sistor Tr, the off-state current of the transistor Tr can be 
significantly small, so that the holding period T 1 can be 
made to be longer. In other words, an interval between refresh 
operations can be extended; thus, power consumption of the 
memory cell can be reduced. Further, since the transistor Tris 
highly reliable, the memory cell can have high reliability. 
0387 For example, in the case where a memory cell is 
formed using a transistor whose off-state current is 1x10'A 
or less, preferably 1x10' A or less, more preferably 1x10' 
A or less, an interval between refresh operations can be sev 
eral tens of seconds to several tens of years. 
0388. As described above, the use of the transistor accord 
ing to one embodiment of the present invention allows for 
mation of a semiconductor device with high reliability and 
low power consumption. 
0389 Next, an example of a memory cell included in a 
semiconductor device to which the transistor described in 
Embodiment 1 is applied, which is different from the example 
in FIGS. 10A to 10C will be described with reference to 
FIGS 11A to 11C. 

0390 FIG. 11A is a cross-sectional view of the memory 
cell. A transistor 3350 includes, over a substrate 3100, a base 
insulating film 3382; a semiconductor film 3384 provided 
over the base insulating film 3382 and including a first resis 
tance region 3384a, second resistance regions 3384b, and 
third resistance regions 3384c: a gate insulating film 3386 
provided over the semiconductor film 3384; a gate electrode 
3392 provided to overlap with the first resistance region 
3384a with the gate insulating film 3386 positioned therebe 
tween; and sidewall insulating films 3394 provided in contact 
with side surfaces of the gate electrode 3392. The descending 
order of resistance in the semiconductor film 3384 is as fol 
lows: the first resistance region 3384a, the second resistance 
regions 3384b, and the third resistance regions 3384c. In the 
first resistance region 3384a, a channel is formed when a 
Voltage higher than or equal to the threshold Voltage of the 
transistor 3350 is applied to the gate electrode 3392. Although 
not illustrated, a pair of electrodes in contact with the third 
resistance regions 3384c may be provided. 
0391. As the transistor 3350, either a transistor formed 
using a semiconductor film which is other than an oxide 
semiconductor film and which contains a Group 14 element, 
Such as a polycrystalline silicon film, a single crystal silicon 
film, a polycrystalline germanium film, or a single crystal 
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germanium film, or the transistor formed using the oxide 
semiconductor film described in Embodiment 1 may be used. 
0392 Further, an interlayer insulating film 3396 is pro 
vided in contact with the transistor 3350. Note that a surface 
of the interlayer insulating film 3396 is a surface over which 
the transistor 3340 is formed; thus, the surface of the inter 
layer insulating film 3396 is planarized as much as possible. 
Specifically, Ra of the surface of the interlayer insulating film 
3396 is preferably 1 nm or less, preferably 0.3 nm or less, 
more preferably 0.1 nm or less. 
0393. The interlayer insulating film 3396 may have a 
single-layer structure or a stacked-layer structure, in which a 
layer that is in contact with the oxide semiconductor film 
3106 is preferably an insulating film from which oxygen is 
released by heat treatment. 
0394. The transistor 3340 is provided over the interlayer 
insulating film 3396. One of the pair of electrodes 3116 of the 
transistor 3340 is electrically connected to the gate electrode 
3392 of the transistor 3350. The capacitor 3330 includes one 
of the pair of electrodes 3116 and the interlayer insulating 
film 3328 which are included in the transistor 3340, and the 
electrode 3326. Although a parallel plate-type capacitor is 
illustrated in the drawing, a stack-type capacitor or a trench 
type capacitor may alternatively be used to increase capacity. 
0395 FIG. 11B is a circuit diagram of the memory cell in 
FIG. 11A. The memory cell includes a transistor Tr 1, a 
transistor Tr 2, a capacitor C, and a floating gate FG con 
nected to the capacitor C, a drain of the transistor Tr 1, and a 
gate of the transistor Tr 2. A gate of the transistor Tr 1 is 
connected to a gate line GL 1. A source of the transistor Tr 1 
is connected to a source line SL 1. A source of the transistor 
Tr 2 is connected to a source line SL 2. A drain of the 
transistor Tr 2 is connected to a drain line DL 2. An elec 
trode of the capacitor C which is not connected to the floating 
gate FG is connected to a capacitor line CL. Note that the 
transistor Tr 1, the transistor Tr 2, and the capacitor C cor 
respond to the transistor 3340, the transistor 3350, and the 
capacitor 3330, respectively. 
0396 The memory cell described in this embodiment uti 
lizes variation in threshold value of the transistor Tr 2 in 
accordance with the potential of the floating gate FG For 
example, FIG. 11C shows the relation between potential V. 
of the capacitor wiring CL and drain current Ids 2 flowing 
through the transistor Tr 2. 
0397 Here, the potential of the floating gate FG can be 
adjusted through the transistorTr 1. For example, the poten 
tial of the source line SL 1 is set to VDD. In this case, when 
the potential of the gate line GL 1 is set to higher than or 
equal to a potential obtained by adding VDD to the threshold 
voltage Vth of the transistorTr 1, the potential of the floating 
gate FG can be HIGH. Further, when the potential of the gate 
line GL 1 is set to lower than or equal to the threshold voltage 
Vth of the transistor Tr 1, the potential of the floating gate FG 
can be LOW. 

0398. Thus, eitheraV-I. 2 curve (FG=LOW) or a V 
I, 2 curve (FG=HIGH) can be obtained. That is, when the 
potential of FG is LOW, the I. 2 is small at a V of OV: 
accordingly, data 0 is stored. Further, when the potential of 
FG is HIGH, the I. 2 is large at a V of OV; accordingly, 
data 1 is stored. In this manner, data can be stored. 
0399. Since the off-state current of the transistorTr 1 can 
be made to be extremely small when the transistor 3340 is 
used as the transistorTr 1 here, unintentional leak of electric 
charge accumulated in the floating gate FG in FIG. 11B 
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through the transistorTr 1 can be suppressed. Therefore, data 
can be held for along period. Further, the field-effect mobility 
of the transistor Tr 1 is high; thus, the memory cell can be 
operated at high speed. 
0400. As described above, the use of the transistor accord 
ing to one embodiment of the present invention allows for 
mation of a semiconductor device having high reliability and 
low power consumption and being capable of high-speed 
operation. 
04.01 This embodiment can be combined with any of 
other embodiments. 

Embodiment 4 

0402. A central processing unit (CPU) can be formed with 
the use of the transistor described in Embodiment 1 and the 
semiconductor device described in Embodiment 3 for at least 
part of the CPU. 
0403 FIG. 12A is a block diagram illustrating a specific 
configuration of a CPU. The CPU in FIG. 12A includes, over 
a substrate 1190, an arithmetic logic unit (ALU) 1191, an 
ALU controller 1192, an instruction decoder 1193, an inter 
rupt controller 1194, a timing controller 1195, a register 1196, 
a register controller 1197, a bus interface (Bus I/F) 1198, a 
rewritable ROM 1199, and a ROM interface (ROM I/F) 1189. 
A semiconductor Substrate, an SOI substrate, a glass Sub 
strate, or the like is used as the substrate 1190. The ROM 1199 
and the ROM interface 1189 may be provided over a separate 
chip. It is needless to say that the CPU illustrated in FIG. 12A 
is only an example in which the configuration is simplified, 
and actual CPUs have various configurations depending on 
applications. 
0404 An instruction that is input to the CPU through the 
bus interface 1198 is input to the instruction decoder 1193 and 
decoded therein, and then, input to the ALU controller 1192, 
the interrupt controller 1194, the register controller 1197, and 
the timing controller 1195. 
04.05 The ALU controller 1192, the interrupt controller 
1194, the register controller 1197, and the timing controller 
1195 conduct various controls in accordance with the 
decoded instruction. Specifically, the ALU controller 1192 
generates signals for controlling the operation of the ALU 
1191. While the CPU is executing a program, the interrupt 
controller 1194 processes an interrupt request from an exter 
nal input/output device or a peripheral circuit depending on 
its priority or a mask state. The register controller 1197 gen 
erates an address of the register 1196, and reads/writes data 
from/to the register 1196 depending on the state of the CPU. 
0406. The timing controller 1195 generates signals for 
controlling operation timings of the ALU 1191, the ALU 
controller 1192, the instruction decoder 1193, the interrupt 
controller 1194, and the register controller 1197. For 
example, the timing controller 1195 includes an internal 
clock generator for generating an internal clock signal CLK2 
based on a reference clock signal CLK1, and Supplies the 
clock signal CLK2 to the above circuits. 
0407. In the CPU illustrated in FIG.12A, the semiconduc 
tor device according to Embodiment 3 is provided in the 
register 1196. 
(0408. In the CPU illustrated in FIG. 12A, the register 
controller 1197 selects an operation of holding data in the 
register 1196, in response to an instruction from the ALU 
1191. That is, the semiconductor device in the register 1196 
determines which of a phase-inversion element and a capaci 
tor holds data. When data holding by the phase-inversion 
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element is selected, power Supply Voltage is Supplied to the 
semiconductor device in the register 1196. When data holding 
by the capacitor is selected, the data is rewritten in the capaci 
tor, and Supply of the power Supply Voltage to the semicon 
ductor memory device in the register 1196 can be stopped. 
04.09. The power supply can be stopped with a switching 
element provided between a semiconductor device group and 
a node to which a power supply potential VDD or a power 
supply potential VSS is supplied, as illustrated in FIG.12B or 
FIG. 12C. Circuits illustrated in FIGS. 12B and 12C will be 
described below. 

0410 FIGS. 12B and 12C each illustrate an example of a 
configuration of a memory circuit including the transistor 
described in Embodiment 1, of which off-state current is 
significantly small, for a Switching element for controlling 
Supply of power Supply potential to a semiconductor device. 
0411. The storage device illustrated in FIG. 12B includes 
a Switching element 1141 and a semiconductor device group 
1143 including a plurality of semiconductor devices 1142. 
Specifically, as each of the semiconductor devices 1142, the 
semiconductor device described in Embodiment 3 can be 
used. Each of the semiconductor devices 1142 included in the 
semiconductor device group 1143 is supplied with the high 
level power supply potential VDD through the switching 
element 1141. Further, each of the semiconductor devices 
1142 included in the semiconductor device group 1143 is 
supplied with a potential of a signal IN and the low-level 
power supply potential VSS. 
0412. In FIG. 12B, as the switching element 1141, the 
transistor described in Embodiment 1 can be used. The 
Switching of the transistoris controlled by a signal SigAinput 
to a gate thereof. 
0413 Note that FIG. 12B illustrates the configuration in 
which the switching element 1141 includes only one transis 
tor; however, one embodiment of the present invention is not 
limited thereto. The switching element 1141 may include a 
plurality of transistors. In the case where the switching ele 
ment 1141 includes a plurality of transistors which serves as 
Switching elements, the plurality of transistors may be con 
nected to each other in parallel, in series, or in combination of 
parallel connection and serial connection. 
0414 FIG. 12C illustrates an example of a storage device 
in which each of the semiconductor devices 1142 included in 
the semiconductor device group 1143 is supplied with the 
low-level power supply potential VSS through the switching 
element 1141. The supply of the low-level power supply 
potential VSS to each of the semiconductor devices 1142 
included in the semiconductor device group 1143 can be 
controlled by the switching element 1141. 
0415. When a switching element is provided between a 
semiconductor device group and a node to which the power 
supply potential VDD or the power supply potential VSS is 
Supplied, data can be held even in the case where operation of 
a CPU is temporarily stopped and the supply of the power 
Supply Voltage is stopped; accordingly, power consumption 
can be reduced. For example, while a user of a personal 
computer does not input data to an input device such as a 
keyboard, the operation of the CPU can be stopped, so that the 
power consumption can be reduced. 
0416 Further, when the transistor described in Embodi 
ment 1 and the semiconductor device described in Embodi 
ment 3 are used, the CPU can operate at high speed while 
consuming less power. 
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0417. Although the CPU is given as an example here, one 
embodiment of the present invention can also be applied to an 
LSI Such as a digital signal processor (DSP), a custom LSI, or 
a field programmable gate array (FPGA). 
0418. This embodiment can be implemented in appropri 
ate combination with any of the other embodiments. 

Embodiment 5 

0419. In this embodiment, examples of electronic devices 
to which any of Embodiments 1 to 4 can be applied will be 
described. 
0420 FIG. 13A illustrates a portable information termi 
nal. The portable information terminal includes a housing 
4300, a button 4301, a microphone 4302, a display portion 
4303, a speaker 4304, and a camera 4305, and has a function 
of a mobile phone. 
0421 FIG. 13B illustrates a display. The display includes 
a housing 4310 and a display portion 4311. 
0422 FIG. 13C illustrates a digital still camera. The digi 

tal still camera includes a housing 4320, a button 4321, a 
microphone 4322, and a display portion 4323. 
0423. With the use of the transistor according to one 
embodiment of the present invention, an electronic device 
with low power consumption and favorable quality can be 
obtained. 
0424. This embodiment can be implemented in appropri 
ate combination with any of the other embodiments. 

Example 1 

0425. In this example, description will be given of pres 
Sures and leakage rates in a deposition chamber of a sputter 
ing apparatus to which one embodiment of the present inven 
tion is applied. 
0426. The deposition chamber has a volumetric capacity 
of 1.40 m and is provided with a turbo molecular pump and 
a cryopump which are parallel to each other. As an auxiliary 
pump, a rough vacuum pump is also provided. 
0427. After release of the air in the deposition chamber, 
the deposition chamber is evacuated for 6 hours with the use 
of the turbo molecular pump. 
0428. When the total pressure in the deposition chamber 
reached 5x10' Pa, a cryotrap was operated. After that, bak 
ing of the chamber was performed at 400° C. for 12 hours. 
0429. Then, dummy film formation was performed in the 
deposition chamber until a film was deposited to 10um (until 
integral power consumption reached 50 kWh). Note that the 
dummy film formation was performed under the condition 
that the substrate temperature was 250° C., the deposition 
pressure was 0.3 Pa, the deposition power was 9 kW (AC), 
deposition gases were 50 sccm of argon and 50 sccm of 
oxygen, the distance between a target and a Substrate was 150 
mm, and the deposition rate was 920 S/film. For the dummy 
film formation, an In-Ga—Zn-O target having an atomic 
ratio of In:Ga:Zn=1:1:1 was used. 
0430. In the deposition chamber from which impurities 
were thus sufficiently reduced, the total pressure was 2.16x 
10 Pa; the partial pressure of a gas having a mass-to-charge 
ratio (m/z) of 2 was 8.63x10 Pa; the partial pressure of a gas 
having a mass-to-charge ratio (m/z) of 18 was 8.43x10' Pa; 
the partial pressure of a gas having a mass-to-charge ratio 
(m/z) of 28 was 1.66x10 Pa; the partial pressure of a gas 
having a mass-to-charge ratio (m/z) of 40 (e.g., an argon 
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atom) was 3.87x107 Pa; and the partial pressure of a gas 
having a mass-to-charge ratio (m/z) of 44 was 5.33x10 Pa. 
0431 FIG. 29 shows the total pressure and the partial 
pressures of the molecules in the deposition chamber. White 
circles represent the total pressure; black circles represent the 
partial pressure of a gas having a mass-to-charge ratio (m/z) 
of 2; white triangles represent the partial pressure of a gas 
having a mass-to-charge ratio (m/z) of 18; black triangles 
represent the partial pressure of a gas having a mass-to-charge 
ratio (m/z) of 28; white quadrangles represent the partial 
pressure of a gas having a mass-to-charge ratio (m/z) of 40; 
and black quadrangles represent the partial pressure of a gas 
having a mass-to-charge ratio (m/z) of 44. Note that FIG. 29 
shows the relation between the pressures in the deposition 
chamber and elapsed time after evacuation with the vacuum 
pump was stopped. The pressures were measured using Qulee 
CGM-051, a quadrupole mass analyzer (also referred to as 
Q-mass) manufactured by ULVAC, Inc. 
0432. The leakage rates estimated from the obtained pres 
sures were as follows. The total leakage rate of the deposition 
chamber was 9.84x10 Pam/s. The leakage rate of a gas 
having a mass-to-charge ratio (m/z) of 2 was 3.24x10 
Palm/s. The leakage rate of a gas having a mass-to-charge 
ratio (m/z) of 18 was 4.46x10 Parm/s. The leakage rate of 
a gas having a mass-to-chargeratio (m/z) of 28 was 7.74x10 
Pam/s. The leakage rate of a gas having a mass-to-charge 
ratio (m/z) of 40 was 8.72x10 Parm/s. The leakage rate of 
a gas having a mass-to-chargeratio (m/z) of44 was 7.89x107 
Pam/s. 
0433. The leakage rates were calculated from the relation 
between the pressures in the deposition chamber and elapsed 
time after evacuation with the vacuum pump was stopped. 
Specifically, a leakage rate was obtained by dividing the 
difference between pressure one minute after the stop of 
evacuation with the vacuum pump and pressure 15 minutes 
after the stop of evacuation with the vacuum pump by time 
and multiplying the result by the volumetric capacity of the 
deposition chamber. 

Example 2 

0434 In this example, a heated inert gas such as a heated 
rare gas was Supplied to increase pressure in the deposition 
chamber, and after the elapse of a certain period of time, 
treatment for evacuating the deposition chamber was per 
formed, in order to further reduce impurities present in the 
deposition chamber of the Sputtering apparatus described in 
Example 1. 
0435 Specifically, an argon gas at 70° C. was supplied to 
the deposition chamber over an hour so that the pressure 
therein became 20 Pa, and then, evacuation with the vacuum 
pump was performed for 10 minutes. Here, this treatment was 
repeated 10 times. 
0436. In the deposition chamber from which impurities 
were thus further reduced, the total pressure was 1.34x10 
Pa; the partial pressure of a gas having a mass-to-charge ratio 
(m/z) of 2 was 7.58x10 Pa; the partial pressure of a gas 
having a mass-to-charge ratio (m/z) of 18 was 5.79x10' Pa; 
the partial pressure of a gas having a mass-to-charge ratio 
(m/z) of 28 was 8.40x10 Pa; the partial pressure of a gas 
having a mass-to-charge ratio (m/z) of 40 (e.g., an argon 
molecule) was 1x107 Pa or less (the lower limit of measure 
ment or less); and the partial pressure of a gas having a 
mass-to-charge ratio (m/z) of 44 was 1x107 Pa or less (the 
lower limit of measurement or less). 
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0437 FIG. 37 shows the relation between the pressures in 
the deposition chamber and elapsed time after evacuation 
with the vacuum pump was stopped. The pressures were 
measured using Qulee CGM-051, a quadrupole mass ana 
lyzer manufactured by ULVAC, Inc. As a gauge head, M-11, 
a gauge head manufactured by ULVAC, Inc., was used. 
0438. The leakage rates estimated from the obtained pres 
sures were as follows. The total leakage rate of the deposition 
chamber was 6.94x10 Parm/s. The leakage rate of a gas 
having a mass-to-charge ratio (m/z) of 2 was 3.13x10' 
Palm/s. The leakage rate of a gas having a mass-to-charge 
ratio (m/z) of 18 was 3.20x10 Parm/s. The leakage rate of 
a gas having a mass-to-chargeratio (m/z) of 28 was 3.12x10 
Palm/s. The leakage rate of a gas having a mass-to-charge 
ratio (m/z) of 40 was 7.27x10 Parm/s. The leakage rate of 
a gas having a mass-to-chargeratio (m/z) of44 was 3.20x107 
Pam/s. 
0439. The leakage rates were calculated from the relation 
between the pressures in the deposition chamber and elapsed 
time after evacuation with the vacuum pump was stopped. 
Specifically, a leakage rate was obtained by dividing the 
difference between pressure one minute after the stop of 
evacuation with the vacuum pump and pressure 15 minutes 
after the stop of evacuation with the vacuum pump by time 
and multiplying the result by the volumetric capacity of the 
deposition chamber. 
0440 Table 1 shows comparisons between pressures and 
comparisons between leakage rates in Examples 1 and 2. 

TABLE 1 

Pressure Pa Leakage Rate Pa mi?s 

Example 1 Example 2 Example 1 Example 2 

Total 2.16 x 10 1.34 x 10 9.84 x 10 6.94 x 10 
mz = 2 8.63 x 10- 7.56 x 10° 3.24 x 10° 3.13 x 10 
mz = 18 8.43 x 10 5.79 x 10 4.46 x 10' 3.20 x 10 
mz = 28 1.66 x 10 8.40 x 10 7.74 x 10' 3.12 x 10 
mz = 40 3.87 x 107 1 x 107 or less 8.72 x 108 7.27 x 108 
mz = 44 5.33 x 10 1 x 107 or less 7.89 x 107 3.20 x 107 

0441 AS described above, aheated argon gas was supplied 
to increase pressure in the deposition chamber, and after the 
elapse of a certain period of time, treatment for evacuating the 
deposition chamber was performed, so that impurities exist 
ing in the deposition chamber were able to be further reduced 
as compared to Example 1. This result reveals that release of 
the impurities was reduced, leading to reductions in pressures 
and leakage rates in the deposition chamber. 

Example 3 

0442. In this example, TDS analysis, SIMS, and XRD 
analysis were performed on samples each formed in the depo 
sition chamber of the Sputtering apparatus described in 
Example 1. 
0443 Each of the samples was obtained by forming an 
In-Ga—Zn-O film over a glass Substrate to a thickness of 
100 nm. 

0444 The conditions for forming the In Ga—Zn O 
film were as follows. 
0445. The substrate temperature was 250° C.; the deposi 
tion pressure was 0.3 Pa; the deposition power was 9 kW 
(AC); deposition gases were 50 sccm of argon and 50 sccm of 
oxygen; and the distance between the target and a substrate 
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was 150 mm. As the target, an In-Ga—Zn-O target having 
an atomic ratio of In:Ga:Zn=1:1:1 was used. 
0446 First, the TDS analysis was conducted. 
0447 For the TDS analysis, EMD-WA1000S/W, a ther 
mal desorption spectrometer manufactured by ESCO, Ltd., 
was used. 
0448 FIGS. 32A to 32C show the TDS analysis results of 
the samples. Here, FIG.32A shows the ion intensities of a gas 
having a mass-to-charge ratio (m/z) of 18; FIG. 32B shows 
the ion intensities of a gas having a mass-to-charge ratio (m/z) 
of 28; and FIG.32C shows the ion intensities of a gas having 
a mass-to-charge ratio (m/z) of 44. In FIGS. 32A to 32C, solid 
lines indicate the ion intensities in the case where heat treat 
ment was not performed, and dotted lines indicate the ion 
intensities in the case where after film formation, heat treat 
ment was performed at 350° C. in a nitrogen gas atmosphere 
for an hour, and then heat treatment was performed in an 
oxidation atmosphere (containing 80 Vol.% of nitrogen gas 
and 20 Vol.% of oxygen gas) for an hour. 
0449 According to the obtained ion intensities, presum 
ably, the release amounts of a gas having a mass-to-charge 
ratio (m/z) of 18, a gas having a mass-to-charge ratio (m/z) of 
28, and a gas having a mass-to-charge ratio (m/z) of 44 in the 
In Ga—Zn—O film were reduced by performing heat treat 
ment after formation of the In—Ga—Zn O film. 
0450 Next, SIMS was performed on the samples. 
0451. For SIMS, IMS 7fR manufactured by CAMECA, 
Societe par Actions Simplifiée (SAS), was used. 
0452 FIG.33 shows the SIMS depth profiles of hydrogen. 
0453 FIG. 34 shows the SIMS depth profiles of carbon. 
0454 FIG.35 shows the SIMS depth profiles of nitrogen. 
0455. In FIGS. 33 to 35, solid lines indicate the depth 
profiles in the case where heat treatment was not performed, 
and dotted lines indicate the depth profiles in the case where 
after film formation, heat treatment was performed at 450° C. 
in a nitrogen gas atmosphere for an hour, and then heat treat 
ment was performed in an oxidation atmosphere (containing 
80 Vol.% of nitrogen gas and 20 Vol.% of oxygen gas) for an 
hour. 
0456. The obtained depth profiles suggest that the concen 
trations of carbon and nitrogen were reduced by performing 
heat treatment after formation of the In—Ga—Zn-O film. 
0457 Next, the XRD analysis was performed on the 
samples. 
0458. The XRD analysis was conducted using D8 
ADVANCE, an X-ray diffractometer manufactured by 
Bruker AXS, and measurement was performed by an out-of 
plane method. 
0459 FIG. 36 shows XRD results of the In Ga Zn O 
films. 
0460. In FIG. 36, a solid line indicates the XRD result in 
the case where heat treatment was not performed, and a dotted 
line indicates the XRD result in the case where after film 
formation, heat treatment was performed at 450° C. in a 
nitrogen gas atmosphere for an hour, and then heat treatment 
was performed in an oxidation atmosphere (containing 80 
Vol.% of nitrogen gas and 20 Vol.% of oxygen gas) for an 
hour. 
0461 FIG. 36 reveals that each sample has a plurality of 
crystallinity peaks and Suggests that the intensity of the crys 
tallinity peak was increased by performing heat treatment 
after film formation. 
0462. It is found that the In—Ga—Zn O films each 
formed in the deposition chamber of the Sputtering apparatus, 
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which are described in Example 1, have low impurity con 
centrations and include crystalline regions. 
0463. This application is based on Japanese Patent Appli 
cation serial no. 2011-117354 filed with the Japan Patent 
Office on May 25, 2011 and Japanese Patent Application 
serial no. 2011-147.189 filed with the Japan Patent Office on 
Jul. 1, 2011, the entire contents of which are hereby incorpo 
rated by reference. 
What is claimed is: 
1. A method for forming an oxide semiconductor film, 

comprising: 
Supplying a gas containing one or more selected from the 

group consisting of a rare gas and oxygen into a depo 
sition chamber in which partial pressures of a gas having 
a mass-to-charge ratio of 18, a gas having a mass-to 
charge ratio of 28, and a gas having a mass-to-charge 
ratio of 44, which are measured with a quadrupole mass 
analyzer, are each 3x10 Pa or less; and 

forming an oxide semiconductor film in the deposition 
chamber by a sputtering method. 

2. A method for forming an oxide semiconductor film, 
comprising: 

Supplying a gas containing one or more selected from the 
group consisting of a rare gas and oxygen into a depo 
sition chamber in which leakage rates of a gas having a 
mass-to-charge ratio of 44, a gas having a mass-to 
charge ratio of 18, and a gas having a mass-to-charge 
ratio of 28, which are measured with a quadrupole mass 
analyzer, are 3x10 Pa m/s or less, 1x107 Parm/s or 
less, and 1x10 Pam/s, respectively; and 

forming an oxide semiconductor film in the deposition 
chamber by a sputtering method. 

3. A semiconductor device comprising: 
a transistor comprising: 

an oxide semiconductor film; 
a gate insulating film in contact with the oxide semicon 

ductor film; and 
a gate electrode overlapping with the oxide semiconduc 

tor film with the gate insulating film interposed ther 
ebetween, 

wherein a carbon concentration in the oxide semiconductor 
film, which is measured by secondary ion mass spec 
trometry, is lower than 5x10" atoms/cm. 

4. The semiconductor device according to claim 3, 
wherein a hydrogen concentration in the oxide semicon 

ductor film, which is measured by secondary ion mass 
spectrometry, is lower than 5x10" atoms/cm. 

5. The semiconductor device according to claim 3, 
wherein a nitrogen concentration in the oxide semiconduc 

tor film, which is measured by secondary ion mass spec 
trometry, is lower than 5x10" atoms/cm. 

6. A method for manufacturing a semiconductor device 
comprising: 

forming an oxide semiconductor film, a gate insulating film 
adjacent to the oxide semiconductor film, and a gate 
electrode overlapping with the oxide semiconductor 
film with the gate insulating film interposed therebe 
tween, 

wherein the oxide semiconductor film is formed by Sup 
plying a gas containing one or more selected from the 
group consisting of a rare gas and oxygen into a depo 
sition chamber in which a partial pressure of a gas hav 
ing a mass-to-charge ratio of 44, which is measured with 
a quadrupole mass analyzer, is 3x10 Pa or less, and 
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performing a sputtering method in which power is 
applied to a target in the deposition chamber. 

7. The method for manufacturing a semiconductor device, 
according to claim 6, wherein the gate electrode is formed 
over the oxide semiconductor film. 

8. The method for manufacturing a semiconductor device, 
according to claim 6, wherein the oxide semiconductor film is 
formed over the gate electrode. 

9. The method for manufacturing a semiconductor device, 
according to claim 6. 

wherein a partial pressure of a gas having a mass-to-charge 
ratio of 18, which is measured with a quadrupole mass 
analyzer, is 3x10 Pa or less in the deposition chamber. 

10. The method for manufacturing a semiconductor device, 
according to claim 6. 

wherein a partial pressure of a gas having a mass-to-charge 
ratio of 28, which is measured with a quadrupole mass 
analyzer, is 3x10 Pa or less in the deposition chamber. 

11. The method for manufacturing a semiconductor device 
according to claim 6. 

wherein partial pressures of a gas having a mass-to-charge 
ratio of 18 and a gas having a mass-to-charge ratio of 28, 
which are measured with a quadrupole mass analyzer, 
are each 3x10 Pa or less in the deposition chamber. 

12. A method for manufacturing a semiconductor device, 
comprising: 
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forming a transistor including an oxide semiconductor 
film, a gate insulating film in contact with the oxide 
semiconductor film, and a gate electrode overlapping 
with the oxide semiconductor film with the gate insulat 
ing film interposed therebetween, 

wherein the oxide semiconductor film is formed by Sup 
plying a gas containing one or more selected from the 
group consisting of a rare gas and oxygen into a depo 
sition chamber in which a leakage rate of a gas having a 
mass-to-charge ratio of 44, which is measured with a 
quadrupolemass analyzer, is 3x10 Parm/s or less, and 
performing a sputtering method in the deposition cham 
ber. 

13. The method for manufacturing a semiconductor device, 
according to claim 12, 

wherein a leakage rate of a gas having a mass-to-charge 
ratio of 18, which is measured with a quadrupole mass 
analyzer, is 1x107 Parm/s or less in the deposition 
chamber. 

14. The method for manufacturing a semiconductor device, 
according to claim 12, 

wherein a leakage rate of a gas having a mass-to-charge 
ratio of 28, which is measured with a quadrupole mass 
analyzer, is 1x10 Parm/s or less in the deposition 
chamber. 


