2011/065243 A1 I 00 O O 010 RO O 0

<

W

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

oo AT
1 rld Intellectual Property Organization /& -
(19 Wortd ntellctual Poperty Organizacon /G552 NN VAN LKA AR R
International Bureau V,& )
3\ 10) International Publication Number
(43) International Publication Date \'{:/_?___/ (10)
3 June 2011 (03.06.2011) PCT WO 2011/065243 Al
(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
HOIL 29/786 (2006.01) HOIL 21/336 (2006.01) kind of national protection available): AE, AG, AL, AM,
HO1L 21/20 (2006.01) AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
M I ional Apolication Number: CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
(21) International Application Num O CTIP2010/070246 DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
S 7 HN, HR, HU, ID, IL, IN, IS, KE, KG, KM, KN, KP, KR,
(22) International Filing Date: KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
8 November 2010 (08.11.2010) MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
. . NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD, SE,
(25) Filing Language: BEnglish SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR, TT,
(26) Publication Language: English TZ,UA, UG, US,UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data: 84) Designateq States (unle.ss othemise indicated, for every
2009-270857 28 November 2009 (28.1 1.2009) JP kind ofregzonal p}"OleCllOI’l avazlable): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
(71) Applicant (for all designated States except US): SEMI- ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
CONDUCTOR ENERGY LABORATORY CO., LTD. TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
[JP/JP]; 398, Hase, Atsugi-shi, Kanagawa, 2430036 (JP). EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
(72) Tnventor; and LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
(75) Inventor/Applicant (for US only): YAMAZAKI, Shun- SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,

pei [JP/JP]; ¢/o SEMICONDUCTOR ENERGY LABO-
RATORY CO., LTD., 398, Hase, Atsugi-shi, Kanagawa,
2430036 (JP).

GW, ML, MR, NE, SN, TD, TG).
Published:
with international search report (Art. 21(3))

(54) Title: SEMICONDUCTOR DEVICE AND MANUFACTURING METHOD THEREOF

FIG. 1B

1118 116

. o ma s
e Vsa e
{A1 100 108a 102 106a 104a 108b  A2]

(57) Abstract: An embodiment is a semiconductor device which includes a first oxide semiconductor layer over a substrate hav-
ing an insulating surface and including a crystalline region formed by growth from a surface of the first oxide semiconductor layer
toward an inside; a second oxide semiconductor layer over the first oxide semiconductor layer; a source electrode layer and a
drain electrode layer which are in contact with the second oxide semiconductor layer; a gate insulating layer covering the second
oxide semiconductor layer, the source electrode layer, and the drain electrode layer; and a gate electrode layer over the gate insu-
lating layer and in a region overlapping with the second oxide semiconductor layer. The second oxide semiconductor layer is a
layer including a crystal formed by growth from the crystalline region.



10

15

20

25

30

WO 2011/065243 PCT/JP2010/070246

DESCRIPTION

SEMICONDUCTOR DEVICE AND MANUFACTURING METHOD THEREOF

TECHNICAL FIELD
[0001]

The technical field of the disclosed invention relates to a semiconductor device
including an oxide semiconductor and a manufacturing method thereof. Here,
semiconductor devices refer to all elements and devices that function utilizing
semiconductor characteristics. For example, power devices, thyristors, converters,
image sensors, memories, and the like; semiconductor integrated circuits including such
devices; electro-optical devices typified by liquid crystal display panels; light-emitting
display devices including organic light-emitting elements; and the like are broadly

included in the category of semiconductor devices.

BACKGROUND ART
[0002]

A field-effect transistor is one of the most widely-used semiconductor elements.
A variety of materials are used for field-effect transistors according to their uses. In
particular, semiconductor materials including silicon are frequently used.

[0003]

A field-effect transistor including silicon has characteristics satisfying the
needs for a variety of uses. For example, single crystal silicon is used for an integrated
circuit or the like which needs to operate at a high speed, whereby the need for
high-speed operation is satisfied. Further, amorphous silicon is used for a device
which needs a large area, such as a display device, whereby the need for large area can
be satisfied.

[0004]

As described above, silicon is highly versatile and can be used for various
purposes. However, in recent years, semiconductor materials have come to be
expected to have higher performance as well as versatility. For example, in terms of

improving performance of a large-area display device, in order to realize high-speed
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operation of a switching element, a semiconductor material which facilitates the
increase of the area of a display device and shows higher performance than amorphous
silicon is needed.

[0005]

Some metal oxides have semiconductor characteristics, and tungsten oxide, tin
oxide, indium oxide, zinc oxide, and the like are known, for example. Thin film
transistors in which. a channel formation region is formed using such a metal oxide
having semiconductor characteristics are already known (Patent Documents 1 to 4,
Non-Patent Document 1).

[0006]

As the metal oxides, not only single-component oxides but also
multi-component oxides are known. For example, InGaO3(ZnO),, (m: natural number)
having a homologous series is known as a multi-component oxide semiconductor
including In, Ga, and Zn (Non-Patent Documents 2 to 4).

[0007]

Under such conditions, a technique relating to a field-effect transistor (aiso
referred to as an FET) using an oxide semiconductor has attracted attention.  Further, it
has been confirmed that an oxide semiconductor including such an In-Ga-Zn-O-based
oxide is applicable to a channel layer of a thin film transistor (Non-Patent Documents 5
and 6).

[0008]

For example, in Patent Document 5, a transparent thin film field-effect

- transistor using a homologous compound InMO3(ZnO),, (M is In, Fe, Ga, or Al, and m is

an integer greater than or equal to 1 and less than 50) is disclosed.
[0009]

In addition, in Patent Document 6, a field-effect transistor is disclosed in which
an amorphous oxidé semiconductor which contains In, Ga, and Zn and has an electron
carrier concentration less than 10'® /em” is used. Note that in this patent document, the
ratio of In atoms to Ga atoms and Zn atoms in the amorphous oxide semiconductor is
represented as In:Ga:Zn=1:1:m (m < 6).

[0010]

Further, in Patent Document 7, a field-effect transistor is disclosed in which an
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amorphous oxide semiconductor including a microcrystal is used for an active layer.
[Reference]

[Patent Document]

{0011}

[Patent Document 1] Japanese Published Patent Application No. S60-198861

[Patent Document 2] Japanese Published Patent Application No. H8-264794

[Patent Document 3] Japanese Translation of PCT International Application No.
H11-505377

[Patent Document 4] Japanese Published Patent Application No. 2000-150900

[Patent Document 5] Japanese Published Patent Application No. 2004-103957

[Patent Document 6] PCT International Publication No. 05/088726

[Patent Document 7] Japanese Published Patent Application N0.2006-165529
[Non-Patent Document]

[0012]

[Non-Patent Document 1] M. W. Prins, K. O. Grosse-Holz, G. Muller, J. F. M. Cillessén,
J. B. Giesbers, R. P. Weening, and R. M. Wolf, "A ferroelectric transparent thin-film
transistor," Appl. Phys. Lett., 17 June 1996, Vol. 68, pp. 3650-3652

[Non-Patent Document 2] M. Nakamura, N. Kimizuka, and T. Mohri, "The Phase
Relations in the Iny03-Ga;Zn04-ZnO System at 1350 °C," J. Solid State Chem., 1991,
Vol. 93, pp. 298-315

[Non-Patent Document 3] N. Kimizuka, M. Isobe, and M. Nakamura, "Syntheses and
Single-Crystal Data of Homologous Compounds, In;03(ZnO), (m = 3, 4, and 5),
InGa03(Zn0);, and Ga;03(Zn0O),, (m = 7, 8, 9, and 16) in the In,03-ZnGa04-ZnO
System," J. Solid State Chem., 1995, Vol. 116, pp. 170-178

[Non-Patent Document 4] M. Nakamura, N. Kimizuka, T. Mohri, and M. Isobe,
"Syntheses and crystal structures of new homologous compounds, indium iron zinc
oxides (InFeO3(ZnO),, (m: natural number) and related compounds,”" KOTAI BUTSURI
(SOLID STATE PHYSICS), 1993, Vol. 28, No. 5, pp. 317—327

[Non-Patent Document 5] K. Nomura, H. Ohta, K. Ueda, T. Kamiya, M. Hirano, and H.
Hosono, "Thin-film transistor fabricated in single-crystalline transparent oxide

semiconductor,” SCIENCE, 2003, Vol. 300, pp. 1269-1272
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[Non-Patent Document 6] K. Nomura, H. Ohta, A. Takagi, T. Kamiya, M. Hirano, and H.
Hosono, "Room-temperature fabrication of transparent flexible thin-film transistors

using amorphous oxide semiconductors," NATURE, 2004, Vol. 432, pp. 488-492

DISCLOSURE OF INVENTION
[0013]

In Patent Document 3, it is disclosed that a composition in a crystal state is
InGaO3(Zn0),, (m is an integer less than 6). Further, in Example 1 of Patent

Document 3, a case of InGaO3(ZnO), is disclosed. However, adequate characteristics

‘have not been obtained in fact even when such oxide semiconductors are used.

[0014]

In consideration of the above-described problems, it is an object to provide a
semiconductor device having a novel structure in which an oxide semiconductor layer
having a novel structure is used.

[0015]

In the disclosed invention, a semiconductor device is formed using a purified
oxide semiconductor layer including a crystalline region. The crystalline region is, for
example, a region having electrical anisotropy or a region which prevents entry of an

impurity.

~ [0016]

An embodiment of the disclosed invention is a semiconductor device which
includes a first oxide semiconductor layer including a crystalline region formed by
growth from a surface of ‘the first oxide semiconductor layer toward an inside, over a
substrate having an insulating surface; a second oxide semiconductor layer over the first
oxide semiconductor layer; a source electrode layer and a drain electrode layer which
are in contact with the second oxide semiconductor layer; a gate insulating layer
covering the second oxide semiconductor layer, the source electrode layer, and the drain
electrode layer; and a gate electrode layer over the gate insulating layer and in a region
overlapping with the second oxide semiconductor layer.  The second oxide
semiconductor layer is a layer including a crystal formed by growth from the crystalline
region.

[0017]
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~ Another embodiment of the disclosed invention is a semiconductor device
which includes a first gate electrode layer over a substrate having an insulating surface;
a first gate insulating layer covering the first gate electrode layer; a first oxide
semiconductor layer including a crystalline region formed by growth from a surface of
the first oxide semiconductor layer toward an inside, over the first gate insulating layer;
a second oxide semiconductor layer over the first oxide semiconductor layer; a source
electrode lay'er and a drain electrode layer which are in contact with the second oxide
semiconductor layer; a second gate insulating layer covering the second oxide
semiconductor layer, the source electrode layer, and the drain electrode layer; and a gate
electrode layer over the second gate insulating layer and in a region overlapping with
the second oxide semiconductor layer. The second oxide semiconductor layer is a
layer including a crystal formed by growth from the crystalline region.
[0018]

In the above structure of the semiconductor device, the variation in height of a
surface of the second oxide semiconductor layer is 1 nm or less (preferably 0.2 nm or
less) in a region overlapping with the gate electrode layer (a channel formation region).
[0019]

Note that the crystalline region of the first oxide semiconductor layer has é-axis
aligned in a direction perpendicular to a surface of the first oxide semiconductor layer.
Further, the c-axis direction of the crystal corresponds to a film thickness direction.
[0020]

In the above structure of the semiconductor device, the substrate having an
insulating surface includes an oxide or a nitride.

[0021]

In the above structure of the semiconductor device, the crystalline region
included in the first oxide semiconductor layer has an average thickness greater than or
equal to 2 nm and less than or equal to 10 nm.

[0022]

In the above structure of the semiconductor device, the first oxide
semiconductor layer or the second oxide semiconductor layer comprises a metal oxide
selected from an In-Sn-Ga-Zn-O, an In-Ga-Zn-O, an In-Sn-Zn-O, an In-Al-Zn-O, a
Sn-Ga-Zn-0O, an Al-Ga-Zn-O, a Sn-Al-Zn-O, an In-Zn-O, a Sn-Zn-O, an Al-Zn-O, a
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Zn-Mg-0, a Sn-Mg-O, an In-Mg-O, an In-O, a Sn-0O, and a Zn;O.
[0023]

In the above structure of the semiconductor device, the first oxide
semiconductor layer or the second oxide semiconductor layer is a purified oxide
semiconductor layer.

[0024]

- In the above structure of the semiconductor device, the first oxide
semiconductor layer and the second oxide semiconductor layer include materials
including the same main component.

[0025]

In the above structure of the semiconductor device, the first oxide
semiconductor layer and the second oxide semiconductor layer include different
materials. |
[0026]

In the above structure of the semiconductor device, the crystalline region of the
first oxide semiconductor layer has the same electron affinity as the crystal of the
second oxide semiconductor layer.

[0027]

In the above structure of the semiconductor device, the second oxide
semiconductor layer has a depression portion.
[0028]

In the above structure of the semiconductor device, the second oxide
semiconductor layer includes a high-purity crystalline region.
[0029]

In the above structure of the semiconductor device, the first oxide
semiconductor layer or the second oxide semiconductor layer has a carrier density lower
than 1.0 x 10'? cm™, preferably lower than 1.45 x 10" cm™.

[0030]

In the above structure of the semiconductor device, the crystalline region of the
first oxide semiconductor layer includes a polycrystalline oxide semiconductor material.
In addition, the second oxide semiconductor layer inciudes a polycrystalline oxide

semiconductor material.
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[0031]

In the above structure of the semiconductor device, the first oxide
semiconductor layer and the second oxide semiconductor layer include a polycrystalline
oxide semiconductor material. In the above structure of the semiconductor device, the
sum of thicknesses of the first oxide semiconductor layer and the second oxide
semiconductor layer is greater than or equal to 3 nm and less than or equal to 50 nm.
[0032]

In the above structure of the semiconductor device, insulating layers having
substantially the same shape as the source electrode layer and the drain electrode layer
are included over the source electrode layer and the drain electrode layer.

[0033]

In the above structure of the semiconductor device, portions in contact with the
second oxide semiconductor layer of the source electrode layer and the drain electrode
layer include a material having a low oxygen affinity.

[0034]

Another embodiment of the disclosed invention is a manufacturing method of a
semiconductor device, which includes the steps of forming a first oxide semiconductor
layer over a substrate having an insulating surface; performing first heat treatment to
cause crystal growth from a surface of the first oxide semiconductor layer toward an
inside, so that a crystalline region having c-axis aligned in a direction substantially
perpendicular to the surface is formed in the first oxide semiconductor layer; forming a
second oxide semiconductor layer over the first oxide semiconductor layer; performing
second heat treatment to cause crystal growth from the crystalline region and crystallize
the second oxide semiconductor layer; forming a conductive layer over the second oxide
semiconductor layer; etching the conductive layer to form a source electrode layer and a
drain electrode layer; forming a gate insulating layer covering the second oxide
semiconductor layer, the source electrode layer, and the drain electrode layer: and
forming a gate electrode layer over the gate insulating layer and in a region overlapping
with the second oxide semiconductor layer.

[0035]
Another embodiment of the disclosed invention is a manufacturing method of a

semiconductor device, which includes the steps of forming a first gate electrode layer
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over a substrate having an insulating surface; forming a first gate insulating layer
covering the first gate electrode layer; forming a first oxide semiconductor layer over
the first gate insulating layer; performing first heat treatment to cause crystal growth
from a surface of the first oxide semiconductor layer toward an inside, so that a
crystalline region having c-axis aligned in a direction substantially perpendicular to the
surface is formed in the first oxide semiconductor layer; forming a second oxide
semiconductor layer over the first oxide semiconductor layer; performing second heat
treatment to cause crystal growth from the crystalline region and crystallize the second
oxide semiconductor layer; forming a conductive layer over the second oxide
semiconductor layer; etching the conductive layer to form a source electrode layer and a
drain electrode layer; forming a second gate insulating layer covering the second oxide
semiconductor layer, the source electrode layer, and the drain electrode layer: and
forming a second gate electrode layer over the second gate insulating layer and in a
region overlapping with the second oxide semiconductor layer.

{0036]

In the above structure of the manufacturing method of a semiconductor device,
the first oxide semiconductor léyer has a thickness greater than or equal to 3 nm and
less than or equal to 15 nm.

[0037] »

In the above structure of the manufacturing method of a semiconductor device,
a polycrystalline region is formed as the crystalline region of the first oxide
semiconductor layer.

[0038]

In the above structure of the manufacturing method of a semiconductor device,
the second heat treatment makes the second oxide semiconductor layer be a
polycrystalline oxide semiconductor layer. |
[0039]

In the above structure of the manufacturing method of a semiconductor device,
the first heat treatment and the second heat treatment make the first oxide
semiconductor layer and the second oxide semiconductor layer be polycrystalline oxide
semiconductor layers.

[0040]
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" In the above structure of the manufacturing method of a semiconductor device,
the second heat treatment causes the crystal growth so that c-axis is aligned in a
direction substantially perpendicular to a surface of the second oxide semiconductor
layer.
[0041]

In the above structure of the manufacturing method of a semiconductor device,
the second oxide semiconductor layer is formed by a sputtering method using a metal
oxide target having a composition ratio, In:Ga:Zn = 1:x:y (x is greater than or equal to 0
and less than or equal to 2, and y is greater than or equal to 1 and less than or equal to
5).

[0042]

In the above structure of the manufacturing method of a semiconductor device,
the metal oxide target has a composition ratio, In:Ga:Zn = I:x:y (x =1, y = 1).

[0043]

In the above structure of the manufacturing method of a semiconductor device,
the metal oxide target has a composition ratio, In:Ga:Zn = 1:x:y (x =0, y = 1).

[0044]

In the above structure of the manufacturing method of a semiconductor device,
insulating layers having substantially the same shape as the source electrode layer and
the drain electrode layer are formed over the source electrode layer and the drain
electrode layer.

[0045] ‘

In the above structure of the manufacturing method of a semiconductor device,
portions in contact with the second oxide semiconductor layer in the source electrode
layer and the drain electrode layer are formed using a material having a low oxygen
affinity.

[0046]

In the above-described manufacturing method, annealing is performed after the
formation of the first oxide semiconductor layer, and the second oxide semiconductor
layer is formed over the first oxide semiconductor layer. Then, crystal growth is

caused from the surface of the first oxide semiconductor layer toward the surface of the
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second oxide semiconductor layer. The first oxide semiconductor layer corresponds to
a seed crystal for the second oxide semiconductor layer. It is important that the
crystalline (e.g., polycrystalline) second oxide semiconductor layer be formed over the
first oxide semiconductor layer.

[0047]

As the crystallinity of the oxide semiconductor layers is increased, the amount
of shift in threshold voltage of the transistor in a BT test can be reduced, so that high
reliability can be realized. In the transistor formed using the oxide semiconductor
layer including the c-axis-aligned polycrystalline layer, the amount of shift in threshold
voltage of the transistor can be reduced in the BT test in which the transistor is
continuously irradiated with light. Accordingly, the transistor having stable electric
characteristics can be manufactured.

[0048] |

In addition, as the crystallinity of the oxide semiconductor layers is increased,
temperature dependence of electric characteristics of the transistor, for example, the
amount of change in on-state current or off-state current in a temperature range of from
-30 °C to 120 °C can be suppressed. Although the operation temperature range of a
general display panel is higher than or equal to 0 °C and lower than or equal to 40 °C,
for example, an in-car display panel needs heat resistance against a temperature higher
than or equal to -30 °C and lower than or equal to 85 °C, or further up to 105 °C.
Without limitation to a display panel, an oxide semiconductor layer having high
crystallinity can be used for a switching element or a driver circuit; in such a case, a
device capable of withstanding various severe circumstances can be obtained, which is
advantageous for expanding usage or application fields.

[0049]

Further, higher crystallinity of the oxide semiconductor layer can realize a
transistor having a higher field-effect mobility.
[0050]

The above-described oxide semiconductor layers all include metal oxide, and
can be formed using an In-Sn-Ga-Zn-O-based film which is a four-component metal

oxide; an In-Ga-Zn-O-based film, an In-Sn-Zn-O-based film, an In-Al-Zn-O-based film,
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a Sn-Ga-Zn-O-based film, an Al-Ga-Zn-O-based film, or a Sn-Al-Zn-O-based film
which are three-component metal oxides; an In-Zn-O-based film, a Sn-Zn-O-based film,
an Al-Zn-O-based film, a Zn-Mg-O-based film, a Sn-Mg-O-based film, or an
In-Mg-O-based film which are two-component metal oxides; or an In-O-based film, a
Sn-O-based film, a Zn-O-based film, or the like.

[0051]

For the above-described oxide semiconductor layers, a thin film represented by
InMO3(Zn0),, (m > 0, and m is not a natural number) can be used. Here, M represents
one or more metal elements selected from Ga, Al, Mn, and Co. For example, M may
be Ga, Ga and Al, Ga and Mn, Ga and Co, or the like. A material represented by
InGa,Zn,0O, can be used. Here, x, y, and z are arbitrary numbers. In addition, x, vy,
and z are not necessarily integers and may be non-integer numbers. Further, x may be
zero, but y is preferably not zero. For example, In-Zn-O where x is zero may be used.
In addition, an oxide semiconductor material expressed by In-Ga-Zn-O in this
specification is InGaO3(ZnO)y, (m > 0, and m is not a natural number), and it can be
confirmed by analysis using ICP-MS or RBS that m is not a natural number. In
addition, the case where x is 1 and y is 1, the case where x is 1 and y is 0.5, or the like
may be employed. It is preferable to use a purified oxide semiconductor having a
carrier density lower than 1 x 10" cm™, preferably lower than 1.45 x 10" cm™.

[0052] '

Metal oxides which have been reported so far are only a metal oxide in an
amorphous state, a metal oxide in a polycrystalline state, or a metal oxide in a
single-crystalline state which is obtained through treatment at a high temperature of
approximately 1400 °C. However, as described above, a thin polycrystal film can be
formed at a relatively low temperature by a method in which a plate-shaped polycrystal
of a metal oxide is formed and then crystal growth is caused using the plate-shaped
polycrystal of the metal oxide as a seed. If formation of a thicker polycrystalline film
is possible, industrial application is further expanded. Note that in order to obtain a
fine thick polycrystalline film, flatness and smoothness of the substrate are preferably
high. This is because small unevenness of the substrate leads to local misalignment of .

the c-axis, and as crystal growth proceeds, a difference in the c-axis direction between



10

15

20

25

30

WO 2011/065243 PCT/JP2010/070246
12

adjacent crystals produces defects such as crystal transition. Note that the plate-like
crystal in the oxide semiconductor layer is preferably a crystal of InGaZnO,
(In:Ga:Zn:O = 1:1:1:4).  Alternatively, a crystal of In,Ga,Zn0O7 (In:Ga:Zn:0 = 2:2:1:7)
is preferable. A crystal whose c-axis is aligned in a direction perpendicular to the
surface of the oxide semiconductor layer, for example, a polycrystal, can be used.
[0053]

Note that in this specification and the like, the term "over" or "below" does not
necessarily mean that a component is placed "directly on" or "directly under" another
component. For example, the expression "a gate electrode layer over a gate insulating
layer" does not exclude the case where a component is placed between the gate
insulating layer and the gate electrode layer. Moreover, the terms such as "over" and
"below" are only used for convenience of description and can include the case where the
positions of components are reversed, unless otherwise specified.

[0054]

In addition, in this specification and the like, the term such as "electrode" or
"wiring" does not limit the function of the component. For example, an "electrode"
can be used as part of "wiring", and the "wiring" can be used as part of the "electrode."
In addition, the term "electrode” or “wiring” can also mean a combination of a plurality
of "electrodes” and "wirings.”

[0055]

Functions of a "source" and a "drain" are sometimes replaced with each other
when a transistor of opposite polarity is used or when the direction of current flow is
changed in circuit operation, for example. Therefore, the terms "source" and "drain"
can be used to denote the drain and the source, respectively, in this specification.

[0056]

Note that in this specification and the like, the term "electrically connected"”
includes the case where components are connected through an "object having any
electric function". There is no particular limitation on the "object having any electric
function” as long as electric signals can be transmitted and received between
components that are connected through the object.

[0057] | |
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Examples of the "object having any electric function" are a switching element
such as a transistor, a resistor, an inductor, a capacitor, and an element with a variety of
functions as well as an electrode and a wiring.

[0058]

In the disclosed invention, a purified oxide semiconductor layer is used for a
semiconductor device. The purification means at least one of refnoving hydrogen,
which causes an oxide semiconductor to change to an n-type oxide semiconductor, from
the oxide semiconductor layer as much as possible and reducing defects, which are
caused by oxygen deficiency in the oxide semiconductor layer, by supply of oxygen that
the oxide semiconductor layer lacks.

[0059]

The purification is conducted in order to make the oxide semiconductor layer
an i-type oxide semiconductor layer. Since an oxide semiconductor generally has an
n-type conductivity, the off-state current is high. When the off-state current is high,
switching characteristics are insufficient, which is not appropriate for semiconductor
devices.  Therefore, in an embodiment of the present invention, an oxide
semiconductor layer is purified to change to an i-type or substantially i-type oxide
semiconductor layer.

[0060]

In the disclosed invention, an oxide semiconductor layer including a crystalline
region is used in a semiconductor device.
[0061]

Electric characteristics are different between the oxide semiconductor layer
including a crystalline region and an oxide semiconductor layer without a crystalline
region. For example, in an oxide semiconductor layer including a crystallinel region
whose c-axis is aligned in a direction substantially perpendicular to a surface,
conductivity in a direction parallel to the surface of the oxide semiconductor layer is
increased and an insulating property in a direction perpendicular to the surface of the
oxide semiconductor layer is increased.

[0062]
Thus, when the oxide semiconductor layer including a crystalline region is

used for a semiconductor device, the semiconductor device can have excellent electric
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characteristics.
[0063]

In the oxide semiconductor layer including a crystalline region, entry of
impurities into the oxide semiconductor layer is reduced as compared to the case of
using the oxide semiconductor layer without a crystalline region. For example, entry
of water, hydrogen, or the like, which adversely affects the oxide semiconductor layer,
is reduced in the oxide semiconductor layer including a crystalline region.

[0064]

Accordingly, the oxide semiconductor layer can be prevented form being
changed to an n-type oxide semiconductor layer after the deposition. That is,
reliability of the semiconductor device can be increased.

[0065]

Thus, in an embodiment of the disclosed invention, a semiconductor device
having high reliability and excellent characteristics is provided.
[0066]

As described above, it is understood that a variety of advantageous effects can
be obtained when an oxide semiconductor, in particular, a purified intrinsic oxide
semiconductor is used. In addition, when the intrinsic oxide semiconductor layer with
a crystalline structure is realized as described in the disclosed invention, a novel

semiconductor device having excellent characteristics is realized.

BRIEF DESCRIPTION OF DRAWINGS
[0067]
In the accompanying drawings:
FIGS. 1A and 1B are cross-sectional views illustrating a semiconductor device;
FIGS. 2A to 2E are cross-sectional views illustrating a manufacturing process
of a semiconductor device;
' FIGS. 3A to 3D are cross-sectional views illustrating a manufacturing process
of a semiconductor device;
FIGS. 4A to 4C are cross-sectional views each illustrating a semiconductor
device;

FIGS. 5A to 5C are cross-sectional views each illustrating a semiconductor
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device;

FIGS. 6A and 6B are cross-sectional views each illustrating a semiconductor
device;

FIGS. 7A and 7B are cross-sectional views each illustrating a semiconductor
device;

FIGS. 8A to 8D are cross-sectional views illustrating a manufacturing process
of a semiconductor device;

FIGS. 9A to 9C are cross-sectional views illustrating a manufacturing process
of a semiconductor device;

FIGS. 10A to 10C are cross-sectional views illustrating a manufacturing
process of a semiconductor device;

FIGS. 11A to 11C are cross-sectional views each illustrating a semiconductor
device;

FIGS. 12A to 12C are cross-sectional views each illustrating a semiconductor
device;

FIG. 13 is a cross-sectional view illustrating a semiconductor device;

FIGS. 14A to 14C are cross-sectional views illustrating an embodiment of the
invention;

FIG. 15A is a cross-sectional TEM photograph, and FIG. 15B is a schematic
view thereof;

FIG. 16A is a cross-sectional TEM photograph after second heat treatment, and
FIG. 16B is a schematic view thereof;

FIG. 17A is a cross-sectional TEM photograph of a comparative example, and
FIG. 17B is a schematic view thereof; |

FIG. 18 is a cross-sectional view of a transistor including an oxide
semiconductor;

FIG. 19 is an energy band diagram (schematic diagram) along line A-A’ in FIG.
18;

FIG. 20A shows a state in which a positive potential (+Vg) is applied to a gate
(GE), and FIG. 20B shows a state in which a negative potential (-V) is applied to the
gate (GE);
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FIG. 21 shows relations between the vacuum level and the work function (¢pm)
of a metal, and between the vacuum level and the electron affinity () of an oxide
semiconductor;

FIG. 22 is a diagram showing the amount of energy which induces injection of
hot carriers in silicon (Si);

FIG. 23 is a diagram showing the amount of energy which induces injection of
hot carriers in an In-Ga-Zn-O-based oxide semiconductor (IGZO);

FIG. 24 shows results of device simulation concerning the short-channel effect;

FIG. 25 shows results of device simulation concerning the short-channel effect;

FIG. 26 shows C-V (capacitance-voltage) characteristics;

FIG. 27 shows a relation between Vg and (1/C)?;

FIGS. 28A and 28B are cross-sectional views illustrating a semiconductor
device; '

FIG. 29 is a cross-sectional view illustrating a semiconductor device; and

FIGS. 30A to 30F illustrate electronic devices.

BEST MODE FOR CARRYING OUT THE INVENTION
[0068]

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

[0069]

Note that the position, the size, the range, or the like of each structure
illustrated in drawings and the like is not accurately represented.in some cases for easy
understanding. Therefore, the disclosed invention is not necessarily limited to such
position, size, range, and the like disclosed in the drawings and the like.

[0070]

In this specification and the like, ordinal numbers such as “first”, “second”, and
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“third” are used in order to avoid confusion among components, and the terms do not
limit the components numerically.

[0071]

(Embodiment 1)

In this embodiment, a structure and a manufacturing method of a
sémiconductor device according to an embodiment of the invention disclosed will be
described with reference to FIGS. 1A and 1B, FIGS. 2A to 2E, FIGS. 3A to 3D, and
FIGS. 4A to 4C.

[0072]
<The structure of a semiconductor device>

FIGS. 1A and 1B are cross-sectional views illustrating a transistor 150 which is
an example of the structure of a semiconductor device. Note that although the
transistor 150 described here is an n-channel IGFET (insulated gate field-effect
transistor) whose carriers are electrons, the transistor 150 may be a p-channel IGFET.
[0073]

The transistor 150 includes a first oxide semiconductor layer 104a provided
over a substrate 100 with an insulating layer 102 provided therebetween, a second oxide
semiconductor layer 106a provided over the first oxide semiconductor layer 104a, a
source or drain electrode layer 108a and a source or drain electrode layer 108b which
are electrically connected to the second oxide semiconductor layer 106a, a gate
insulating layer 112 which covers the second oxide semiconductor layer 106a, the
source or drain electrode layer 108a, and the source or drain electrode layer 108b, and a
gate electrode layer 114 over the gate insulating layer 112 (see FIGS. 1A and 1B).
[0074] ‘

In addition, an interlayer insulating layer 116 and an interlayer insulating layer
118 are provided over the transistor 150. Note that the interlayer insulating layer 116
and the interlayer insulating layer 118 are not requisite components and may be omitted
as appropriate.

[0075] ‘

For the first oxide semiconductor layer 104a and the second oxide

semiconductor layer 106a, an In-Sn-Ga-Zn-O-based material which is a four-component

metal oxide; an In-Ga-Zn-O-based material, an In-Sn-Zn-O-based material, an
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In-Al-Zn-O-based material, a Sn-Ga-Zn-O-based material, an Al-Ga-Zn-O-based
material, or a Sn-Al-Zn-O-based material which are three-component metal oxides; an
In-Zn-O-based material, a Sn-Zn-O-based material, an Al-Zn-O-based materiai, a
Zn-Mg-O-based material, a Sn-Mg-O-based material, or an In-Mg-O-based material
which are two-component metal oxides; an In-O-based material, a Sn-O-based material,
or a Zn-O-based material which are one-component metal oxides; or the like can be
used.

[0076]

In addition, an oxide semiconductor material expressed by In-4-B-O may be
used. Here, A represents one or plural kinds of elements selected from elements
belonging to Group 13, such as gallium (Ga) or aluminum (Al), elements belonging to
Group 14 typified by silicon (Si) or germanium (Ge), or the like. In addition, B
represents one or plural kinds of elements selected from elements belonging to Group
12 typified by zinc (Zn). Note that the In content, the 4 content, and the B content are
set freely, and the case where the A content is zero is included. On the other hand, the
In content and the B content are not zero. In other words, the above expression
includes In-Ga-Zn-0O, In-Zn-0, and the like.

[0077]

In particular, an In-Ga-Zn-O-based oxide semiconductor material has
sufficiently high resistance when there is no electric field and thus off-state current can
be sufficiently reduced. In addition, having a high field-effect mobility, the
In-Ga-Zn-O-based oxide semiconductor material is suitable for a semiconductor
material used in a semiconductor device.

[0078]

As a typical example of the In-Ga-Zn-O-based oxide semiconductor material,
one represented by InGaO3(ZnO),, (m>0) is given. Using M instead of Ga, there is an
oxide semiconductor material expressed by InMO3(Zn0O),, (m>0). Here, M denotes
one or more of metal elements selected from gallium (Ga), aluminum (Al), iron (Fe),
nickel (Ni), manganese (Mn), cobalt (Co), and the like. For example, M may be Ga,
Ga and Al, Ga and Fe, Ga and Ni, Ga and Mn, Ga and Co, or the like. Note that the
above-described compositions are derived from the crystal structures that the oxide

semiconductor material can have and are only examples.
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[0079]

It is preferable that the first oxide semiconductor layer 104a and the second
oxide semiconductor layer 106a be purified in such a manner that an impurity such as
hydrogen is sufficiently removed from the first oxide semiconductor layer 104a and the
second oxide semiconductor layer 106a and oxygen is supplied thereto. Specifically,
the concentration of hydrogen in the first oxide semiconductor layer 104a and the
second oxide semiconductor layer 106a is 5 x 10" /cm® or less, preferably 5 x 10'® /em®
or less, and further preferably 5 x 10'7 /cm® or less. The first oxide semiconductor
layer 104a and the second oxide semiconductor layer 106a which are purified by
sufficiently reducing the hydrogen concentration and supplying oxygen have a
sufficiently low carrier.density (e.g., less than 1 x 10" /cm®, preferably less than 1.45 x
10" /cm®) as compared to a general silicon wafer (a silicon wafer to which a slight
amount of an impurity element such as phosphorus or boron is added) having a carrier
density of approximately 1 x 10" /cm®. The transistor 150 having extremely excellent
off-state current characteristics can be obtained with the use of an i-type or substantially
i-type oxide semiconductor. For example, when the drain voltage Vd is +1 Vor +10 V
and the gate voltage Vg ranges from —20 V to -5 V, the off-state current is 1x10™" A or
less. Note that the hydrogen concentration in the first oxide semiconductor layer 104a
and the second oxide semiconductor layer 106a was measured by secondary ion mass
spectroscopy (SIMS). |
[0080]

Here, it is preferable that the first oxide semiconductor layer 104a include a
crystalline region. The crystalline region is preferably a region including a surface of
the first oxide semiconductor layer 104a, that is, a region including an interface between
the first oxide semiconductor layer 104a and the second oxide semiconductor layer 106a,
and is preferably a region including a crystal whose c-axis is aligned in a direction
substantially perpendicular to the surface of the first oxide semiconductor layer 104a.
For example, the crystalline region can include a crystal grain whose c-axis is aligned in
a direction substantially perpendicular to the surface of the first oxide semiconductorl
layer 104a. Here, a "substantially perpendicular direction" means a direction within +

10° from a perpendicular direction. Note that the crystalline region may be formed
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only in the vicinity of the surface of the first oxide semiconductor layer 104a (e.g., a
region from the surface to a distance (depth) of 2 nm or more and 10 nm or less) or may
be formed to reach the bottom surface of the first oxide semiconductor layer 104a.
[0081]

In addition, the crystalline region preferably includes a plate-like crystal.
Here, the plate-like crystal means a crystal that is grown in a planar manner and has a
shape like a thin plate. The crystalline region preferably includes a polycrystal.

[0082]

The second oxide semiconductor layer 106a includes a crystal which is formed
by crystal growth from the crystalline region of the first oxide semiconductor layer
104a.

[0083]

Here, since the second oxide semiconductor layer 106a includes the crystal
which is formed by crystal growth from the crystalline region of the first oxide
semiconductor layer 104a, the second oxide semiconductor layer 106a includes a crystal
whose c-axis is aligned in a direction substantially perpendicular to the interface
between the first oxide semiconductor layer 104a and the second oxide semiconductor
layer 106a, as in the crystalline region of the first oxide semiconductor layer 104a.
Here, a "substantially perpendicular direction" means a direction within + 10° from a
perpendicular direction.

[0084]

In addition, the second oxide semiconductor layer 106a preferably includes a
plate-like crystal, as in the crystalline region of the first oxide semiconductor layer 104a.
The second oxide semiconductor layer 106a preferably includes a polycrystal.

[0085]

The second oxide semiconductor layer 106a may include not only the crystal
which is formed by crystal growth from the crystalline region of the first oxide
semiconductor layer 104a but also a crystal which is formed by crystal growth from the
surface of the second oxide semiconductor layer 106a.

[0086]
In the case where the first oxide semiconductor layer- 104a and the second

oxide semiconductor layer 106a are formed using the same material (i.e., in the case of
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homoepitaxy), the boundary between the first oxide semiconductor layer 104a and the
second oxide semiconductor layer 106a might not be able to be identified. Although
the boundary is shown by dotted lines in FIG. 1A, there is a case where the first oxide
semiconductor layer 104a and the second oxide semiconductor layer 106a can be
regarded as one layer (see FIG. 1A). Both the first oxide semiconductor layer 104a
and the second oxide semiconductor layer 106a include a polycrystal.

[0087]

Alternatively, the first oxide semiconductor layer 104a and the second oxide
semiconductor layer 106a may be formed using different materials (see FIG. 1B). In
the case where the first oxide semiconductor layer 104a and the second oxide
semiconductor layer 106a are formed using different materials (i.e., in the case of
heteroepitaxy), for example, the first oxide semiconductor layer 104a can be formed
using an In-Zn-O-based material which is a two-component metal oxide, and the second
oxide semiconductor layer 106a can be formed using an In-Ga-Zn-O-based material
which is a three-component metal oxide.

[0088]

Since the second oxide semiconductor layer 106a is formed by crystal growth
from the crystalline region of the first oxide semiconductor layer 104a, the second oxide
semiconductor layer 106a has electrical anisotropy. For example, the conductivity in a
direction parallel to the surface of the second oxide semiconductor layer 106a is
increased because the c-axis is aligned in a direction substantially perpendicular to the
interface between the first oxide semiconductor layer 104a and the second oxide
semiconductor layer 106a. In contrast, in a direction perpendicular to the surface of
the second oxide semiconductor layer 106a, an insulating property is increased.

[0089]

A region serving as a channel formation region in the oxide semiconductor
layer preferably has at least a flat surface. The first oxide semiconductor layer and the
second oxide semiconductor layer are polycrystals, and c-axes of the polycrystals
included in the first oxide semiconductor layer and the second oxide semiconductor
layer are aligned in the same direction. The variation in height of the surface of the
second oxide semiconductor layer is preferably 1 nm or less (further preferably 0.2 nm

or less) in a region overlapping with a gate electrode layer (the channel formation
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region).
[0090]

As described above, with the use of the second oxide semiconductor layer 106a
which is formed by crystal growth from the crystalline region of the purified first oxide
semiconductor layer 104a, a semiconductor device having favorable electric
characteristics can be realized. |
[0091]

The second oxide semiconductor layer 106a is comparatively stable, and thus
can prevent entry of an impurity (e.g., water) thereto. Accordingly, the reliability of
the second oxide semiconductor layer 106a can be improved.

[0092]

The meaning of the purification of the oxide semiconductor to cause the oxide
semiconductor to be an intrinsic (i-type) oxide semiconductor, an advantage of using
such oxide semiconductor in a semiconductor device, and the like will be described
below. |
[0093]
<Formation of an intrinsic oxide semiconductor>

Although a lot of researches on properties of an oxide semiconductor such as
density of state (DOS) have been conducted, they do not include the idea of sufficiently
reducing the defect level itself. According to an embodiment of the disclosed
invention, a purified intrinsic (i-type) oxide semiconductor is formed by removing water
or hydrogen which might cause the increase in the DOS from the oxide semiconductor.
This is based on the idea of sufficiently reducing the DOS itself. Thus, excellent
industrial products can be manufactured.

[0094]

Note that when hydrogen, water, or the like is removed, oxygen is also
removed in some cases. Therefore, it is favorable that the oxide semiconductor be
further purified to be an intrinsic (i-type) oxide semiconductor by supplying oxygen to
dangling bonds of metal which are generated by oxygen deficiency and thereby
reducing the DOS resulted from oxygen deficiency. For example, the DOS resulted
from oxygen deficiency can be reduced in the following manner: an oxide film having

excessive oxygen is formed in a close contact with a channel formation region; and heat
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treatment at higher than or equal to 200 °C and lower than or equal to 400 °C, typically,
approximately 250 °C, is performed so that oxygen is supplied to the oxide
semiconductor from the oxide film. The gas may be switched from an inert gas to a
gas containing oxygen during the heat treatment. Further, oxygen can be supplied to
an oxide semiconductor by performing a temperature decreasing step in an atmosphere
from which hydrogen, water, or the like is sufficiently removed or an oxygen
atmosphere, successively after the heat treatment.

[0095]

It can be considered that a factor of deterioration of oxide semiconductor -

characteristics is a shallow level formed due to excessive hydrogen at 0.1 eV to 0.2 eV
below the conduction band, a deep level resulted from oxygen deficiency, or the like.
The technical idea of thoroughly removing hydrogen and sufficiently supplying oxygen
in order to eliminate these defects would be reasonable.

[0096]

Note that although an oxide semiconductor generally has an n-type
conductivity, in one - embodiment of the disclosed invention, an i-type oxide
semiconductor is obtained by removing an impurity such as water or hydrogen and
supplying oxygen that is a component of the bxide semiconductor. In this respect, it
can be said that one embodiment of the invention disclosed herein includes a novel
technical idea because it is different from an i-type semiconductor such as silicon added
with an impurity element.

[0097]

When the i-type oxide semiconductor is used, favorable temperature
characteristics of the transistor can be obtained. Typically, as for current-voltage
characteristics of the transistor, in the temperature range from -25 °C to 150 °C,
on-state current, off-state current, field-effect mobility, S value, and threshold voltage
hardly vary, and thus the current-voltage characteristics hardly deteriorate due to the
temperature.

[0098]
The transistor using an oxide semiconductor described in this embodiment has

a mobility approximately two digits lower than that of a transistor using silicon carbide.
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However, the current value of the transistor using an oxide semiconductor can be
increased by increasing the drain voltage or the channel width (W); thus, device
characteristics can be improved.

[0099]

A technical idea of this embodiment is to purify an oxide semiconductor itself
by intentionally removing an impurity such as water or hydrogen which undesirably
exists in the oxide semiconductor, without adding an impurity into the oxide
semiconductor. In other words, a technical idea of this embodiment is to purify an
oxide semiconductor by removing water or hydrogen that forms a donor level and
sufficiently supplying oxygen which is a main component of the oxide semiconductor
so as to reduce oxygen deficiency.

{0100}

According to the measurement by SIMS (secondary ion mass spectroscopy),
hydrogen exists in the oxide semiconductor at approximately 1 x 10 cm™ at the time
right after the deposition of the oxide semiconductor. | Water or hydrogen which causes
a donor level is intentionally removed and oxygen (one of the components of the oxide
semiconductor) which is decreased with the removal of water or hydrogen is added to
the oxide semiconductor, whereby the oxide semiconductor is purified to be an
electrically intrinsic (i-type) semiconductor.

[0101]

Further, in the embodiments, it is preferable that the amount of water and
hydrogen be as small as possible, and it is also preferable that the number of carriers in
an oxide semiconductor be as small as possible. In other words, a carrier density of
less than 1 x 10" cm™, preferably less than 1.4 x 10'® cm™ which is less than or equal
to the measurement limit is needed. In addition, an ideal career density is 0 cm™ or
approximately 0 cm™ in the technical idea of this embodiment. In particular, when an
oxide semiconductor is subjected to heat treatment in an oxygen atmosphere, a nitrogen
atmosphere, or an atmosphere of ultra-dry air (air in which the water content is less than
or equal to 20 ppm, preferably less than or equal to 1 ppm, and more preferably less
than or equal to 10 ppb) at a temperature higher than or equal to 450 °C and lower than

or equal to 850 °C, preferably higher than or equal to 550 °C and lower than or equal to
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750 °C, water or hydrogen which serves as an n-type impurity can be removed and the
oxide semiconductor can be purified. In addition, when the oxide semiconductor is
purified by removing an impurity such as water or hydrogen, the carrier density thereof
can be less than 1 x 10** cm™, preferably less than 1.4 x 10" cm™ which is less than or
equal to the measurement limit.

[0102]

In addition, when the heat treatment is performed at a high temperature of
higher than or equal to 450 °C and lower than or equal to 850 °C, preferably higher than
or equal to 600 °C and lower than or equal to 700 °C, the oxide semiconductor can be
purified and also crystallized, and crystal growth proceeds from a surface of the oxide
semiconductor toward the inside thereof, so that the oxide semiconductor becomes a
polycrystalline layer whose c-axis is aligned.

[0103]

According to an embodiment of the present invention, a polycrystalline layer
whose c-axis is aligned is used as a seed crystal, a second oxide semiconductor is
formed thereover, and heat treatment is performed at a temperature higher than or equal
to 450 °C and lower than or equal to 850 °C, preferably higher than or equal to 550 °C
and lower than or equal to 750 °C, so that the second oxide semiconductor can become
a polycrystalline layer whose c-axis is aligned in a manner similar to that of the seed
crystal. That is to say, ideal axial growth or epitaxial growth in which the c-axis of the
seed crystal and the c-axis of the second oxide semiconductor are aligned in the same
direction can be performed.

[0104]

The second oxide semiconductor whose c-axis is aligned in the same direction
as that of the seed crystal can be obtained not only by solid-phase growth caused by the .
heat treatment after deposition, but also by crystal growth during deposition in which
the second oxide semiconductor is deposited typically by sputtering under the state of

being heated at a temperature higher than or equal to 200 °C and lower than or equal to

600 °C.

[0105]

In addition, carriers in the oxide semiconductor are reduced, or preferably all
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carriers are removed, so that the oxide semiconductor serves as a path through which
carriers pass in a transistor. As a result, the oxide semiconductor is a purified i-type
(intrinsic) semiconductor which has no carrier or very few carriers, so that off-state
current of a transistor in an off state can be extremely low, which is the technical idea of
this embodiment.

[0106]

In addition, when the oxide semiconductor serves as a path, and the oxide
semiconductor itself is a purified i-type (intrinsic) semiconductor which has no carriers
or very few carriers, carriers are supplied by a source electrode and a drain electrode.
When the electron affinity x and the Fermi level, preferably the Fermi level
corresponding to the intrinsic Fermi level in the oxide semiconductor and the work
functions of the source electrode and the drain electrode are appropriately selected,
carriers can be injected from the source electrode and the drain electrode. Therefore,
an n-channel transistor and a p-channel transistor can be manufactured appropriately.
[0107] |

In a lateral transistor in which a channel is formed substantially parallel to a

substrate, a source and a drain as well as the channel need to be provided, so that the

* area occupied by the transistor in the substrate is increased, which hinders

miniaturization. However, in a vertical transistor, a source, a channel, and a drain are
stacked, whereby the area occupied by the transistor in a substrate surface can be
reduced. As a result of this, it is possible to miniaturize the thin film transistor.

[0108]

As described above, the oxide semiconductor film is purified so as to contain
impurities that are not main components of the oxide semiconductor film, typically
hydrogen, water, a hydroxyl group, or hydride, as little as possible and is made to
include a polycrystalline region, whereby favorable operation of the transistor can be
obtained. Specifically, the withstand voltage can be increased, a short-channel effect
can be reduced, and an on/off ratio can be increased. In addition, the amount of shift
in threshold voltage of the transistor in the BT test can be reduced, so that high
reliability can be realized.  Further, the temperature dependence of electric
characteristics can be reduced. In the transistor formed using the oxide semiconductor

layer including the c-axis-aligned polycrystalline layer, the amount of shift in threshold
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voltage of the transistor can be reduced in the BT test in which the transistor is
continuously irradiated with light. Accordingly, the transistor having stable electric
characteristics can be manufactured.

[0109]

<Advantage of the process over other semiconductor materials>

As a semiconductor material that can be compared to an oxide semiconductor,
silicon carbide (e.g., 4H-SiC) or the like can be given. There are some commonalities
between an oxide semiconductor and 4H-SiC. The carrier concentration is one
example of the commonalities between the oxide semiconductor and 4H-SiC. In
accordance with Fermi-Dirac distribution, the minority carrier density of an oxide
semiconductor is estimated to be approximately 107 /cm®. This value of the minority
carrier density is extremely small similarly to that of 4H-SiC, which is 6.7 x 10™"! /cm®.
When the minority carrier density of an oxide semiconductor is compared with the
intrinsic carrier density of silicon (approximately 1.4 x 10" /cm3), it can be understood
well that the minority carrier density of an oxide semiconductor is significantly low.
[0110]

In addition, the energy band gap of the oxide semiconductor is greater than or
equal to 3.0 eV and less than or equal to 3.5 eV, and the energy band gap of 4H-SiC is
3.26 eV. Therefore, an oxide semiconductor is similar to silicon carbide in that they
are both wide-gap semiconductors.

[0111]

On the other hand, there is a major difference between an oxide semiconductor
and silicon carbide, that is, the process temperature. In general, a heat treatment at
higher than or equal to 1500 °C and lower than or equal to 2000 °C is required when
using silicon carbide. At such a high temperature, a semiconductor substrate, a
semiconductor element, or the like using a material other than silicon carbide is
damaged, and thus, it is difficult to form a semiconductor element using silicon carbide
over a semiconductor element using a semiconductor material other than silicon carbide.
On the other hand, an oxide semiconductor can be obtained through heat treatment at
higher than or equal to 300 °C and lower than or equal to 800 °C. Therefore, it is

possible to form a semiconductor element using an oxide semiconductor after forming
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an integrated circuit using another semiconductor material.
[0112]

In the case of using an oxide semiconductor, there is an advantage that it is
possible to use a substrate having low heat resistance such as a glass substrate, which is
different from the case where silicon carbide is used. Moreover, an oxide
semiconductor can be obtained without high-temperature heat treatment so that energy
cost can be reduced sufficiently as compared with the case of using silicon carbide.
Further, in silicon carbide, a crystal defect or a small amount of impurities which is
introduced into the silicon carbide without intention is a factor that generates carriers.
In theory, a low carrier density equivalent to that of the oxide semiconductor of the
present invention can be obtained in the case of silicon carbide; however, it is
practically difficult to obtain a carrier density of 10'* /cm® or lower because of the
above-described reasons. The same is true when the oxide semiconductor is compared
to gallium nitride which is also known as a wide band-gap semiconductor.

[0113]
<Conduction mechanism of a transistor including an oxide semiconductor>

The conduction mechanism of a transistor including an oxide semiconductor
will be described with reference to FIG. 18, FIGS. 19A and 19B, FIGS. 20A and 20B,
and FIG. 21. Note that the following description is based on the assumption of an ideal
situation for easy understanding and does not entirely reflect a real situation. In
addition, the following description is only one consideration.

[0114]

FIG. 18 is a cross-sectional view of a transistor (thin film transistor) including
an oxide semiconductor. An oxide semiconductor layer (OS) is provided over a gate
electrode (GE) with a gate insulating layer (GI) provided therebetween, and a source
electrode (S) and a drain electrode (D) are provided over the oxide semiconductor layer.
[0115]

FIG. 19 is energy band diagram (schematic diagram) of a cross section taken
along line A-A' in FIG. 18. In FIG. 19, a black circle (®) and a white circle (o)
represent an electron and a hole and have electric charges (-q, +q), respectively. With

a positive voltage (Vp > 0) applied to the drain electrode, the dashed line shows the case
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where no voltage is applied to the gate electrode (Vg = 0) and the solid line shows the
case where a positive voltage is applied to the gate electrode (Vg > 0). In the case
where no voltage is applied to the gate electrode, carriers (electrons) are not injected to
the oxide semiconductor side from an electrode because of high potential barrier, so that
a current does not flow, which means an off state. On the other hand, when a positive
voltage is applied to the gate electrode, potential barrier is lowered, and thus a current
flows, which means an on state.

[0116]

FIGS. 20A and 20B are energy band diagrams (schematic diagrams) of a cross
section taken along line B-B' in FIG. 18. FIG. 20A illustrates a state where a positive
potential (Vg > 0) is applied to the gate electrode (GE) and an on state where carriers
(electrons) flow between the source electrode and the drain electrode. FIG. 20B
illustrates a state where a negative potential (Vg < 0) is applied to the gate electrode
(GE) and an off state (a minority carrier does not flow).

[0117]

FIG. 21 shows the relations between the vacuum level and the work function of
a metal (¢m) and between the vacuum level and the electron affinity (%) of an oxide
semiconductor.

[0118]

Beéause electrons in a metal are degenerated at room temperature, the Fermi
level is located in the conduction band. On the other hand, a conventional oxide
semiconductor is an n-type semiconductor, in which case the Fermi level (Ep) is away
from the intrinsic Fermi level (E;) located in the middle of a band gap and is located
closer to the conduction band. Note that it is known that part of hydrogen is a donor in
an oxide semiconductor and is one factor causing an oxide semiconductor to be an
n-type semiconductor. Further, oxygen deficiency is known as one of the causes to
produce an n-type oxide semiconductor.

[0119]

In contrast, an oxide semiconductor according to an embodiment of the

disclosed invention is an oxide semiconductor that is made to be intrinsic (i-type) or to

be close to intrinsic in the following manner: hydrogen, which is the cause to produce
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an n-type oxide semiconductor, is removed from the oxide semiconductor for
purification, so that the oxide semiconductor includes an element (impurity element)
other than main components of the oxide semiconductor as little as possible, and in
addition oxygen deficiency is removed. That is, a feature of an embodiment of the
present invention is that an oxide semiconductor is made to be or be close to a purified
i-type (intrinsic) semiconductor not by addition of an impurity element but by removal
of impurities such as hydrogen and water and oxygen deficiency as much as possible.
Thus, the Fermi level (Er) can be comparable with the intrinsic Fermi level (E;).

[0120]

It is said that the band gap (E,) of an oxide semiconductor is 3.15 eV and the
electron affinity () is 4.3 V. The work function of titanium (Ti) used for forming the
source and drain electrodes is substantially equal to the electron affinity () of the oxide
semiconductor. In that case, a Schottky barrier for electrons is not formed at an
interface between the metal and the oxide semiconductor.

[0121]

At that time, as illustrated in FIG. 20A, the electron travels in the vicinity of the
interface between the gate insulating layer and the purified oxide semiconductor (the
bottom portion of the oxide semiconductor, which is energetically stable).

[0122]

As illustrated in FIG. 20B, when a negative potential is supplied to the gate
electrode (GE), a hole which is a minority carrier does not exist substantially. Thus,
the current value is substantially close to 0.

[0123]

In such a manner, the oxide semiconductor becomes intrinsic (i-type) or
substantially intrinsic by being purified so as to contain an element (impurity element)
other than its main components as little as possible. Thus, characteristics of the
interface between the oxide semiconductor and the gate insulating layer become
obvious. For that reason, the gate insulating layer needs to form a favorable interface
with the oxide semiconductor. Specifically, it is preferable to use the following
insulating layer, for example: an insulating layer formed by a CVD method using

high-density plasma generated at a power supply frequency in the range of the VHF
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band to the microwave band, or an insulating layer formed by a sputtering method.
[0124]

By purifying the oxide semiconductor and forming a favorable interface
between the oxide semiconductor and the gate insulating layer, for example, when the
channel width (W) of a transistor is 1 x 10* pm and the channel length (L) thereof is 3
um, characteristics such as an off-state current of less than or equal to 1 x 107> A and a

subthreshold swing value (S value) of 0.1 V/dec. (the thickness of the gate insulating

layer: 100 nm) can be realized.

[0125]

When the oxide semiconductor is purified as described above so as to contain
an element (impurity element) other than its main elements as little as possible, the
transistor can operate in a favorable manner.

[0126]
<Resistance to hot carrier degradation of a transistor using an oxide semiconductor>

Next, the resistance to hot carrier degradation of a transistor using an oxide
semiconductor will be described with reference to FIG. 22 and FIG. 23. Note that the
following description is based on the assumption of an ideal situation for easy
understanding and does not entirely reflect a real situation. In addition, the following
déscription is only one consideration.

[0127]

Main causes of hot carrier degradation are channel hot electron injection (CHE
injection) and drain avalanche hot carrier injection (DAHC injection). Note that only
electrons are considered below for simplicity.

[0128]

CHE injection refers to a phenomenon in which electrons in a semiconductor
layer which have gained energy higher than that of the barrier of a gate insulating layer
are injected into the gate insulating layer or the like. Electrons gain energy by being
accelerated by a low electric field.

[0129]
DAHC injection refers to a phenomenon in which electrons generated by

collision of electrons accelerated by a high voltage are injected into a gaté insulating
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layer or the like. A difference between DAHC injection and CHE injection is whether
or not they involve avalanche breakdown caused by impact ionization. Note that
DAHC injection requires electrons having a kinetic energy higher than a band gap of a
semiconductor.

[0130]

FIG. 22 shows the amount of energy which induces injection of hot carriers,
which is estimated from the band structure of silicon (Si). FIG. 23 shows the amount
of energy which induces injection of hot carriers, which is estimated from the band
structure of an In-Ga-Zn-O-based oxide semiconductor (IGZO). In FIG. 22 and FIG.
23, the diagram on the left shows CHE injection and the diagram on the right shows
DAHC injection.

[0131]

Regarding silicon, degradation caused by DAHC injection is more serious than
that caused by CHE injection. This results from the fact that silicon has a narrow band
gap and avalanche breakdown readily occurs therein. Since carriers (e.g., electrons)
which are accelerated without collision are very few in silicon, the probability of CHE
injection is low. On the other hand, the avalanche breakdown increases the number of
electrons capable of travelling over the barrier of the gate insulating layer, and thus the
probability of DAHC injection readily becomes higher than that of CHE injection.
[0132]

Regarding an In-Ga-Zn-O-based oxide semiconductor, the amount of energy
which induces CHE injection does not greatly differ from that in the case of silicon,
whereas thé amount of energy which induces DAHC injection is substantially equal to
the amount of energy which induces CHE injection due to the wide bandgap. That is,
the probability of DAHC injection is low.

[0133]

In a similar manner to that of silicon, carriers (e.g., electrons) which are
accelerated without collision are very few; accordingly, the probability of CHE injection
is also low. That is, an In-Ga-Zn-O-based oxide semiconductor has high resistance to
hot carrier degradation as compared to silicon.

[0134]

<Short-channel effect in a transistor using an oxide semiconductor>
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Next, a short-channel effect in a transistor using an oxide semiconductor will
be described with reference to FIG. 24. Note that the folloWing description is based on
the assumption of an ideal situation for easy understanding and does not entirely reflect
a real situation. In addition, the following description is only one consideration.

[0135]

The short-channel effect refers to degradation of electric characteristics which
becomes obvious with miniaturization of a transistor (a reduction in channel length (L)).
The short-channel effect results from the effect of a drain on a source. Specific
examples of the short-channel effect are a decrease in threshold voltage, an increase in
subthreshold swing (S value), an increase in leakage current, and the like.

[0136]

Here, a structure capable of suppressing a short-channel effect is examined by
device simulation. Specificall'y, four kinds of models each having a different carrier
density and a different thickness of an oxide semiconductor layer were prepared, and the
relationship between a channel length (L) and a threshold voltage (Vi) was checked.
As the models, bottom-gate transistors were employed, each of which had a carrier
density of 1.7 x 107 /cm® or 1.0 x 10" /cm® and an oxide semiconductor layer with a
thickness of 1 pm or 30 nm. Note that an In-Ga-Zn-O-based oxide semiconductor was
used for the oxide semiconductor, and a silicon oxynitride film with a thickness of 100
nm was used as a gate insulating layer.

[0137]

Note that there is no significant difference in calculation results between a
top-gate transistor and a bottom-gate transistor.
[0138] | |

FIG. 24 and FIG. 25 show calculation results. FIG. 24 shows the case where
the carrier density is 1.7 x 10 /em® and FIG. 25 shows the case where the carrier

density is 1.0 x 10 /em’.

The results show that a short-channel effect can be
suppressed by a reduction in thickness of an oxide semiconductor layer in a transistor
including an oxide semiconductor. For example, in the case where the channel length
is approximately 1 um, even with an oxide semiconductor layer having a sufficiently

low carrier density, it can be understood that a short-channel effect can be sufficiently
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suppressed when the thickness of the oxide semiconductor layer is set to about 3 nm to
50 nm, preferably about 3 nm to 20 nm, typically about 20 nm.

[0139]

<Carrier density of an oxide semiconductor>

One of technical ideas according to the invention disclosed herein is that an
oxide semiconductor layer is made close to an intrinsic (i-type) oxide semiconductor
layer as much as possible by a sufficient reduction in carrier density of the oxide
semiconductor layer. A method for obtaining the carrier density and the carrier density
measured in an oxide semiconductor layer will be described below with reference to
FIG. 26 and FIG. 27.

[0140]

The carrier density in an oxide semiconductor layer can be obtained in such a
manner that a MOS capacitor including the oxide semiconductor layer is formed and the
result of C-V measurement (C-V characteristics) of the MOS capacitor is evaluated.
[0141]

 The carrier density is measured in the following three steps: Step 1 for
obtaihing C-V characteristics by plotting the relation between the gate voltage Vg and
the capacitance C of a MOS capacitor; Step 2 for obtaining a graph representing the
relation between the gate voltage Vg and (1/C)2 from the C-V characteristics and
obtaining a differential value of (1/C)’ in a weak inversion region in the graph; and Step
3 for substituting the obtained differential value into the following Formula 1
representing the carrier density N;.  Note that in Formula 1, e represents the elementary
electric charge, € represents the dielectric constant of a vacuum, and ¢ represents the

relative dielectric constant of an oxide semiconductor.

[0142] a
[Formula 1]
2
N, = 2 d(1/C)
€EyE av
[0143]

As a sample for the measurement, a MOS capacitor having the following

structure was used. The MOS capacitor includes a 300-nm-thick titanium layer over a
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glass substrate, a 100-nm-thick titanium nitride layer over the titanium layer, a
2-um-thick oxide semiconductor layer using an In-Ga-Zn-O-based oxide semiconductor
(a-IGZO) over the titanium nitride layer, a 300-nm-thick silicon oxynitride layer over
the oxide semiconductor layer, and a 300-nm-thick silver layer over the silicon
oxynitride layer.

[0144]

The oxide semiconductor layer was formed by a sputtering method using a
target for depositing an oxide semiconductor including In, Ga, and Zn (In:Ga:Zn =
1:1:0.5 [atom%]). The atmosphere in which the oxide semiconductor layer was
formed was a mixed atmosphere of argon and oxygen (the flow rates of Ar and O, were
30 (sccm) and 15 (sccm), respectively).

[0145]

FIG. 26 shows C-V characteristics. FIG. 27 shows the relation between Vg
and (1/C)2. The carrier density obtained from Formula 1 using the differential value of
(1/C)? in the weak inversion region in FIG. 27 was 6.0 x 10'° /cm®.

[0146]

With the use of an oxide semiconductor that becomes intrinsic or substantially
intrinsic (e.g., the carrier density is less than 1 x 10** /cm® and preferably less than 1.45
x 10" /cm’), a transistor with excellent off-state current characteristics can be obtained.
[0147] _

As described above, it is understood that a variety of advantageous effects can
be obtained when an oxide semiconductor, in particular, a purified intrinsic oxide
semiconductor is used. In addition, when the intrinsic oxide semiconductor layer with
a crystalline structure is realized as described in the disclosed invention, a novel
semiconductor device having excellent characteristics is realized.

[0148]
<Method for manufacturing a semiconductor device>

Next, a method for manufacturing a transistor 150 will be described with
reference to FIGS. 2A to 2E and FIGS. 3A to 3D.
[0149]

An insulating layer 102 is formed over a substrate 100. Then, a first oxide
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semiconductor layer is formed over the insulating layer 102, and first heat treatment is
performed to crystallize at least a region including a surface of the first oxide
semiconductor layer, whereby a first oxide semiconductor layer 104 is formed (see FIG.
2A).

[0150]

" The substrate 100 may be any substrate that has an insulating surface and may
be, for example, a glass substrate. It is preferable to use a glass substrate because it
enables the mass production of a semiconductor device according to an embodiment of
the present invention. The glass substrate is preferably a non-alkali glass substrate.
As a material of the non-alkali glass substrate, a glass material such as aluminosilicate
glass, aluminoborosilicate glass, barium borosilicate glass, or the like is used, for
example. Alternatively, as the substrate 100, an insulating substrate formed using an
insulator such as a ceramic substrate, a quartz substrate, or a sapphire substrate, a
semiconductor substrate which is formed using a semiconductor material such as silicon
and whose surface is covered with an insulating material, or a conductive substrate
which is formed using a conductor such as metal or stainless steel and whose surface is
covered with an insulating material can be used. A plastic substrate can also be used
as long as it can withstand heat treatment in a manufacturing process.

[0151]

The insulating layer 102 functions as a base and can be formed by a CVD
method, a sputtering method, or the like. The insulating layer 102 is preferably formed
so as to include silicon oxide, silicon nitride, silicon oxynitride, silicon nitride oxide,
aluminum oxide, hafnium oxide, tantalum oxide, or the like. Note that the insulating
layer 102 may have a single-layer structure or a stacked structure. There is no
particular limitation on the thickness of the insulating layer 102; the insulating layer 102
can have a thickness greater than or equal to 10 nm and less than or equal to 500 nm, for
example. The insulating layer 102 is not an essential component here; therefore, a
structure in which the insulating layer 102 is not provided is also possible.

[0152]

If hydrogen, water, or the like is contained in the insulating layer 102,

hydrogen may enter the oxide semiconductor layer or extract oxygen from the oxide

semiconductor layer, whereby characteristics of the transistor may be degraded.
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Therefore, it is desirable to form the ipsulating layer 102 so as to include as little
hydrogen or water as possible.
[0153]

In the case of using a sputtering method or the like, for example, it is desirable
that the insulating layer 102 be formed in a state where moisture remaining in the
treatment chamber is removed. In order to remove moisture remaining in the treatment
chamber, an adsorption-type vacuum pump such as a cryopump, an ion pump, or a
titanium sublimation pump is preferably used. A turbo pump provided with a cold trap
may be used. From the treatment chamber evacuated with a cryopump or the like,
hydrogen, water, or the like is sufficiently removed; thus, the concentration of an
impurity in the insulating layer 102 can be reduced.

[0154]

When the insulating layer 102 is formed, it is desirable to use a high-purity gas
in which an impurity such as hydrogen or water is reduced so that the concentration is
decreased to approximately a value expressed in the unit “ppm” (preferably, “ppb”).
[0155]

The first oxide semiconductor layer can be formed using an
In-Sn-Ga-Zn-O-based material which is a four-component metal oxide; an
In-Ga-Zn-O-based material, an In-Sn-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, or a
Sn-Al-Zn-O-based material which are three-component metal oxides; 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, or an In-Mg-O-based material which are
two-component metal oxides; or an In-O-based material, a Sn-O-based material, a
Zn-0O-based material, or the like.

[0156]

In addition, an oxide semiconductor material expressed by In-4-B-O may be
used. Here, A represents one or plural kinds of elements selected from elements
belonging to Group 13, such as gallium (Ga) or aluminum (Al), elements belonging to
Group 14 typified by silicon (Si) or germanium (Ge), or the like. In addition, B
represents one or plural kinds of elements selected from elements belonging to Group

12 typified by zinc (Zn). Note that the In content, the A content, and the B content are
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set freely, and the case where the 4 content is zero is included. On the other hand, the
In content and the B content are not zero. In other words, the above expression
includes In-Ga-Zn-0O, In-Zn-0O, and the like.

[0157]

In particular, an In-Ga-Zn-O-based oxide semiconductor material has
sufficiently high resistance when there is no electric field and thus off-state current can
be sufficiently reduced. In addition, having a high field-effect mobility, the
In-Ga-Zn-O-based oxide semiconductor material is suitable for a semiconductor
material used in a semiconductor device.

[0158]

As a typical example of the In-Ga-Zn-O-based oxide semiconductor material,
one represented by InGaO3(Zn0),, (m>0) is given. Using M instead of Ga, there is an
oxide semiconductor material expressed by InMO3(ZnO),, (m>0). Here, M denotes
one or more of metal elements selected from gallium (Ga), aluminum (Al), iron (Fe),
nickel (Ni), manganese (Mn), cobalt (Co), and the like. For example, M may be Ga,
Ga and Al, Ga and Fe, Ga and Ni, Ga and Mn, Ga and Co, or the like. Note that the

above-described compositions are derived from the crystal structures that the oxide

semiconductor material can have and are only examples.
[0159] ‘

In this embodiment, the first oxide semiconductor layer is formed by a
sputtering method using a target for depositing an In-Ga-Zn-O-based oxide
semiconductor.

[0160] -

As the target for depositing the first oxide semiconductor layer by a sputtering
method, a metal oxide target containing zinc oxide as its main component can be used,
for example. The composition ratio of the target for depositing an oxide
semiconductor including In, Ga, and Zn is such that In:Ga:Zn = 1:x:y (x is greater than
or equal to 0 and less than or equal to 2, and y is greater than or equal to 1 and less than
or equal to 5). For example, a target having such a composition ratio that In:Ga:Zn =
1:1:1 [atomic ratio] (x = 1, y = 1) (that is, In,03:Ga,03:Zn0O = 1:1:2 [molar ratio]) may

be used. As the target for depositing an oxide semiconductor, a target having such a
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composition ratio that In:Ga:Zn = 1:1:0.5 [atomic ratio], a target having such a
composition ratio that In:Ga:Zn = 1:1:2 [atomic ratio], or a target having such a
composition ratio that In:Ga:Zn = 1:0:1 [atomic ratio] (x = 0, y = 1) can be used. In
this embodiment, it is preferable to use a target for depositing an oxide semiconductor
which can easily induce crystallization, for later intentional crystallization induced by
heat treatment.

[0161]

In addition, it is preferable that an oxide semiconductor contained in the target
for depositing an oxide semiconductor have a relative density of 80 % or more,
preferably 95 % or more, further preferably 99.9 % or more. With a target for
depositing an oxide semiconductor having a high relative density, the first oxide
semiconductor layer is formed dense. In this embodiment, it is preferable to use a
target for depositing an oxide semiconductor which can easily induce crystallization, for
later intentional crystallization of the first oxide semiconductor layer induced by heat
treatment.

[0162]

The atmosphere in which the first oxide semiconductor layer is formed is
preferably a rare gas (typically, argon) atmosphere, an oxygen atmosphere, or a mixed
atmosphere of a rare gas (typically, argon) and oxygen. Specifically, it is preferable to
use a high-purity gas atmosphere, for example, from which an impurity such as
hydrogen, water, a hydroxyl group, or hydride is removed so that the concentration is
decreased to approximately a value expressed in the unit "ppm" (preferably, "ppb").
[0163]

At the time of forming the first oxide semiconductor layer, for example, the
substrate is held in a treatment chamber that is maintained at reduced pressure and the
substrate temperature is set to a temperature higher than or equal to 100 °C and lower
than or equal to 600 °C, preferably higher than or equal to 200 °C and lower than or
equal to 400 °C. Then, a sputtering gas from which hydrogen and water are removed
is introduced into the treatment chamber from which remaining moisture is removed,
and metal oxide is used as a target; thus, the first oxide semiconductor layer is formed.

When the oxide semiconductor layer is formed while the substrate is heated, impurities
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contained in the first oxide semiconductor layer can be reduced. In addition, damage
by sputtering can be reduced. It is preferable to remove moisture or the like remaining
in the sputtering apparatus before, during, or after the formation of the first oxide
semiconductor layer. In order to remove moisture remaining in the treatment chamber,
an adsorption-type vacuum pump is preferably used. For example, a cryopump, an ion
pump, a titanium sublimation pump, or the like can be used. Alternatively, a turbo
pump provided with a cold trap may be used. Since hydrogen, water, or the like is
removed from the treatment chamber which is evacuated with the cryopump, the
concentration of impurities in the first oxide semiconductor layer can be reduced.

[0164]

For example, the deposition conditions of the first oxide semiconductor layer
are as follows: the distance between the substrate and the target is 170 mm, the pressure
is 0.4 Pa, the direct-current (DC) power is 0.5 kW, and the atmosphere is an oxygen
atmosphere (the proportion of oxygen in the oxygen flow is 100 %). Note that the use
of a pulse direct-current (DC) power supply is preferable because it reduces dust
(powder or flake-like substances produced at the time of deposition) and it makes the
film thickness uniform. The thickness of the first oxide semiconductor layer is
preferably greater than or equal to 3 nm and less than or equal to 15 nm, and is 5 nm in
this embodiment. Note that the appropriate thickness varies depending on the material
of the oxide semiconductor, the usage, or the like, and thus the thickness is selected as
appropriate depending on the material, the usage, or the like.

[0165]

Note that before the first oxide semiconductor layer is formed by a sputtering
method, reverse sputtering in which plasma is generated with an argon gas introduced is
preferably performed so that a material attached to the surface of the insulating layer
102 is removed. Here, the reverse sputtering is a method by which ions collide with a
surface to be processed so that the surface is modified, in contrast to normal sputtering
by which ions collide with a sputtering target. An example of a method for making
ions collide with a surface to be processed is a method in which high-frequency voltage
is applied to the surface in an argon atmosphere so that plasma is generated near a
substrate. Note that an atmosphere of nitrogen, helium, oxygen, or the like may be

used instead of an argon atmosphere.
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[0166]

Further, pre-heat treatment is preferably performed before the deposition of the
first oxide semiconductor layer, in order to remove moisture or hydrogen which remains
on an inner wall of a sputtering apparatus, on a surface of the target, or inside a target
material. As the pre-heat treatment, a method in which the inside of the deposition
chamber is heated to higher than or equal to 200 °C and lower than or equal to 600 °C
under reduced. pressure, a method in which introduction and exhaustion of nitrogen or
an inert gas are repeated while the inside of the deposition chamber is heated, and the
like can be given. After the pre-heat treatment, the substrate or the sputtering
apparatus is cooled. Then, an oxide semiconductor layer is formed without exposure
to the air. In this case, not water but oil or the like is preferably used as a coolant for
the target. Although a certain level of effect can bé obtained when introduction and
exhaustion of nitrogen are repeated without heating, it is further preferable to perform
the treatment with the inside of the deposition chamber heated.

[0167]

Next, first heat treatment is performed on the first oxide semiconductor layer to
crystallize at least a region including a surface of the first oxide semiconductor layer,
whereby the first oxide semiconductor layer 104 is formed. Through this first heat
treatment, water (including a hydroxyl group), hydrogen, or the like in the first oxide
semiconductor layer can be removed. The temperature of the first heat treatment is
higher than or equal to 450 °C and lower than or equal to 850 °C, preferably higher than
or equal to 550 °C and lower than or equal to 750 °C. The heating period is longer
than or equal to 1 minute and shorter than or équal to 24 hours. In this embodiment,
the first heat treatment is performed at 700 °C for 1 hour in a dry air atmosphere.

[0168]

Note that in the first heat treatment, it is preferable that water, hydrogen, or the
like be not contained in nitrogen, oxygen, or a rare gas such as helium, neon, or argon.
It is preferable that nitrogen, oxygen, or a rare gas such as helium, neon, or argon
introduced into a heat treatment apparatus have a purity of greater than or equal to 6N
(99.9999 %), preferably greater than or equal to 7N (99.99999 %) (that is, the impurity

concentration is set to less than or equal to 1 ppm, preferably less than or equal to 0.1
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ppm). The first heat treatment may be performed in an ultra-dry air with an H,O
concentration of 20 ppm or less, further preferably in an ultra-dry air with an H,O
concentration of 1 ppm or less. With such first heat treatment, water (including a
hydroxyl group), hydrogen, or the like in the first oxide semiconductor layer 104 can be
removed. Accordingly, the i-type or substantially i-type first oxide semiconductor
layer 104 in which impurities are reduced can be formed, which enables the transistor
150 to have extremely excellent characteristics.

[0169]

In addition, when the temperature is increased in the first heat treatment, the
inside of a furnace may be set to a nitrogen atmosphere, and when cooling is performed,
the inside of the furnace may be switched to an oxygen atmosphere. By performing
dehydration or dehydrogenation in a nitrogen atmosphere and switching the atmosphere
to an oxygen atmosphere, oxygen can be supplied into the first oxide semiconductor
layer, so that an i-type oxide semiconductor layer can be obtained.

[0170]

Through the first heat treatment, the first oxide semiconductor layer 104 which
includes a crystalline region in the region including at least the surface of the first oxide
semiconductor layer 104 is formed. The crystalline region formed in the region
including the surface is formed by crystal growth from the surface toward the inside.
The crystalline region includes a plate-like crystal with an average thickness of greater
than or eqﬁal to 2 nm and less than or equal to 10 nm. The crystalline region includes
a crystal whose c-axis is aligned in a direction substantially perpendicular to the surface.
Here, a "substantially perpendicular direction" means a direction within = 10° from a
perpendicular direction. |
[0171)]

Although an example in which the entire region of the first oxide
semiconductor layer is crystallized by the first heat treatment is described in this
embodiment, this embodiment is not limited thereto as long as the crystalline region is
formed in the region including at least the surface of the first oxide semiconductor layer
104. For example, the first oxide semiconductor layer 104 may include an amorphous
region in the vicinity of a bottom surface of the first oxide semiconductor layer 104, that

is, an interface between the first oxide semiconductor layer 104 and the insulating layer
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102. The existence of the amorphous region in the vicinity of the interface between
the first oxide semiconductor layer 104 and the insulating layer 102 is favorable because
carriers flowing in the crystalline region are prevented from being directly affected by
the interface with the insulating layer 102.

[0172]

Note that the apparatus used for the first heat treatment is not limited to a
particular apparatus, and an apparatus for heating a process object using heat radiation
or heat conduction from a heating element such as a resistance heating element, or the
like can be used. For example, an electric furnace, or 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. An LRTA apparatus is an apparatus
for heating a process object using radiation of light (an electromagnetic wave) emitted
from a lamp such as a halogen lamp, a metal halide lamp, a xenon arc lamp, a carbon
arc lamp, a high-pressure sodium lamp, or a high-pressure mercury lamp. A GRTA
apparatus is an apparatus for heat treatment using a high-temperature gas.

[0173]

Next, a second oxide semiconductor layer 105 is formed over the first oxide
semiconductor layer 104 which includes the crystalline region in the region including at
least the surface (see FIG. 2B). ‘

[0174]

The second oxide semiconductor layer 105 can be formed in a manner similar
to that of the first oxide semiconductor layer, using an In-Sn-Ga-Zn-O-based material
which is a four-component metal oxide; an In-Ga-Zn-O-based material, an
In-Sn-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, or a Sn-Al-Zn-O-based material which are
three-component metal oxides; 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, or
an In-Mg-O-based material which are two-component metal oxides; an In-O-based
material, a Sn-O-based material, a Zn-O-based material which are one-component metal
oxides; or the like.

[0175]

In particular, an In-Ga-Zn-O-based oxide semiconductor material has
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sufficiently high resistance when there is no electric field and thus off-state current can
be sufficiently reduced. In addition, having a high field-effect mobility, the
In-Ga-Zn-O-based oxide semiconductor material is suitable for a semiconductor
material used in a semiconductor device.

[0176]

As a typical example of the In-Ga-Zn-O-based oxide semiconductor material,
one represented by InGaO3(Zn0),, (m>0) is given. Using M instead of Ga in the above
structure, there is an oxide semiconductor material expressed by InMO3(ZnO),, (m>0).
Here, M denotes one or more of metal elements selected from gallium (Ga), aluminum
(Al), iron (Fe), nickel (Ni), manganese (Mn), cobalt (Co), and the like. For example,
M may be Ga, Ga and Al, Ga and Fe, Ga and Ni, Ga and Mn, Ga vand Co, or the like.
Note that the above-described compositions are derived from the crystal structures that
the oxide semiconductor material can have and are only examples.

[0177]

It is preferable that the second oxide semiconductor layer 105 be formed using
a material whose main component is the same as that of the material of the first oxide
semiconductor layer 104 or that the second oxide semiconductor layer 105 have the
same crystal structure as the first oxide semiconductor layer 104 and a lattice constant
similar to that of the first oxide semiconductor layer 104 (a mismatch of 1 % or less).
Alternatively, the first oxide semiconductor layer 104 and the second oxide
semiconductor layer 105 may be formed using materials having different main
components.

[0178]

In the case of using materials including the same main component, crystal
growth is easily caused in later crystallization of the second oxide semiconductor layer
105 because the crystalline region of the first oxide semiconductor layer 104 serves as a
seed. In addition, since the thickness can be increased substantially, using materials
includihg the same main component is suitable for the application to power devices or
the like. Further, in the case of using materials including the same main component,
favorable interface characteristics such as adhesiveness or favorable electric
characteristics can be obtained.

[0179]
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In the case of using materials having different main components, the layers can
have different electric characteristics. For example, when a material having a high
electric conductivity is used for the second oxide semiconductor layer and a material -
having a low electric conductivity is used for the first oxide semiconductor layer, a
semiconductor device in which an influence of the base interface is reduced can be
realized. In the case where a favorable seed crystal is formed by using a material
which can be easily crystallized for the first oxide semiconductor layer and then the
second oxide semiconductor layer is formed and crystallized, the second oxide
semiconductor layer can have favorable crystallinity independently of the easiness of
crystallization of the second oxide semiconductor layer.

[0180]

In this embodiment, the second oxide semiconductor layer 105 is formed by a
sputtering method using a target for depositing an In-Ga-Zn-O-based oxide
semiconductor. The deposition of the second oxide semiconductor layer 105 by a
sputtering method may be conducted in a manner similar to the above-described
deposition of first oxide semiconductor layer by a sputtering method. Note that the
thickness of the second oxide semiconductor layer 105 is preferably larger than that of
the first oxide semiconductor layer 104. A second oxide semiconductor layer 105 is
preferably formed so that the sum of the thicknesses of the first oxide semiconductor
layer 104 and the second oxide semiconductor layer 105 may be greater than or equal to
3 nm and less than or equal to 50 nm. Note that the appropriate thickness varies
depending on the material of the oxide semiconductor, the usage, or the like, and thus
the thickness is selected as appropriate depending on the material, the usage, or the like.
[0181]

Next, second heat treatment is performed on the second oxide semiconductor
layer 105 to cause crystal growth using the crystalline region of the first oxide -
semiconductor layer 104 as a seed. Thus, a second oxide semiconductor layer 106 is
formed (see FIG. 2C).

[0182]
The temperature of the second heat treatment is higher than or equal to 450 °C

and lower than or equal to 850 °C, preferably higher than or equal to 600 °C and lower
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than or equal to 700 °C. The heating period of the second heat treatment is longer than
or equal to 1 hour and shorter than or equal to 100 hours, preferably longer than or
equal to 5 hours and shorter than or equal to 20 hours, and typically 10 hours.

[0183]

Note that also in the second heat treatment, it is preferable that water, hydrogen,
or the like be not contained in nitrogen, oxygen, or a rare gas such as helium, neon, or
argon. It is preferable that nitrogen, oxygen, or a rare gas such as helium, neon, or
argon introduced into a heat treatment apparatus have a purity of greater than or equal to
6N (99.9999 %), preferably greater than or equal to 7N .(99.99999 %) (that is, the
impurity concentration is set to less than or equal to 1 ppm, preferably less than or equal
to 0.1 ppm). The sécond heat treatment may be performed in an ultra-dry air with an
H>O concentration of 20 ppm or less, further preferably in an ultra-dry air with an H,O
concentration of 1 ppm or less. With such second heat treatment, water (including a
hydroxyl group), hydrogen, or the like in the second oxide semiconductor layer 106 can
be removed.  Accordingly, the i-type or substantially i-type second oxide
semiconductor layer 106 in which impurities are reduced can be formed, which enables
the transistor 150 to have extremely excellent characteristics.

[0184]

In addition, when the temperature is increased in the second heat treatment, the
inside of a furnace may be set to a nitrogen atmosphere, and when cobling is performed,
the inside of the furnace may be switched to an oxygen atmosphere. By performing
dehydration or dehydrogenation in a nitrogen atmosphere and switching the atmospheré
to an oxygen atmosphere, oxygen can be supplied into the second oxide semiconductor
layer 106, so that an i-type oxide semiconductor layer can be obtained.

[0185]

In this manner, the second heat treatment is performed in a long period,
whereby the entire region of the second oxide semiconductor layer 105 is crystallized
from the crystalline region formed in the vicinity of the interface between the second
oxide semiconductor layer 105 and the first oxide semiconductor layer 104; thus, the
second oxide semiconductor layer 106 can be formed. Further, by the second heat

treatment, the crystalline layer of the first oxide semiconductor layer 104 can have
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higher orientation.
[0186]

The second oxide semiconductor layer 106 includes a crystal whose c-axis is
aligned in a direction substantially perpendicular to the interface between the first oxide
semiconductor layer 104 and the second oxide semiconductor layer 106, in a manner
similar to that of the crystalline region of the first oxide semiconductor layer 104.
Here, a "substantially perpendicular direction" means a direction within + 10° from a
perpendicular direction.

[0187]

For example, in the case where an In-Ga-Zn-O-based oxide semiconductor
material is used for the second oxide semicohductor layer 106, the second oxide
semiconductor layer 106 can include a crystal represented by InGaO3(ZnO),, (m>0, and
m is not a natural number), a crystal represented by InoGa;ZnO7 (In:Ga:Zn:0 = 2:2:1:7),
or the like. Owing to the second heat treatment, the c-axis of such a crystal is aligned
in a direction substantially perpendicular to the surface of the oxide semiconductor layer
106.

[0188] _

Here, the above-described crystal includes any of In, Ga, and Zn, and can be
considered to have a stacked structure of layers parallel to a-axis and b-axis.
Specifically, the above-described crystal has a structure in which a layer including In
and a layer not including In (a layer including Ga or Zn) are stacked in a c-axis
direction.

[0189]

In the In-Ga-Zn-O-based oxide semiconductor crystal, the conductivity of the
layer including In in a direction parallel to a-axis and b-axis is favorable. This is due
to the fact that electric conductivity is mainly controlled by In in the In-Ga-Zn-O-based
oxide semiconductor crystal and the fact that the 5s orbital of one In atom overlaps the
Ss orbital of an adjacent In atom and thereby a carrier path is formed. In a direction
perpendicular to the above-described layer (that is, the c-axis direction), an insulating
property is increased.

[0190]
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In the case where the first oxide semiconductor layer 104 includes an
amorphous region in the vicinity of the interface between the first oxide semiconductor
layer 104 and the insulating layer 102, the second heat treatment may cause crystal
growth from the crystalline region formed on the surface of the first oxide
semiconductor layer 104 toward the bottom surface of the first oxide semiconductor
layer and may crystallize the amorphous region in some cases. Note that depending on
the material for forming the insulating layer 102 or heat treatment conditions, the
amorphous region may remain.

[0191]

In the case where the first oxide semiconductor layer 104 and the second oxide
semiconductor layer 105 are formed using oxide semiconductor materials including the
same main component, as illustrated in FIG. 2C, crystal growth occurs upward to the
surface of the second oxide semiconductor layer 105, in which the first oxide
semiconductor layer 104 serves as a seed crystal of the crystal growth, so that the
second oxide semiconductor layer 106 is formed. The first oxide semiconductor layer
104 and the second oxide semiconductor layer 105 have the same crystal structure.
Therefore, although the boundary between the first oxide semiconductor layer 104 and
the second oxide semiconductor layer 106 is indicated by dotted lines in FIG. 2C, it
sometimes cannot be identified, and the first oxide semiconductor layer 104 and the
second oxide semiconductor layer 106 can be sometimes regarded as one layer.

[0192]

Since the second oxide semiconductor layer 106 is formed by crystal growth
from the crystalline region of the first oxide semiconductor layer 104, the second oxide
semiconductor layer 106 has electrical anisotropy. In the above-described example,
the conductivity is increased in a direction parallel to the surface of the second oxide
semiconductor layer 106, whereas the insulating property is increased in a direction
perpendicular to the surface of the second oxide semiconductor layer 106. Thus, usage
of the second oxide semiconductor layer 106 formed by crystal growth from the
crystalline region of the purified first oxide semiconductor layer 104 can realize a
semiconductor device having favorable electric characteristics.

[0193]

Note that the apparatus for the second heat treatment is also not limited to a
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particular apparatus, and the apparatus may be provided with a device for heating a
process object using heat radiation or heat conduction from a heating element such as a
resistance heating element. For example, an electric furnace, or an RTA apparatus
such as a GRTA apparatus or an LRTA apparatus can be used.

[0194]

Next, the first oxide semiconductor layer 104 and the second oxide
semiconductor layer 106 are processed by a method such as etching using a mask; thus,
an island-shaped first oxide semiconductor layer 104a and an island-shaped second
oxide semiconductor layer 106a are formed (see FIG. 2D). |
[0195]

As a method for etching the oxide semiconductor layers, either dry etching or
wet etching may be employed. It is needless to say that dry etching and wet etching
can be used in combination. The etching conditions (e.g., an etching gas or an etchant,
etching time, and temperature) are set as appropriate depending on the material so that
the oxide semiconductor layers can be etched into a desired shape. |
[0196]

As the dry etching method, a parallel-plate reactive ion etching (RIE) method,
an inductively coupled plasma (ICP) etching method, or the like can be used. Also in
this case, etching conditions (e.g., the amount of electric power applied to a coiled
electrode, the amount of electric power applied to an electrode on the substrate side, and
the electrode temperature on the substrate side) need to be set as appropfiate.

[0197]

An example of an etching gas which can be used for dry etching is a gas
containing chlorine (a chlorine-based gas suéh as chlorine (Cly), boron trichloride
(BCl), silicon tetrachloride (SiCly), or carbon tetrachloride (CCls)). Moreover, a gas
containing fluorine (a fluorine-based gas such as carbon tetrafluoride (CF), sulfur
hexafluoride (SFg), nitrogen trifluoride (NF3), or trifluoromethane (CHF3)), hydrogen
bromide (HBr), oxygen (O,), any of these gases to which a rare gas such as helium (He)
or argon (Ar) is added, or the like may be used.

[0198]
An example of an etchant which can be used for wet etching includes a mixed

solution of phosphoric acid, acetic acid, and nitric acid, an ammonia peroxide mixture
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(hydrogen peroxide solution of 31 wt% : ammonia solution of 28 wt% : water = 5:2:2),
or the like. An etchant such as ITO-07N (produced by KANTO CHEMICAL CO.,
INC.) may also be used.

[0199]

Next, a conductive layer 108 is formed in contact with the second oxide
semiconductor layer 106a (see FIG. 2E).
[0200]

The conductive layer 108 can be formed by a PVD method such as a sputtering
method or a CVD method such as a plasma CVD method. The conductive layer 108
can be formed using an element selected from aluminum, chromium, copper, tantalum,
titanium, molybdenum, and tungsten, an alloy including any of these elements as a
component, or the like. A material including one or more of manganese, magnesium,
zirconium, and beryllium may be used. A material including aluminum and one or
more of elements selected from titanium, tantalum, tungsten, molybdenum, chromium,
neodymium, and scandium may be used.

[0201]

The conductive layer 108 may also be formed using a conductive metal oxide.
As the conductive metal oxide, indium oxide (In;Os), tin oxide (Sn0O»), zinc oxide
(Zn0), an indium oxide-tin oxide alloy (In;O3-SnO,, which is abbreviated to ITO in
some cases), an indium oxide-zinc oxide alloy (In,03-Zn0O), or any of these metal oxide
materials in which silicon or silicon oxide is included can be used.

[0202]

As the conductive layer 108, a three-layer structure in which an aluminum
layer is stacked over a titanium layer and a titanium layer is stacked over the aluminum
layer, or a three-layer structure in which an aluminum layer is stacked over a
molybdenum layer and a molybdenum layer is stacked over the aluminum layer is
preferable. Alternatively, a metal conductive film having a two-layer structure in
which an aluminum layer and a tungsten layer are stacked, a two-layer structure in
which a copper layer and a tungsten layer are stacked, or a two-layer structure in which
an aluminum layer and a molybdenum layer are stacked can be used. Needless to say,
the metal conductive film may have a single-layer structure or a stacked structure

including four or more layers. ' In the case of the single-layer structure, a single-layer
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structure of a titanium layer is favorably used, for example. In the case of using a
titanium layer having a single-layer structure, a favorable tapered shape can be obtained
by etching to be performed later. Here, a three-layer structure including a titanium
film, an aluminum film, aﬂd a titanium film is employed.

[0203]

In the case of using a material having an ability of extracting oxygen from the
second oxide semiconductor layer 106a (a material having a high oxygen affinity) such
as titanium in a portion of the conductive layer 108, which is in contact with the second
oxide semiconductor layer 106a, a region of the second oxide semiconductor layer 106a,
which is in contact with the conductive layer 108 is changed to have an n-type
conductivity due to oxygen deficiency. Utilizing this, resistance of a source region and
a drain region can be reduced.

[0204]

Alternatively, without using the material having an ability of extracting oxygen
from the second oxide semiconductor layer 106a, an oxide conductive layer may be
formed between the second oxide semiconductor layer 106a and the conductiveb layer
108. In the case of providing such an oxide conductive layer, the resistance of the
source region and the drain region can be reduced as well.

[0205]

Further, in the case where the region of the second oxide semiconductor layer
106a, which is in contact with the conductive layer 108, does not need to be changed to
have an n-type conductivity, a material having a low ability of extracting oxygen (a
material having a low oxygen affinity) is preferably used in a portion of the conductive
layer 108, which is in contact with the second oxide semiconductor layer 106a. As
such a material, titanium nitride can be given, for example. In a manner similar to the
above, the conductive layer 108 may have either a single-layer structure or a stacked
structure. In the case of the conductive layer 108 having a stacked structure, a
two-layer structure of a titanium nitride film and a titanium film, a two-layer structure
of a titanium nitride film and a tungsten film, a two-layer structure of a titanium nitride
film and a copper-molybdenum alloy film, a two-layer structure of a tantalum nitride
film and a tungsten film, a two-layer structure of a tantalum nitride film and a copper

film, a three-layer structure of a titanium nitride film, a tungsten film, and a titanium
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film, or the like can be employed, for example.
[0206] | |

In the case where the material having a low ability of extracting oxygen
described above is used for the conductive layer 108, a change to an n-type in the oxide
semiconductor layer due to extraction of oxygen can be prevented; accordingly, an
adverse effect on transistor characteristics caused by uneven change to an n-type or the
like can be prevented.

[0207]

In the case of using a material having a high barrier property, such as a titanium
nitride film or a tantalum nitride film as described above, in a portion of the conductive
layer 108, which is in contact with the second oxide semiconductor layer 106a, entry of
impurities into the second oxide semiconductor layer 106a can be prevented and an
adverse effect on transistor characteristics can be reduced.

[0208]

Next, the conductive layer 108 is selectively etched to form a source or drain
electrode layer 108a and a source or drain electrode layer 108b (see FIG. 3A). Further,
an insulating layer may be formed over the conductive layer 108, and the insulating |
layer may be etched to form insulating layers having substantially the same shape as the
source and the drain electrode layer, over the source and the drain electrode layer. In
this case, capacitance (so-called gate capacitance) between the source and the drain
electrode layer and the gate electrode can be reduced. Note that in this specification,
the expression “substantially the same” does not necessarily mean "exactly the same" in
a strict sense and includes the meaning of being considered as the same. For example,
a difference made by a single etching process is acceptable. Further, the thickness
does not need to be the same.

[0209]

For light exposure in forming a mask used for etching, ultraviolet light, KrF
laser light, or ArF laser light is preferably used. Particularly for light exposure in the
case where the channel length (L) is less than 25 nm, light exposufe for forming a mask
is preferably performed with extreme ultraviolet light having a wavelength of several
nanometers to several tens of nanometers, which is extremely short. In light exposure

using extreme ultraviolet light, resolution is high and depth of focus is large.
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Therefore, the channel length (L) of a transistor, which is completed later, can be 10 nm.
to 1000 nm (1 pm). By a reduction in channel length using such a method, operation
speed can be improved. In addition, the off-state current of a transistor including the
above-described oxide semiconductor is small; thus, an increase in power consumption
due to miniaturization can be suppressed.
[0210]

The materials and etching conditions of the conductive layer 108 and the

second oxide semiconductor layer 106a are adjusted as appropriate so that the second

~oxide semiconductor layer 106a is not removed in etching of the conductive layer 108.

Note that in some cases, the second oxide semiconductor layer 106a is partly etched in
the etching step and thus has a groove portion (a depression portion) depending on the
materials and the etching conditions.

[0211]

There is a case where the crystalline layers in contact with the source or drain
electrode layer 108a and the source or drain eléctrode layer 108b are changed into ’an
amorphous state in the vicinity of side surfaces of the first oxide semiconductor layer
104a and the second oxide semiconductor layer 106a. |
[0212]

In order to reduce the number of masks to be used and reduce the number of
steps, an etching step may be performed with the use of a resist mask formed using a
multi-tone mask which is a light-exposure mask through which light is transmitted to
have a plurality of intensities. A resist mask formed with the use of a multi-tone mask
has a plurality of thicknesses (has a stair-like shape) and further can be changed in
shape by ashing; therefore, the resist mask can be used in a plurality of etching steps.
That is, a resist mask corresponding to at least two kinds of different patterns can be
formed by using one multi-tone mask. Thus, the number of light-exposure masks can
be reduced and the number of corresponding photolithography steps can also be reduced,
whereby a process can be simplified.

[0213]

Here, heat treatment (third heat treatment) may be performed on the second

oxide semiconductor layer 106a. By the third heat treatment, a high-purity crystalline

region is formed in a region of the second oxide semiconductor layer 106a, which



5

10

15

20

25

30

WO 2011/065243 PCT/JP2010/070246
54

includes the exposed surface of the second oxide semiconductor layer 106a and overlaps
with neither the source or drain electrode layer 108a nor the source or drain electrode
layer 108b. Here, the high-purity crystalline region is a region having higher
crystallinity than the other region in the second oxide semiconductor layer 106a. The
area of the high-purity crystalline region varies depending on the material of the second
oxide semiconductor layer 106a, conditions of the heat treatment, and the like. For
example, the high-purity crystalline region can be extended to the lower interface of the
‘second oxide semiconductor layer 106a.

[0214]

For the third heat treatment, heat treatment similar to the first heat treatment
can be employed. In other words, heat treatment using an electric furnace, heat
treatment using heat conduction from a medium such as a heated gas, heat treatment
using thermal radiation, or the like can be employed.

[0215]

For example, GRTA treatment at a temperature higher than or equal to 400 °C
and lower than or equal to 900 °C, in which a high-temperature inert gas (e.g., nitrogen
or a rare gas) is used, can be employed. Note that although the essential part of the
invention does not require a particular upper limit of the heat treatment temperature, in
the case where the substrate 100 has low heat resistance, the upper limit of the heat
treatment temperature needs to be lower than the allowable temperature limit of the
substrate 100.

[0216]

In the case of employing GRTA treatment, the heat treatment period is
preferably longer than or equal to 1 minute and shorter than or equal to 100 minutes.
For example, GRTA treatment is preferably performed at 650 °C for approximately 3
minutes to 6 minutes. By employing the above-described GRTA treatment, heat
treatment can be performed in a short time; therefore, an adverse effect of heat on the
substrate 100 can be reduced. That is, the upper limit of the heat treatment
temperature can be increased in this case as compared to the case where heat treatment
is performed for a long time. In addition, the high-purity crystalline region can be

easily formed in the region including the surface of the second oxide semiconductor
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layer 106a.
[0217]

In the third heat treatment, it is preferable that hydrogen'(including water) or
the like be not contained in a treatment atmosphere. For example, the purity of an inert
gas introduced into a heat treatment apparatus is 6N (99.9999 %, that is, the impurity
concentration is 1 ppm or lower) or more, preferably 7N (99.99999 %, that is, the
impurity concentration is 0.1 ppm or lower) or more. Instead of the inert gas, an
oxygen gas in which hydrogen (including water) or the like is sufficiently reduced, a
N>O gas, an ultra-dry air (with a dew point of —40 °C or lower, preferably -60 °C or
lower), or the like may be used.

[0218]

Although GRTA treatment is employed as the third heat treatment in this
embodiment, the third heat treatment is not limited to the GRTA treatment. For
example, heat treatment using an electric furnace, LRTA treatment, or the like can also
be employed.

[0219]

By the third heat treatment performed in the above-described manner,
recrystallization can be caused to form a high-purity crystalline region, which is a
crystalline region having higher purity in the second oxide semiconductor layer 106a
including a crystal. Further, in the case where the surface of the second oxide
semiconductor layer 106a is damaged in the formation of the source or drain electrode
layer 108a and the source or drain electrode layer 108b, the damaged portion can be
repaired by the third heat treatment.

[0220]

In a manner similar to that of the above-described crystal, in a crystal of the
oxide semiconductor in the high-purity crystalline region formed in such a manner, the
c-axis is aligned in a direction substantially perpendicular to the surface of the oxide
semiconductor layer. Here, a "substantially perpendicular direction" means a direction
within + 10° from a perpendicular direction.

[0221]

By including such a high-purity crystalline region, the second oxide
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semiconductor layer 106a can have a higher electrical anisotropy.
[0222]

By provision of such a high-purity crystalline region in the second oxide
semiconductor layer 106a, electric characteristics of the semiconductor device can be
improved.

[0223]

Next, a gate insulating layer 112 is formed in contact with part of the second
oxide semiconductor layer 106a without exposure to the air (see FIG. 3B). The gate
insulating layer 112 can be formed by a CVD method, a sputtering method, or the like.
The gate insulating layer 112 is preferably formed so as to include silicon oxide, silicon
nitride, silicon oxynitride, silicon nitride oxide, aluminum oxide, hafnium oxide,
tantalum oxide, or the like. Note that the gate insulating layer 112 may have a
single-layer structure or a stacked structure. There is no particular limitation on the
thickness of the gate insulating layer 112; for example, the gate insulating layer 112. can
have a thickness greater than or equal to 10 nm and less than or equal to 500 nm,
preferably greater than or equal to 50 nm and less than or equal to 200 nm.

[0224]

Note that an i-type or substantially i-type oxide semiconductor obtained by
removing an impurity (a purified oxide semiconductor) is highly susceptible to interface
states or interface charges; therefore, the gate insulating layer 112 needs to have high
quality.

[0225] .

In this embodiment, the gate insulating layer 112 is formed using a
high-density plasma apparatus. Here, a high-density plasma apparatus refers to an
apparatus which can realize a plasma density higher than or equal to 1 x 10" /em®.
For example, plasma is generated by application of a microwave power higher than or
equal to 3 kW and lower than or equal to 6 kW so that the insulating film is formed.
[0226]

For example, a high-density plasma CVD method using a microwave (e.g.,
2.45 GHz) is favorable because the gate insulating layer 112 can be formed dense to
have high withstand voltage and high quality. This is because a close contact between

a purified oxide semiconductor layer and a high-quality gate insulating layer reduces
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interface states and produces desirable interface characteristics.
[0227]

A monosilane gas (SiHy), nitrous oxide (N»O), and a rare gas are introduced
into a chamber as a source gas to generate high-density plasma at a pressure higher than
or equal to 10 Pa and lower than or equal to 30 Pa, so that the gate insulating layer 112
is formed. After that, the supply of a monosilane gas méy be stopped, and nitrous
oxide (N-O) and a rare gas may be introduced without exposure to the air so that plasma
treatment may be performed on a surface of the insulating film. The plasma treatment
performed on the surface of the insulating film by introduction of nitrous oxide (N,O)
and a rare gas is performed at least after the formation of the insulating film. The
insulating film formed through the above-described process procedure has a small
thickness and is an insulating film whose reliability can be ensured even though it has a
thickness less than 100 nm, for example.

[0228]

In forming the gate insulating layer 112, the flow ratio of a monosilane gas
(SiH4) to nitrous oxide (N;O) which are introduced into the chamber is in the range of
1:10 to 1:200. In addition, as a raré gas which is introduced into the chamber, helium,
argon, krypton, xenon, or the like can be used. In particular, argon, which is
inexpensive, is preferably used.

[0229]

In addition, since the insulating film formed using the high-density plasma
apparatus can have a uniform thickness, the insulating film has excellent step coverage.
Further, with the high-density plasma apparatus, the thickness of a thin insulating film
can be controlled precisely.

[0230]

The insulating film formed through the above process procedure is greatly
different from the insulating film formed using a conventional parallel-plate PCVD
apparatus. The etching rate of the insulating film formed through the above process
procedure is lower than that of the insulating film formed using the conventional
parallel-plate PCVD apparatus by 10 % or greater or 20 % or greater in the case where
the etching rates with the same etchant are compared to each other. Thus, it can be

said that the insulating film formed using the high-density plasma apparatus is a dense
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film.
[0231]

In this embodiment, as the gate insulating layer 112, a silicon oxynitride film
(also referred to as SiOxNy, where x>y>0) having a thickness of 100 nm formed with a
high-density plasma apparatus is used.

[0232] _

It is needless to say that another method such as a sputtering method or a
plasma CVD method can also be employed as long as a high-quality insulating layer
can be formed as the gate insulating layer 112. Moreover, it is possible to use an
insulating layer whose quality, interface characteristics, or the like is improved by heat
treatment performed after the formation of the insulating layer. In any case, an
insulating layer that has a reduced interface state density and can form a favorable
interface with an oxide semiconductor layer, as well as having favorable film quality as
the gate insulating layer 112, is formed.

[0233]

By thus improving characteristics of the interface with the gate insulating layer
112 and eliminating an impurity, particularly hydrogen, water, or the like, from an oxide
semiconductor, it is possible to obtain a stable transistor whose threshold voltage (V)
does not vary in a gate bias-temperature stress test (BT test: e.g., at 85 °C and 2 x 10°
V/cm for 12 hours).

[0234]

After that, fourth heat treatment is preferably performed in an inert gas
atmosphere or an oxygen atmosphere. The temperature of the heat treatment is set in
the range of 200 °C to 400 °C, preferably 250 °C to 350 °C. For example, the heat
treatment may be performed at 250 °C for 1 hour in a nitrogen atmosphere. The fourth
heat treatment can reduce variation in electric characteristics of the transistor. Further,
it is also possible to supply oxygen to the oxide semiconductor layer 106a by the fourth
heat treatment.

[0235]
* Note that the fourth heat treatment is performed after the formation of the gate

insulating layer 112 in this embodiment; there is no particular limitation on the timing
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of the fourth heat treatment as long as it is performed after the third heat treatment. In
addition, the fourth heat treatment is not necessarily a requisite step.
[0236]

Next, a gate electrode layer 114 is formed over the gate insulating layer 112 in
a region overlapping the first oxide semiconductor layer 104a and the second oxide
semiconductor layer 106a (see FIG. 3C). The gate electrode layer 114 can be formed
by forming a conductive layer over the gate insulating layer 112 and then selectively
patterning the conductive layer.

[0237]

The above-described conductive layer can be formed by a PVD method such as
a sputtering method or a CVD method such as a plasma CVD method. The conductive
layer can be formed using an element selected from aluminum, chromium, copper,
tantalum, titanium, molybdenum, and tungsten, an alloy including any of these elements
as a component, or the like. Alternatively, titanium nitride, tantalum nitride, or the like,
which are nitrides of the above-described elements, may be used. A material including
one or more of manganese, magnesium, zirconium, and beryllium may be used. A
material including aluminum and one or more of elements selected from titanium,
tantalum, tungsten, molybdenum, chromium, neodymium, and scandium may be used.
[0238]

The conductive layer may also be formed using a conductive metal oxide. As
the conductive metal oxide, indium oxide (In,03), tin oxide (Sn0,), zinc oxide (ZnO),
an indium oxide-tin oxide alloy (In,O3-SnO,, which is abbreviated to ITO in some
cases), an indium oxide-zinc oxide alloy (In;O3-ZnO), or any of these metal oxide
materials in which silicon or silicon oxide is included can be used.

[0239]

The conductive layer can have either a single-layer structure or a stacked
structure of two or more layers. For example, a single-layer structure of an aluminum
film including silicon, a two-layer structure in which a titanium film is stacked over an
aluminum film, a two-layer structure in which a titanium film is stacked over a titanium
nitride film, a two-layer structure in which a tungsten film is stacked over a titanium
nitride film, a two-layer structure in which a tungsten film is stacked over a nitride film

including tantalum and silicon, a three-layer structure in which a titanium film, an
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aluminum film, and a titanium film are stacked, or the like can be given. Here, a
conductive layer is formed using a material including titanium and then processed into
the gate electrode layer 114.

[0240]

Next, an interlayer insulating layer 116 and an interlayer insulating layer 118
are formed over the gate insulating layer 112 and the gate electrode layer 114 (see FIG.
3D). The interlayer insulating layers 116 and 118 can be formed by a PVD method, a
CVD method, or the like. The interlayer insulating layers 116 and 118 can be formed
using a material including an inorganic insulating material such as silicon oxide, silicon
nitride oxide, silicon nitride, hafnium oxide, aluminum oxide, or tantalum oxide. Note
that the interlayer insulating layers 116 and 118 are stacked in this embodiment, but an
embodiment of the disclosed invention is not limited to this example. A single-layer
structure or a stacked structure including three or more layers can also be used.

[0241] |

For example, the interlayer insulating layer 118 can be formed to a thickness of
at least 1 nm by a method by which an impurity such as water or hydrogen does not
enter the interlayer insulating layer 118, such as a sputtering method, as appropriate.
In this embodiment, a silicon oxide film is formed to a thickness of 300 nm as the
interlayer insulating layer 118 by a sputtering method. The substrate temperature in
film formation may be higher than or equal to room temperature and lower than or equal
to 300 °C and, in this embodiment, is 100 °C. The formation of the silicon oxide film
by a sputtering method can be performed in a rare gas (typically argon) atmosphere, an
oxygen atmosphere, or a mixed atmosphere of a rare gas (typically argon) and oxygen.
As a target, a silicon oxide target or a silicon target may be used. For example, with
the use of a silicon target, silicon oxide can be deposited by a sputtering method under
an atmosphere of oxygen and nitrogen. As the interlayer insulating layer 118 which is
provided over the oxide semiconductor layer with reduced resistance, an inorganic
insulating film which does not include impurities such as moisture, a hydrogen ion, or
OH- and blocks entry of these impurities from the outside is used. Typically, a silicon
oxide film, a silicon nitride oxide film, an' aluminum oxide film, an aluminum

oxynitride film, or the like is used. Further, a protective insulating layer such as a
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silicon nitride film or an aluminum nitride film may be formed over the interlayer
insulating layer 118. |
[0242] '

Further, preheat treatment is preferably performed before formation of the
interlayer insulating layer 118, in order to remove water or hydrogen which remains on
an inner wall of the sputtering apparatus, on a surface of the target, or inside the target
material. After the preheat treatment, the substrate or the sputtering apparatus is
cooled. Then, the interlayer insulating layer 118 is formed without exposure to the air.
In this case, not water but oil or the like is preferably used as a coolant for the target.
Although a certain level of effect can be obtained when introduction and exhaustion of
nitrogen are repeated without heating, it is more preferable to perform the treatment
with the inside of the film formation chamber heated.

[0243]

Further, after the film formation of the interlayer insulating layer 118, a silicon
nitride film may be stacked thereover by a sputtering method without exposure to the
air. |
[0244]

Further, a contact hole reaching the gate electrode layer 114 is formed in the
interlayer insulating layer 118 and the interlayer insulating layer 116, and a connection
electrode which is electrically connected to the gate electrode layer 114 and supplies a
gate potential to the gate electrode layer 114 mdy be formed over the interlayer
insulating layer 118. Alternatively, the following may be employed: a contact hole
reaching the gate electrode layer 114 is formed after formation of the interlayer
insulating layer 116; a connection electrode is formed thereover using the same material
as that of the source electrode layer and thé drain electrode layer; the interlayer
insulating layer 118 is formed over the connection electrode; a contact hole reaching the
connection electrode is formed in the interlayer insulating layer 118; and then, an
electrode which is electrically connected to the connection electrode and supplies a gate
potential to the connection electrode is formed over the interlayer insulating layer 118.
[0245]

Note that the interlayer insulating layer 118 is desirably formed so as to have a

flat surface. This is because an electrode, a wiring, or the like can be favorably formed
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over the interlayer insulating layer 118 when the interlayer insulating layer 118 is
formed so as to have a flat surface.
[0246]

Through the above-described process, the transistor 150 including the second
oxide semiconductor layer 106a which is formed by crystal growth from the crystalline
region of the first oxide semiconductor layer 104a is completed.

[0247]

The transistor 150 manufactured by the above-described method can have
favorable electric characteristics thanks to the crystal included in the second oxide
semiconductor layer 106a.

[0248] _

By the first heat treatment and the second heat treatment, crystallization is
performed; and an oxide semiconductor is purified by removing hydrogen that is an
n-type impurity from the oxide semiconductor so that an impurity other than main
components of the oxide semiconductor is prevented from being contained therein as
much as possible. In this manner, an intrinsic (i-type) or substantially intrinsic oxide
semiconductor is formed. In other words, a purified i-type (intrinsic) semiconductor,
or a semiconductor close thereto, is obtained not by adding an impurity but by removing
an impurity such as hydrogen or water as much as possible. By purification of the
oxide semiconductor layers, the threshold voltage of the transistor becomes positive, so
that a so-called normally-off transistor 150 can be obtained.

[0249] '

In the case of manufacturing the transistor 150 by the above-described method,
the hydrogen concentration in the first oxide semiconductor layer 104a and the second
oxide semiconductor layer 106a is less than or equal to 5 x 10'® /cm?, and the off-state
current of the transistor 150 is smaller than or equal to 1 x 107 A, which is the
measurement limit. By employing the first oxide semiconductor layer 104a and the
second oxide semiconductor layer 106a which are purified by sufficient reduction of the
hydrogen concentration and supply of oxygen, the transistor 150 can have excellent
characteristics.

[0250]
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A conventional oxide semiconductor is of n-type in general, and current tends
to flow between the source electrode and the drain electrode even if the gate voltage is 0
V, that is, the transistor tends to be normally on. Even when the field-effect.mobility is
high, if the transistor is normally on, it is difficult to control the circuit. In the case
where tﬁe oxide semiconductor is of n-type, the Fermi level (Ey) is located closer to the
conduction band and is away from the intrinsic Fermi level (E;) that is located in the
middle of the band gap. It is known that part of hydrogen contained in the oxide
semiconductor forms a donor and might be a factor that causes an oxide semiconductor
to be an n-type oxide semiconductor.

[0251]

In view of this, intrinsic (i-type) or substantially intrinsic oxide semiconductor
layers are formed in such a manner that the oxide semiconductor is purified by
removing hydrogen that is an n-type impurity from the oxide semiconductor so that an
impurity other than main components of the oxide semiconductor is prevented from
being contained therein as much as possible. In other words, a feature is that a purified
i-type (intrinsic) semiconductor or a semiconductor close thereto is formed not by
adding an impurity but by removing an impurity such-as hydrogen or water as much as
possible. This enables the Fermi level (Ef) to be at the same level as the intrinsic
Fermi level (E;).

[0252]

By purification of the oxide semiconductor layers, the threshold voltage of the
transistor can be positive, whereby a so-called normally-off switching element can be
realized.

[0253] ‘

As a process for purification, it is preferable to remove moisture or the like
remaining in the sputtering apparatus before, during, or after the formation of the oxide
semiconductor layers. In order to remove moisture remaining in the sputtering
chamber, an adsorption-type vacuum pump is preferably used. For example, a
cryopump, an ion pump, a titanium sublimation pump, or the like is preferably used.
As an evacuation unit, a turbo pump provided with a cold trap may be used. Since a
hydrogen atom, a compound containing a hydrogen atom, such as water (H,O), and the

like are removed from the deposition chamber of the sputtering apparatus which is
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evacuated with the cryopump, the concentration of impurities in the oxide
semiconductor films formed in the deposition chamber can be reduced. In addition, it
is preferable that an oxide semiconductor contained in the oxide semiconductor target
for deposition have a relative density of 80 % or more, preferably 95 % or more, further
preferably 99.9 % or more. In the case of using a target having a high relative density,
the concentration of impurities in the oxide semiconductor films can be reduced.

[0254]

If an impurity is mixed into the oxide semiconductor film, crystal growth in
one direction, that is, crystal growth which proceeds downwardly from a surface may be
interrupted at the time of later heat treatment for crystallization. Therefore, it is ideal
that the oxide semiconductor film contains no impurity. Accordingly, purification is

extremely important.

[0255]

Further, preheat treatment may be performed before formation of the oxide
semiconductor films, in order to remove water or hydrogen which remains on an inner
wall of the sputtering apparatus, on a surface of the target, or inside the target material.
As the preheat treatment, a method in which the inside of the film deposition chamber is
heated to a temperature of from 200 °C to 600 °C under reduced pressure, a method in
which introduction and exhaustion of nitrogen or an inert gas are repeated while the
inside of the film deposition chamber is heated, and the like can be given. In this case,
not water but oil or the like is preferably used as a coolant for the target. Although a
certain level of effect can be obtained when introduction and exhaustion of nitrogen are
repeated without heating, it is more preferable to perform the treatment with the inside
of the film formation chamber heated. After the preheat treatment, the substrate or the

sputtering apparatus is cooled, and then the oxide semiconductor films are deposited.

[0256]

Also as the sputtering gas used for depositing the oxide semiconductor films or
a material film formed on and in contact with the oxide semiconductor films, it is
preferable to use a high-purity gas in which an impurity such as hydrogen, water, a
hydroxyl group, or hydride is reduced so that the concentration is decreased to

approximately a value expressed in the unit “ppm” (preferably, “ppb”).
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[0257]

During the formation of the oxide semiconductor films by a sputtering method,
the substrate may be heated to a temperature that is higher than or equal to room
temperature and lower than or equal to the strain point of the substrate.

[0258] '

In addition, as one step for purification, first heat treatment is performed in an
atmosphere which hardly contains hydrogen and moisture (such as a nitrogen
atmosphere, an oxygen atmosphere, or a dry-air atmosphere (e.g., as for the moisture, a
dew point is lower than or equal to —-40 °C, preferably lower than or equal to -50 °C)).
The first heat treatment can be called dehydration or dehydrogenation in which H, OH,
or the like is eliminated from the oxide semiconductor layer. In the case where
temperature is raised in an inert atmosphere and the atmosphere is switched to an
atmosphere containing oxygen during the heat treatment, or in the case where an oxygen
atmosphere is employed, the first heat treatment can also be called treatment for
supplying oxygen.

[0259]

For the first heat treatment, a heating method using an electric furnace, a rapid
heating method such as a gas rapid thermal anneal (GRTA) method using a heated gas
or a lamp rapid thermal anneal (LRTA) method using lamp light, or the like can be used.
In addition, as the first heat treatment, heating using irradiation with light having a
wavelength less than or equal to 450 nm may be performed at the same time. The
oxide semiconductor layer is subjected to the first heat treatment for purification under
such conditions that at least a peak at around 300 °C of two peaks of water is not
detected when the oxide semiconductor layer after the first heat treatment is measured
with thermal desorption spectroscopy (TDS) to a temperature of 450 °C. Therefore,
even if TDS is performed to a temperature of 450 °C on a transistor including the oxide
semiconductor layer subjected to the heat treatment for purification, at least the peak of
water at around 300 °C is not detected.

[0260]
Since crystal growth is performed in a state where there is no polycrystalline

layer which serves as a seed of crystal growth, it is preferable that the first heat
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treatment be performed at high temperature for short time so as to cause only crystal
growth from a surface. In addition, when a surface of the oxide semiconductor layer is
flat, a favorable plate-shaped polycrystalline layer can be obtained. Therefore, it is
preferable that flatness of a base component such as an insulating layer or a substrate be
as high as possible. Increase of flatness is effective because a polycrystalline layer in
contact with an entire surface of the base component can be formed easily. For
example, the flatness of the oxide semiconductor layer is approximately equivalent to
that of a commercial silicon wafer; for example, variation in height (surface roughness)
in a region of 1 pm x 1 pm is less than or equal to 1 nm, preferably 0.2 nm by AFM
measurement.

[0261]

In the polycrystalline layer, when electron clouds of In included in the oxide
semiconductor overlap with each other and are connected to each other, electric
conductivity o is increased. Accordingly, a transistor including the polycrystalline
layer can have high field-effect mobility.

[0262]

One method for causing crystal growth using the plate-like polycrystalline
layer formed through the first heat treatment as a seed crystal will be described with
reference to FIGS. 14A to 14C.

[0263]

The outline of the order of steps is as follows: the first oxide semiconductor
layer is formed over the base component; first heat treatment for purification is
performed; the polycrystalline layer whose crystal direction is aligned is formed over a
surface of the first oxide semiconductor layer in the same step as the first heat treatment
for purification; the second oxide semiconductor layer is stacked thereover; and further,
second heat treatment for crystallization is performed, so that the second oxide
semiconductor layer is crystallized with the use of the polycrystalline layer over the
surface of the first oxide semiconductor layer as a seed.

[0264]
In the first heat treatment, crystal growth is performed from the surface in the

state where a crystal layer serving as a seed of crystal growth does not exist; whereas in
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the second heat treatment, the plate-shaped polycrystalline layer serves as a seed.
Therefore, it is preferable that the second heat treatment be performed for a long time at
a lowest temperature that can cause crystal growth because favorable crystallinity can
be obtained. The crystal-growth direction by the second heat treatment corresponds to
an upward direction from a lower portion, i.c., a direction from the substrate side to the
surface side (also referred to as a recrystallization direction) and is different from the
crystal-growth direction by the first heat treatment. In addition, since the
polycrystalline layer obtained by the first heat treatment is heated again by the second
heat treatment, the crystallinity of the polycrystalline layer is further increased.

[0265]

FIG. 14A illustrates a state after first heat treatment for crystallization is
performed on a first oxide semiconductor layer formed over a base component 500.
[0266]

FIG. 14B illustrates a cross sectional view at the time right after formation of a
second oxide semiconductor layer 502. The second oxide semiconductor layer 502 is
formed by a sputtering method, and as a metal oxide target for this formation, a metal
oxide target containing In, Ga, and Zn at 1:1:1 [atomic ratio] or a metal oxide target
containing In, Ga, and Zn at 1:1:2 may be used.

[0267]

FIG. 14C is a cross-sectional view at the time after the second heat treatment.
By the second heat treatment, crystal growth proceeds upward to a surface of the second
oxide semiconductor layer 502 with the use of the polycrystalline layer of the first oxide
crystal layer (a first oxide crystal layer 501) as a seed. As a result, a second oxide
crystal layer 503b is formed. The crystal components have the same crystal structure.
[0268]

A structure which corresponds to FIG. 14B was manufactured actually. A
TEM photograph of a cross section of the structure is shown in FIG. 15A. Note that a
schematic view thereof is illustrated in FIG. 15B. Note that the TEM photograph was
taken by a high-resolution transmission electron microscope ("H9000-NAR”
manufactured by Hitachi, Ltd.: TEM) at a high magnification (eight-million-fold
magnification) and an accelerating voltage of 300 kV. A sample of FIG. 15A was

formed in such a manner that an insulating layer was formed over a glass substrate, a -
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first In-Ga-Zn-O film with a thickness of 5 nm was formed thereover, and heat
treatment was performed thereon in a.dry-air atmosphere at 700 °C for one hour. It
can be found from FIG. 15A that c-axis of the first In-Ga-Zn-O film is aligned in a
direction perpendicular to a surface of the first In-Ga-Zn-O film, and that the vicinity of
an interface between the insulating layer and the first In-Ga-Zn-O film is also
crystallized and has c-axis aligned in a direction perpendicular to the surface. As
illustrated in FIG. 14A, the first oxide crystal layer 501 which includes a plate-shaped
polycrystal is formed over the base component. The plate-like polycrystal is
preferably a crystal of InGaZnO4 (In:Ga:Zn:O = 1:1:1:4).  Further, the c-axis direction
of the crystal corresponds to a film thickness direction.

[0269]

The first In-Ga-Zn-O film in the sample of FIG. 15A was deposited with a
sputtering apparatus using a target for depositing an oxide semiconductor (a target for
depositing an In-Ga-Zn-O-based oxide semiconductor (In;03:Ga>03:Zn0O = 1:1:2 [molar
ratio], In:Ga:Zn = 1:1:1 [atomic ratio])) under the following conditions: the substrate
temperature was 200 °C and the deposition rate was 4 nm/min. Without limitation to
the material and the component of the target, for example, when a target containing
In;03, Gay03, and ZnO at 1:1:1 [molar ratio] is used, a polycrystal of In.Ga,Zn0- can
be easily obtained.

[0270]

The crystal structure of In,Ga,ZnO~ includes any of In, Ga, and Zn, and can be
considered to have a stacked structure of layers parallel to a-axis and b-axis. - Since
conductivity of the crystal of In,Ga;ZnO; is mainly controlled by In, electric
characteristics of the layer containing In in a direction parallel to the a-axis and the
b-axis are favorable. In the crystal of In,Ga,ZnO, electron clouds of In overlap with
each other and are connected to each other, so that a carrier path is formed.

[0271]

Instead of the above target, a metal oxide target containing In;Os, Ga;0s, and
ZnO at 2:1:8 [molar ratio] may be used.

[0272]

In addition, a metal oxide target containing In,O3 and ZnO at 1:2 [molar ratio],



10

15

20

25

30

WO 2011/065243 PCT/JP2010/070246
69

which does not include Ga, may be used. If a bottom-gate transistor is formed, since
an oxide of Ga is an insulator, higher field-effect mobility can be obtained with the use
of an In-Zn-O film as compared to the case of using the first In-Ga-Zn-O film.

[0273] |

In addition, the polycrystalline layer obtained by the first heat treatment is
heated again by the second heat treatment to be a third oxide crystal layer 503a having
improved crystallinity.

[0274]

In addition, it can be said that the structure illustrated in FIG. 14C is a
two-layer structure in which the third oxide crystal layer 503a is provided on and in
contact with the base component 500 and the second oxide crystal layer 503b is stacked
thereover. There are no particular limitations on materials of the first oxide crystal
layer 501 and the second oxide semiconductor layer 502 as long as a polycrystal whose
c-axis is aligned in a direction perpendicular to the surface can be obtained. The
materials of the first oxide crystal layer 501 and the second oxide semiconductor layer
502 may be different or may contain the same main component.

[0275]

Note that in the case where oxide semiconductor materials containing the same
main component are used, a boundary between the third oxide crystal layer 503a and the
second oxide crystal layer 503b is unclear as illustrated by a dotted line in FIG. 14C, so
that the third oxide crystal layer 503a and the second oxide crystal layer 503b can be
regarded as one layer.

[0276]

In this manner, the polycrystalline layer formed of a stack of the third oxide
crystal layer 503a and the second oxide crystal layer 503b can be obtained by crystal
growth caused by two heat treatments.

[0277]

Note that in FIG. 14A, crystal growth of the polycrystalline layer whose crystal
direction is relatively aligned and which is formed in a surface portion of the first oxide
semiconductor layer proceeds in the film thickness direction from the surface; therefore,
the polycrystalline layer can be formed without being influenced by the base

component.
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[0278]

After deposition of the second In-Ga-Zn-O film, heat treatment was performed
in a nitrogen atmosphere at 650 °C for 6 minutes, énd a cross section was taken. FIG.
16A is an actual TEM photograph of the cross section. A schematic view thereof is
illustrated in FIG. 16B. In FIG. 16A, a state in which the whole sécond In-Ga-Zn-O
film is crystallized can be confirmed. In addition, it caﬁ be observed that the crystal of
the second In-Ga-Zn-O film has c-axis that is aligned in a direction perpendicular to a
surface of the second Ih-Ga-Zn—O film. Further, it can also be found that the vicinity
of an interface between the insulating layer and the first In-Ga-Zn-O film is not
crystallized even after the second heat treatment.

[0279]

A mechanism in which the crystal layer whose crystal direction is relatively
éligngd is formed in the surface portion of the first oxide semiconductor layer, for
example, of the In-Ga-Zn-O film will be described. By heat treatment, zinc included
in the In-Ga-Zn-O film is diffused and concentrated in the vicinity of the surface, and
becomes a seed of crystal growth. In the crystal growth, crystal grows more in the
lateral direction (a direction parallel to the surface) than in the depth direction (a
direction perpendicular to the surface); therefore, the plate-shaped polycrystalline layer
is formed. These are supposed from the fact that when TDS measurement is
performed to a temperature of 450 °C, peaks of In and Ga are not detected but a peak of
zinc is detected in a vacuum-heat condition, in particular at around 300 °C. Note that
it can be confirmed that the TDS measurement is performed in vacuum and zinc is
detected at a temperature around 200 °C.

[0280]

As a comparative example, a sample is formed. The sample is formed in such
a manner that an In-Ga-Zn-O film with a thickness of 50 nm is formed and subjected to
heating at 700 °C for one hour. A TEM photograph of a cross section of the sample is
shown in FIG. 17A. A schematic view thereof is illustrated in FIG. 17B. Note that
the TEM photograph of FIG. 17A is taken by a high-resolution transmission electron
microscope ("H9000-NAR"” manufactured by Hitachi, Ltd.. TEM) at a high

magnification (two-million-fold magnification) and an accelerating voltage of 300 kV.
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From FIG. 17A, it can be found that a region from the surface of the In-Ga-Zn-O film to
a depth of about 5 nm is crystallized, and a large number of amorphous portions and a
plurality of crystals whose crystal directions are not aligned exist randomly in the
In-Ga-Zn-O film. Accordingly, it can be said that even when the In-Ga-Zn-O film is
deposited to such a large thickness as 50 nm and then subjected to heat treatment once
at 700 °C that is higher than 650 °C, for one hour that is longer than 6 minutes, it is
difficult to obtain a crystal layer whose crystal direction is highly aligned as a whole.
[0281]

From these results, it can be said that a polycrystalline layer having a large
thickness can be formed in such a manner that two depositions are performed: a
polycrystalline layer serving as a seed of crystal growth is formed, then a film is
deposited, and then crystal growth is perforined. Accordingly, it is found that the
method disclosed in this specification is extremely useful. By performing deposition
twice and performing heat treatment twice, a crystalline layer whose crystal direction is
highly aligned, i.e., a thick polycrystalline layer whose c-axis is aligned in a direction
perpendicular to a surface of the oxide semiconductor layer can be obtained.

[0282]

A device formed using a metal oxide, typically an In-Ga-Zn-O film is totally
different from a device formed using a single crystal Si, a device formed using SiC, and
a device formed using GaN.

[0283]

As wide-gap semiconductors, SiC (3.26 e¢V) and GaN (3.39 eV) are known.
However, SiC and GaN are expensive materials. In addition, when SiC is used, a
temperature higher than or equal to 1700 °C is needed for activation after doping with
phosphorus or aluminum in order to selectively form a low-resistance region. In
addition, in order to perform epitaxiél growth of GaN, epitaxial-growth process in
which heating at a temperature higher than or equal to 1200 °C is performed for a long
time is performed. That is, when SiC or GaN is used, a process temperature higher
than or equal to 1000 °C is needed; therefore, it is substantially impossible to thinly
form SiC or GaN over a glass substrate.

[0284]
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Further, the crystal structure of SiC or GaN is only a single crystal. Therefore,
control with a PN junction is needed and more complete single-crystallization is needed.
Accordingly, a small amount of impurities which are unintentionally mixed in a
manufacturing process serve as donors or acceptors; therefore, the carrier density has
lower limit. On the other hand, a metal oxide can have any of an amorphous structure,
a polycrystalline structure, and a single crystalline structure. This is because control of
a band which is equivalent to control of a PN junction is performed by utilizing each of
properties represehted with ¢us versus xos + 1/2Eg®® and ¢mp versus xos + 1/2Egos, in
other words, the properties of work functions of a source and a drain (¢pms and ¢mp),
electron affinity of metal oxide (Yos), and energy band width (Egos), without using
control with a PN junction. This is one feature of the metal oxide.

[0285]

A metal oxide, typically an In-Ga-Zn-O film has a band gap which is three
times as wide as that of single crystal silicon and is an inexpensive material because of a
low manufacturing cost as compared with SiC.

[0286]

The band gap of In-Ga-Zn-O is 3.05 eV, and an intrinsic carrier density is

calculated based on this value. It is known that energy distribution f(E) of electrons in

a solid depends on the Fermi-Dirac statistics represented by the following formula.

[0287]
[Formula 2]
1
E) =
f(E) EE
1+exp| ——
&)

[0288]

In the case of a normal semiconductor whose carrier density is not very high
(which does not degenerate), the following relational expression is satisfied.
[0289]
[Formula 3]
|E-E.| > kT

[0290]
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Therefore, the Fermi-Dirac distribution of the Formula 1 is approximated to the

- formula of Boltzmann distribution expressed by the following formula.

[0291]
[Formula 4]
E-E
E) = _Z_TF
7€) = el =]
[0292]

When an intrinsic carrier density (n;) is calculated using the Formula 3, the

following formula can be obtained.

[0293]
[Formula 5]
n, = N.N, exp(— Ly )
2kT
[0294]

Then, the values of effective density of states (Nc and Nv) and a band gap (Eg)
of Si and In-Ga-Zn-O were substituted into the Formula 4 and an intrinsic carrier

density was calculated. The results are shown in Table 1.

[0295]
[Table 1]

Si IGZO

Nc (300K) [cm™] 2.8x10" 5.0x10™

Nv (300K) [cm] 1.04x10" 5.0x10'

Eg (300K) [eV] 1.08 3.05

n; (300K) [cm?] 1.45x10" 1.2x10”
[0296]

It is found that In-Ga-Zn-O has extremely low intrinsic carrier density as
compared to Si. In the case where the value of 3.05 eV is selected as a band gap of
IGZO, it can be said that the carrier density of Si is approximately 10'” times as large as
that of In-Ga-Zn-O, assuming that the Fermi-Dirac distribution law is applicable to the
intrinsic carrier density.

[0297]

In the case of an oxide semiconductor, a thin oxide semiconductor film can be
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formed by a sputtering method at a heating temperature of from a room temperature to
400 °C, and a maximum process temperature can be set to a temperature higher than or
equal to 850 °C, typically a temperature higher than or equal to 450 °C and lower than
or equal to 700 °C. In the case where the maximum process temperature is set to a
temperature lower than or equal to the Strain point of glass, a thin oxide semiconductor
film can be formed over a large-area glass substrate. Therefore, it is important for
industrialization to use a metal oxide whose band gas is wide and whose maximum
process temperature is lower than 850 °C, typically higher than or equal to 450 °C and
lower than or equal to 700 °C.

[0298]

In addition, in the case of forming a three-dimensional silicon integrated circuit,
since a process temperature of an oxide semiconductor is lower than a temperature at
which connection at a bottom side (a silicon side) is broken (1050 °C), application to a
three-dimension integrated circuit which includes a silicon integrated circuit and an
oxide semiconductor circuit thereover can be achieved.

[0299]

As described above, using the disclosed invention, a semiconductor device
having excellent characteristics, which has a novel structure, can be realized.
[0300]
<Modified examples>

Next, modified examples of the semiconductor devices illustrated in FIGS. 1A
and 1B, FIGS. 2A to 2E, and FIGS. 3A to 3D will be described with reference to FIGS.
4A to 4C, FIGS. 5A to 5C, and FIGS. 6A and 6B. Note that many components of the
semiconductor devices illustrated in FIGS. 4A to 4C, FIGS. 5A to 5C, and FIGS. 6A
and 6B are common with those of the semiconductor devices illustrated in FIGS. 1A
and 1B, FIGS. 2A to 2E, and FIGS. 3A to 3D; therefore, only different points will be
described.

(0301}

The transistor 150 illustrated in FIG. 4A includes the oxide semiconductor layer

106a having a depression portion (a groove portion). The depression portion is formed

by etching at the time of forming the source or drain electrode layer 108a and the source
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or drain electrode layer 108b. Accordingly, the depression portion is formed in a
region overlapping with the gate electrode layer 114. The depression. portion can
reduce the thickness of the semiconductor layer in the channel formation region, thereby
contributing the prevention of a short-channel effect. |

[0302]

The transistor 150 illustrated in FIG. 4B includes the oxide semiconductor layer
106a including a high-purity crystalline region 110. Note that the high-purity
crystalline region 110 is formed by the third heat treatment after the formation of the
source or drain electrode layer 108a and the source or drain electrode layer 108b.
Accordingly, the high-purity crystalline region 110 is formed in a region of the second
oxide semiconductor layer 106a, which includes the exposed surface of the second
oxide semiconductor layer 106a and overlaps with neither the source or drain electrode
layer 108a nor the source or drain electrode layer 108b. Here, the high-purity
crystalline region 110 is a region having higher crystallinity than the other region in the
second oxide semiconductor layer 106a. By including the high-purity crystalline
region 110, the second oxide semiconductor layer 106a can have a higher electrical
anisotropy, and electric characteristics of the semiconductor device can be increased.
[0303]

The transistor 150 illustrated in FIG. 4C includes the oxide semiconductor layer
106a having a depression portion (a groove portion) and also includes the high-purity
crystalline region 110 in a region of the second oxide semiconductor layer 106a, which
includes the exposed surface of the second oxide semiconductor layer 106a and overlaps
with neither the source or drain electrode layer 108a nor the source or drain electrode
layer 108b. In other words, the transistor illustrated in FIG. 4C has features of both the
transistor 150 of FIG. 4A and the transistor 150 of FIG. 4B. The effects caused from
the structure are similar to the effects caused in the cases of FIGS. 4A and 4B.

[0304]

The transistor 150 illustrated in FIG. 5A includes an insulating layer 109a and
an insulating layer 109b which have substantially the same shape as the source or drain
electrode layer 108a and the source or drain eleétrode layer 108b, over the source or
drain electrode layer 108a and the source or drain electrode layer 108b. In this case,

there is an advantage in that capacitance (so-called gate capacitance) between the source
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and the drain electrode layer and the gate electrode can be reduced. Note that in this
specification, the expression “substantially the same” does not necessarily mean
"exactly the same" in a strict sense and includes the meaning of being considered as the
same. For example, a difference made by a single etching process is acceptable.
Further, the thickness does not need to be the same.

[0305]

The transistor 150 illustrated in FIG. 5B includes the oxide semiconductor layer
106a having a depression portion (a groove portion) and also includes an insulating
layer 109a and an insulating layer 109b which have substantially the same shape as the
source or drain electrode layer 108a and the source or drain electrode layer 108b, over
the source or drain electrode layer 108a and the source or drain electrode layer 108b.
In other words, the transistor illustrated in FIG. 5B has features of both the transistor
150 of FIG. 4A and the trahsistor 150 of FIG. 5A. The effects caused from the
structure are similar to the effects caused in the cases of FIG. 4A and FIG. SA.

[0306]

The transistor 150 illustrated in FIG. 5C includes the high-purity crystalline
region 110 in a region of the second oxide semiconductor layer 106a, which includes the
exposed surface of the second oxide semiconductor layer 106a and overlaps with neither
the source or drain electrode layer 108a nor the source or drain electrode layer 108b,
and the transistor 150 illustrated in FIG. 5C also includes an insulating layer 109a and
an insulating layer 109b which have substantially the same shape as the source or drain
electrode layer 108a and the source or drain electrode layer 108b, over the source or
drain electrode layer 108a and the source or drain electrode layer 108b. In other words,
the transistor illustrated in FIG. 5C has features of both the transistor 150 of FIG. 4B and
the transistor 150 of FIG. SA. The effects caused from the structure are similar to the
effects caused in the cases of FIG. 4B and FIG. 5A.

[0307]

- The transistor 150 illustrated in FIG. 6A includes the source or drain electrode
layer 108a and the source or drain electrode layer 108b each having a single-layer
structure.  Specifically, a single-layer structure of a titanium layer can be employed, for
example. In the case of the source and drain electrode layers having a single-layer

structure, a favorable tapered shape can be obtained by etching as compared to the case
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of employing a stacked structure.
[0308]

The transistor 150 illustrated in FIG. 6B includes a conductive layer 107a
formed of a material having a low ability of extracting oxygen (a material having a low
oxygen affinity) in a region where the source or drain electrode layer 108a is in contact
with the oxide semiconductor layer 106a and also includes a conductive layer 107b
formed of a material having a low ability of extracting oxygen in a region where the
source or drain electrode layer 108b is in contact with the oxide semiconductor layer
106a. With the conductive layers having a low ability of extracting oxygen as
described above, a change to an n-type in the oxide semiconductor layer due to
extraction of oxygen can be prevented; accordingly, an adverse effect to transistor
characteristics caused by uneven change of the oxide semiconductor layer to an n-type
or the like can be prevented.

[0309]

Note that the source or drain electrode layer 108a and the source or drain
electrode layer 108b having a two-layer structure are employed in FIG. 6B; however, an
embodiment of the disclosed invention is not limited to this structure. They may have
a single-layer structure of a conductive layer formed of a material having a low ability
of extracting oxygen or a stacked structure of three or more layers. In the case of a
single-layer structure, a single-layer structure of a titanium nitride film can be employed
for example. In the case of a stacked structure, a two-layer structure of a titanium
nitride film and a titanium film can be employed, for example.

[0310]
The transistor 150 illustrated in FIG. 28A includes the first oxide

semiconductor layer 104a in a lower part of which an amorphous remains. Here, an

enlarged view of a region including the first oxide semiconductor layer 104a of FIG.
28A is illustrated in FIG. 28B. As illustrated in FIG. 28B, the first oxide
semiconductor layer 104a has a feature of including an amorphous region 104aa in a
lower part and a crystalline region 104ab in an upper part. It is preferable that the
amorphous region remains below the crystalline region functioning as a channel
formation region of the transistor 150, because carriers flowing in the crystalline region

are prevented from being directly affected by the interface between the insulating layer
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- 102 and the first oxide semiconductor layer 104a.

[0311]

FIG. 29 is a cross-sectional view illustrating an example of a structure of a
semiconductor device. The semicohductor device illustrated in FIG. 29 includes a
transistor 250 including a material (e.g., silicon) other than an oxide semiconductor in a
lower portion and the transistor 150 including an oxide semiconductor in an upper
portion. The transistor 150 including an oxide semiconductor is the transistor 150
illustrated in FIG. 1A. Note that although the transistors 250 and 150 are n-channel
transistors here, p-channel transistors may be employed. In particular, it is easy to use
a p-channel transistor as the transistor 250.

[0312]

The transistor 250 includes a channel formation region 216 provided in a
substrate 200 containing a semiconductor material, impurity regions 214 and
high-concentration impurity regions 220 (collectively called simply impurity regions)
formed with the channel formation region 216 positioned therebetween, a gate
insulating layer 208a over the channel formation region 216, a gate electrode layer 210a
over the gate insulating layer 208a, and source or drain electrode layers 230a and 230b
electrically connected to the impurity regions 214 (see FIG. 29).

[0313]

Here, sidewall insulating layers 218 are formed on side surfaces of the gate
electrode layer 210a. The high-concentration impurity regions 220 are provided in
regions of the substrate 200 which do not overlap with the sidewall insulating layers
218 when seen from above. Metal compound regions 224 are provided in contact with
the high-concentration impurity regions 220. An element isolation insulating layer
206 is provided over the substrate 200 so as to surround the transistor 250. An
interlayer insulating layer 226 and an interlayer insulating layer 228 are provided so as
to cover the transistor 250. The source or drain electrode layer 230a and the source or
drain electrode layer 230b are electrically connected to the metal compound regions 224
through openings formed in the interlayer insulating layer 226, the interlayer insulating
layer 228, and an insulating layer 234. In other words, the source or drain electrode
layer 230a and the source or drain electrode layer 230b are electrically connected to the

high-concentration impurity regions 220 and the impurity regions 214 through the metal



10

15

20

25

30

WO 2011/065243 PCT/JP2010/070246
79 ’

compound regions 224.
[0314]

The transistor 150 includes the oxide semiconductor layer 106a provided over
the insulating layer 102, the source or drain electrode layer 108a and the source or drain
electrode layer 108b provided over the oxide semiconductor layer 106a and electrically

connected to the oxide semiconductor layer 106a, a gate insulating layer 112 provided

- 80 as to cover the oxide semiconductor layer 106a, the source or drain electrode layer

108a, and the source or drain electrode layer 108b, and a gate electrode layer 114
provided over the gate insulating layer 112 in a region overlapping with the oxide
semiconductor layer 106a (seé FIG. 29).

[0315]

In addition, over the transistor 150, the interlayer insulating layer 116 and the
interlayer insulating layer 118 are provided. Openings that reach the source or drain
electrode layer 108a and the source or drain electrode layer 108b are formed in the gate
insulating layer 112, the interlayer insulating layer 116, and the interlayer insulating
layer 118. An electrode 254d and an electrode 254¢ are formed in contact with the
source or drain electrode layer 108a and the source or drain electrode layer 108b,
respectively, through the respective openings. In a similar manner to that of the
electrodes 254d and 254e, an electrode 254a, an electrode 254b, and an electrode 254c
are formed in contact with an electrode 236a, an electrode 236b, and an electrode 236¢,
respectively, through openings provided in the gate insulating layer 112, the interlayer
insulating layer 116, and the interlayer insulating layer 118.

[0316]

Here, the oxide semiconductor layer 106a is preferably an oxide semiconductor
layer which is purified by sufficiently removing an impurity such as hydrogen therefrom
and supplying oxygen thereto. Specifically, the hydrogen concentration of the oxide
semiconductor layer 106a is 5 x 10"° /cm® or lower, preferably 5 x 10'® /cm® or lower,
and further preferably 5 x 10" /em® or lower. Note that the oxide semiconductor layer
106a which is purified by sufficiently reducing the hydrogen concentration and
supplying oxygen has a carrier density (e.g., lower than 1 x 10'? /cm?, preferably 1.45 x

10'® /cm® or lower) which is sufficiently lower than that of a general silicon wafer (a
y g .
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silicon wafer to which an impurity element such as phosphorus or boron is slightly
added) (approximately 1 x 10" /em®). The transistor 150 with excellent off-state
current characteristics can be obtained with the use of such an i-type or substantially
i-type oxide semiconductor. For example, when the drain voltage Vyis +1 Vor +10 V
and the gate voltage V} is set in the range of from -20 V to -5V, the off-state current is 1
x 10" Aorless. The oxide semiconductor layer 106a which is purified by a sufficient
reduction in the hydrogen concentration as described above is used so that the off-state
current of the transistor 150 is reduced, whereby a semiconductor device with a novel
structure can be realized. Note that the above hydrogen concentration of the oxide
semiconductor layer 106a is measured by secondary ion mass spectrometry (SIMS).
[0317]

' Note that an oxide semiconductor included in the oxide semiconductor layer is
not particularly limited as long as it has a non-single-crystal structure. A variety of
structures, such as an amorphous structure, a microcrystalline structure (also including a
nanocrystalline structure and the like), a polycrystalline structure, a structure in which
microcrystals or polycrysrtals are included in an amorphous structure, or a structure in
which microcrystals or polycrystals are formed at a surface of an amorphous structure
can be employed.

[0318]

An insulating layer 256 is provided over the interlayer insulating layer 118.
An clectrode 258a, an electrode 258b, an electrode 258c, and an electrode 258d are
provided so as to be embedded in the insulating layer 256. The electrode 258a is in
contact with the electrode 254a. The electrode 258b is in contact with the electrode
254b. The electrode 258c is in contact with the electrode 254c and the electrode 254d.
The electrode 258d is in contact with the electrode 254e. It is preferable to use a
material containing copper for part of the electrode 258a, the electrode 258b, the
electrode 258c, and the electrode 258d. In the case of using a material containing
copper for part of the electrode 258a, the electrode 258b, the electrode 258c, and the
electrode 258d, conductivity can be increased.
[0319]

In other words, the source or drain electrode layer 108a of the transistor 150 is
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electrically connected to another element (such as a transistor including a material other
than an oxide semiconductor) through an electrode 230c, the electrode 236¢c, the
electrode 254c, the electrode 258c, and the electrode 254d (see FIG. 29). In addition,
the source or drain electrode layer 108b of the transistor 150 is electrically connected to
another element through the electrode 254¢ and the electrode 258d. Note that the
structure of connection electrodes (such as the electrode 230c, the electrode 236c¢, the
electrode 254c, the electrode 258c, and the electrode 254d) is not limited to the above
structure, and appropriate addition, omission, or the like is possible.

[0320]

Although an example of typical connection relationship is given above, an
embodiment of the disclosed invention is not limited to the example. For example, the
gate electrode layer 210a of the transistor 250 and the source or drain electrode layer
108a of the transistor 150 may be electrically connected to each other.

[0321]

As described above, an embodiment of the disclosed invention can be modified
in various ways. In addition, the modified example is not limited td the
above-described modified examples. For example, the structures of FIG. 4A, FIG. 4B,
FIG. 4C, FIG. 5A, FIG. 5B, FIG. 5C, FIG. 6A, FIG. 6B, FIGS. 28A and 28B, and FIG. 29
may be combined as appropriate as another modified example. It is needless to say
that addition, omission, and the like are possible within the scope of the description in
this specification or the like.

[0322]

The structures, methods, and the like described in this embodiment can be
combined as appropriate with any of the structures, methods, and the like described in
the other embodiments.

[0323]
(Embodiment 2)

In this embodiment, semiconductor devices having structures different from the
semiconductor devices of the above embodiment, and a manufacturing method thereof
will be described with reference to FIGS. 7A and 7B, FIGS. 8A to 8D, FIGS. 9A to 9C,
FIGS. 10A to 10C, FIGS. 11A to 11C, and FIGS. 12A to 12C. Note that the structures

described in this embodiment are in common with the structures described in the above
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embodiment in many points; therefore, only different points will be mainly described
below.

[0324]

<The structure of the semiconductor device>

FIGS. 7A and 7B are cross-sectional views illustrating the transistor 150 which
is an example of the structure of a semiconductor device.
[0325]

The point different from the structure of FIGS. 1A and 1B is that a gate
electrode layer 101a exists below the first oxide semiconductor layer 104a. In other
words, the transistor 150 illustrated in FIGS. 7A and 7B includes the gate electrode
layer 101a over the substrate 100, the insulating layer 102 covering the gate electrode
layer 101a, the first oxide semiconductor layer 104a provided over the insulating layer
102, the second oxide semiconductor layer 106a provided over the first oxide
semiconductor layer 104a, the source or drain electrode layer 108a and the source or
drain electrode layer 108b which are electrically connected to the oxide semiconductor
layer 1064, the gate insulating layer 112 covering the second oxide semiconductor layer
106a, the source or drain electrode layer 108a, and the source or drain electrode layer
108b, and the gate electrode layer 114 over the gate insulating layer 112 (see FIGS. 7A
and 7B). Here, the insulating layer 102 also functions as a gate insulating layer.

[0326]

In addition, the interlayer insulating layer 116 and the interlayer insulating
layer 118 are provided over the transistor 150. Note that the interlayer insulating layer
116 and the interlayer insulating layer 118 are not requisite components and may be
omitted as appropriate.

[0327]

As described in Embodiment 1, the first oxide semiconductor layer 104a
includes the crystalline region in the region including the surface, and the second oxide
semiconductor layer 106a is formed by crystal growth from the crystalline region of the
first oxide semiconductor layer 104a.

[0328]

The gate electrode layer 101a illustrated in FIGS. 7A and 7B can function as a

so-called back gate. The potential of the back gate can be a fixed potential, e.g., OV or
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a ground potential, and may be determined as appropriate. In addition, by providing
the gate electrodes above and below the oxide semiconductor layer, in a
bias-temperature stress test (hercinafter, referred to as a BT test) for examining
reliability of the thin film transistor, the amount of shift in threshold voltage of the thin
film transistor in the BT test can be reduced. That is, provision of the gate electrodes
above and below the oxide semiconductor layer can improve the reliability. Further,
by controlling gate voltage applied to the back gate, the threshold voltage can be
controlled. By setting the threshold voltage to be positive, the transistor can be
function as an enhancement type transistor. Alternatively, by setting the threshold
voltage to be negative, the transistor can functions as a depletion type transistor. For
example, an inverter circuit including a combination of an enhancement type transistor
and a depletion type transistor (hereinafter, the circuit is referred to as an EDMOS
circuit) can be formed to be used for a driver circuit. The driver circuit includes at
least a logic circuit portion, and a switch portion or a buffer portion. The logic circuit
portion has a circuit structure including the above-described EDMOS circuit.

[0329]

In the oxide semiconductor layer, a region overlapping with the step of the
insulating layer 102 includes a crystal boundary and is polycrystalline. A region
serving as a channel formation region in the oxide semiconductor layer has at least a flat
surface. The first oxide semiconductor layer and the second oxide semiconductor
layer are polycrystals, and c-axis of the first oxide semiconductor layer and c-axis of the
second oxide semiconductor layer are aligned in the same direction. The variation in
height of the surface of the second oxide semiconductor layer is preferably 1 nm or less
(further preferably 0.2 nm or less) in a region overlapping with a gate electrode layer
(the channel formation region).

[0330]

For the details of structural elements, the above embodiment can be referred to,
and description thereof will be omitted.
[0331]

By using the second oxide semiconductor layer 106a formed by crystal growth
from the crystalline region of the purified first oxide semiconductor layer 104a like the

structures illustrated in FIGS. 7A and 7B, a semiconductor device having favorable
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electric characteristics can be realized.
[0332]

In the case where the first oxide semiconductor layer 104a and the second
oxide semiconductor layer 106a are formed using the same material (i.e., in the case of
homoepitaxy), the boundary between the first oxide semiconductor layer 104a and the
second oxide semiconductor layer 106a may not be able to be identified. There is a
case where the first oxide semiconductor layer 104a and the second oxide
semiconductor layer 106a can be regarded as one layer (see FIG. 7A).

[0333]

Alternatively, the first oxide semiconductor layer 104a and the second oxide
semiconductor layer 106a may be formed using different materials (see FIG. 7B). In
the case where the first oxide semiconductor layer 104a and the second oxide
semiconductor layer 106a are formed using different materials (i.e., in the case of
heteroepitaxy), for example, the first oxide semiconductor layer 104a can be formed
using an In-Zn-O-based material which is a two-component metal oxide, and the second
oxide semiconductor layer 106a can be formed using an In-Ga-Zn-O-based material
which is a three-component metal oxide. ‘

[0334]

The second oxide semiconductor layer 106a is comparatively stable, and thus .
can prevent entry of an impurity (e.g., moisture) thereto. Accordingly, the reliability of
the second oxide semiconductor layer 106a can be improved.

[0335]

Further, by inclusion of the gate electrode layer 101a which is a so-called back
gate, electric characteristics of the transistor 150 can be easily controlled. Note that a
potential the same as or different from that applied to the gate electrode layer 114 may
be applied to the gate electrode layer 101a. Alternatively, the gate electrode layer 101a
may be in a floating state.

[0336]
<Method for manufacturing a semiconductor device>

Next, a manufacturing method of the transistor 150 which is an example of the
structure of a semiconductor device will be described with reference to FIGS. 8A to 8D,
FIGS. 9A to 9C, and FIGS. 10A to 10C.
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[0337]

First, a conductive layer 101 is formed over the substrate 100 (see FIG. 8A).
For the details of the substrate 100, the above embodiment can be referred to and
description thereof is omitted.

[0338]:

The conductive layer 101 can be formed by a PVD method such as a sputtering
method or a CVD method such as a plasma CVD method. The conductive layer 101
can be formed using an element selected from aluminum, chromium, copper, tantalum,
titanium, molybdenum, and tungsten, an alloy including any of these elements as a
component, or the like. A material including one or more of manganese, magnesium,
zirconium-, beryllium, and thorium may be used. A material including aluminum and
one or more of elements selected from titanium, tantalum, tungsten, molybdenum,
chromium, neodymium, and scandium may be used.

[0339]

_ The conductive layer 101 may also be formed using a conductive metal oxide.
As the conductive metal oxide, indium oxide (In»O3), tin oxide (SnO), zinc oxide
(ZnO), an indium oxide-tin oxide alloy (In,O3-SnO,, which is abbreviated to ITO in
some cases), an indium oxide-zinc oxide alloy (In,03-ZnO), or any of these metal oxide
materials in which silicon or silicon oxide is included can be used.

[0340]

The conductive layer 101 can have either a single-layer structure or a stacked
structure of two or more layers. In an embodiment of the disclosed invention, since
heat treatment at a relatively high temperature is performed after formation of the
conductive layer 101, the conductive layer 101 is preferably formed using a material
having high heat resistance. As the material having high heat resistance, titanium,
tantalum, tungsten, molybdenum, or the like can be given, for example. Polysilicon
whose conductivity is increased by addition of an impurity element or the like can also
be used.

[0341]

Next, the conductive layer 101 is selectively etched to form the gate electrode

layer 101a, and the insulating layer 102 is formed to cover the gate electrode layer 101a

(see FIG. 8B).
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[0342]

For light exposure in forming a mask used for etching, ultraviolet light, KrF
laser light, or ArF laser light is preferably used. Particularly for light exposure in the
case where the channel length (L) is less than 25 nm, light exposure for forming a mask
is preferably performed with extreme ultraviolet light whose wavelength is several
nanometers to several tens of nanometers, which is extremely short. Light exposure
using extreme ultraviolet light has a feature of high resolution and large depth of focus
and, therefore, is appropriate for miniaturization.

[0343]

The gate electrode layer 101a is a so-called back gate. By the existence of the
gate electrode layer 101a, electric field in the oxide semiconductor layer 106a can be
controlled, whereby electric characteristics of the transistor 150 can be controlled.
Note that the gate electrode layer 101a may be electrically connected to another wiring,
electrode, or the like so that a potential is applied to the gate electrode layer 101a, or
may be insulated so as to be in a floating state.

[0344]

Note that a "gate electrode” commonly means a gate electrode whose potential
can be controlled intentionally; however, a "gate electrode” in this specification also
means a gate electrode whose potential is not intentionally controlled. For example,
the conductive layer which is insulated and in a floating state as described above is, in
some cases, called a "gate electrode layer."

[0345]

The insulating layer 102 functions as a gate insulating layer as well as a base.
The insulating layer 102 can be formed by a CVD method, a sputtering method, or the
like. The insulating layer 102 is préferably formed so as to include silicon oxide,
silicon nitride, silicon oxynitride, silicon nitride oxide, aluminum oxide, hafnium oxide,
tantalum oxide, or the like. Note that the insulating layer 102 may have a single-layer
structure or a stacked structure. There is no particular limitation on the thickness of
the insulating layer 102; for example, the insulating layer 102 can have a thickness
greater than or equal to 10 nm and less than or equal to 500 nm.

[0346]

If hydrogen, water, or the like is contained in the insulating layer 102,
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hydrogen may enter the oxide semiconductor layer or extract oxygen from the oxide
semiconductor layer, whereby characteristics of the transistor may be degraded.
Therefore, it is desirable to form the insulating layer 102 so as to include as little
hydrogen or water as possible.

[0347]

In the case of using a sputtering method or the like, for example, it is desirable
that the insulating layer 102 be formed in a state where moisture remaining in the
treatment chamber is removed. In order to remove moisture remaining in the treatment
chamber, an adsorption-type vacuum pump such as a cryopump, an ion pump, or a
titanium sublimation pump is preferably used. A turbo pump provided with a cold trap
may be used. From the treatment chamber evacuated with a cryopump or the like,
hydrogen, water, or the like is sufficiently removed; thus, the concentration of an
impurity in the insulating layer 102 can be reduced.

[0348]

When the insulating layer 102 is formed, it is desirable to use a high-purity gas
in which an impurity such as hydrogén or water is reduced so that the concentration is
decreased to approximately a value expressed in the unit “ppm” (preferably, “ppb”).
[0349]

The insulating layer 102 needs to have high quality, in a manner similar to that
of the gate insulating layer 112. Therefore, the insulating layer 102 is preferably
formed by a method that can be employed for the gate insulating layer 112. For the
details, the above embodiment can be referred to and description thereof is omitted.
[0350]

Next, the first oxide semiconductor layer 104 is formed over the insulating -
layer 102, and first heat treatment is performed to crystallize a region including at least
a surface of the first oxide semiconductor layer, whereby the first oxide semiconductor
layer 104 is formed (see FIG. 8C). As for the details of the formation method of the
first oxide semiconductor layer, conditions of the first heat treatment, and the first oxide
semiconductor layer 104, the above embodiment can be referred to and description
thereof is omitted.

[0351]

In the first oxide semiconductor layer 104, a region overlapping with the step
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of the gate insulating layer includes a crystal boundary and is polycrystalline. A region
serving as a channel formation region in the first oxide semiconductor layer 104 has at
least a flat surface. The first oxide semiconductor layer and the second oxide
semiconductor layer are polycrystals, and c-axis of the first oxide semiconductor layer
and c-axis of the second oxide semiconductor layer are aligned in the same direction.
[0352]

Next, a second oxide semiconductor layer is formed over the first oxide
semiconductor layer 104 which includes the crystalline region in a region including at
least the surface, and second heat treatment is performed to cause crystal growth using
the crystalline region of the first oxide semiconductor layer 104 as a seed. Thus, the
second oxide semiconductor layer 106 is formed (see FIG. 8D). As for the details of
the formation method of the second oxide semiconductor layer, conditions of the second
heat treatment, and the second oxide semiconductor layer 106, the above embodiment
can be referred to and description thereof is omitted.

[0353]

Next, the first oxide semiconductor layer 104 and the second oxide
semiconductor layer 106 are processed by a method such as etching using a mask; thus,
the island-shaped first oxide semiconductor layer 104a and the island-shaped second
oxide semiconductor layer 106a are formed (see FIG. 9A). Here, it needs to be noted
that the first oxide semiconductor layer 104a and the second oxide semiconductor layer
106a are formed in the region overlapping with the gate electrode layer 101a. For the

details, the above embodiment can be referred to.

[0354]

Next, the conductive layer 108 is formed in contact with the second oxide
semiconductor layer 106a (see FIG. 9B). The conductive layer 108 is selectively
etched to form the source or drain electrode layer 108a and the source or drain electrode
layer 108b (see FIG. 9C). For the conductive layer 108, the source or drain electrode
layer 108a, the source or drain electrode layer 108b, the etching step, and the other
details, the above embodiment can be referred to.

[0355]
One feature is that the gate electrode layer 101a includes a region overlapping

with the source or drain electrode layer 108a (or the source or drain electrode layer
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108b) as illustrated in FIG. 9C. The gate electrode layer 10la includes a region
between an edge portion of the source or drain electrode layer 108a and a step of the
insulating layer 102, in other words, a region between the edge portion of the source or.
drain electrode layer 108a and a point of the gate insulating layer, at which a flat surface
is changed to a surface of a.tapered portion in the cross-sectional view (here, an Loy
region in FIG. 9C). The Loy region is important in view of preventing carriers from
flowing to a crystal grain boundary generated due to the step of the edge portion of the
gate electrode layer.

[0356]

Next, in a manner similar to that of 'the above embodiment, heat treatment
(third heat treatment) may be performed on the second oxide semiconductor layer 106a.
By the third heat treatment, a high-purity crystalline region is formed in a region of the
second oxide semiconductor layer 106a, which includes the exposed surface of the
second oxide semiconductor layer 106a and overlaps with neither the source or drain
electrode layer 108a nor the source or drain electrode layer 108b. The area of the
high-purity crystalline region varies depending on the material of the second oxide
semiconductor layer 106a, conditions of the heat treatment, and the like. For example,
the high-purity crystalline region can be extended to the lower interface of the second
oxide semiconductor layer 106a. For the third heat treatment and the other details, the
above embodiment can be referred to.

[0357]

Next, the gate insulating layer 112 is formed in contact with part of the second
oxide semiconductor layer 106a without exposure to the air (see FIG. 10A). After that,
the gate electrode layer 114 is formed in a region overlapping with the first oxide
semiconductor layer 104a and the second oxide ‘semiconductor layer 106a over the gate
insulating layer 112 (see FIG. 10B). Then, the interlayer insulating layer 116 and the
interlayer insulating layer 118 are formed over the gate insulating layer 112 and the gate
electrode layer 114 (see FIG. 10C). For the details of above-described step, the above
embodiment can be referred to.

[0358]
Using the method described in this embodiment, the second oxide

semiconductor layer 106a which is formed by crystal growth from the crystalline region
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of the first oxide semiconductor layer 104a can be formed; accordingly, a
semiconductor device having favorable electric characteristics can be realized.
[0359]

Using the method described in this embodiment, the hydrogen concentration in
the first oxide semiconductor layer 104a and the second oxide semiconductor layer 106a
is less than or equal to 5 x 10" /cm?, and the off-state current of the transistor is smaller
than or equal to 1 x 107> A. Since the first oxide semiconductor layer 104a and the
second oxide semiconductor layer 106a which are purified by sufficient reduction of the
hydrogen concentration and supply of oxygen are used, the semiconductor device
having excellent characteristics can be realized.

[0360]

Further, with the gate electrode layer serving as a so-called back gate, electric
characteristics of the semiconductor device can be easily controlled.
[0361]

As described above, using the disclosed invention, a semiconductor device
having excellent characteristics, which has a novel structure, can be realized.
[0362]
<Modified examples>

Next, modified examples of the semiconductor devices illustrated in FIGS. 7A
and 7B, FIGS. 8A to 8D, FIGS. 9A to 9C, and FIGS. 10A to 10C will be described with
reference to FIGS. 11A to 11C, FIGS. 12A to 12C, and FIG. 13. Note that many
components of the semiconductor devices illustrated in FIGS. 11A to 11C, FIGS. 12A to
12C, and FIG. 13 are common with those of the semiconductor devices illustrated in
FIGS. 7A and 7B, FIGS. 8A to 8D, FIGS. 9A to 9C, and FIGS. 10A to 10C; therefore,
only different points will be described.

[0363]
The transistor 150 illustrated in FIG. 11A includes the oxide semiconductor

layer 106a having a depression portion (a groove portion). The depression portion is

formed by etching at the time of forming the source or drain electrode layer 108a and

the source or drain electrode layer 108b. Accordingly, the depression portion is

formed in a region overlapping with the gate electrode layer 114. The depression
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portion can reduce the thickness of the semiconductor layer in the channel formation
region, thereby contributing the prevention of a short-channel effect.
[0364] '

The transistor 150 illustrated in FIG. 11B includes the oxide semiconductor
layer 106a including the high-purity crystalline region 110. Note that the high-purity
crystalline region 110 is formed by the third heat treatment after the formation of the
source or drain electrode layer 108a and the source or drain electrode layer 108b.
Accordingly, the high-purity crystalline region 110 is formed in a region of the second
oxide semiconductor layer 106a, which includes the exposed surface of the second
oxide semiconductor layer 106a and overlaps with neither the source or drain electrode
layer 108a nor the source or drain electrode layer 108b. Here, the high-purity
crystalline region 110 is a region having higher crystallinity than the other region ih the
second oxide semiconductor layer 106a. By including the high-purity crystalline
region 110, the second oxide semiconductor layer 106a can have a higher electrical
anisotropy, and electric characteristics of the semiconductor device can be increased. -
[0365] |

- The transistor 150 illustrated in FIG. 11C includes the oxide semiconductor
layer 106a having a depression portion (a groove portion) and also includes the
high-purity crystalline region 110 in a region of the second oxide semiconductor layer
106a, which includes the exposed surface of the second oxide semiconductor layer 106a
and overlaps with neither the source or drain electrode layer 108a nor the source or
drain electrode layer 108b. In other words, the transistor illustrated in FIG. 11C has
features of both the transistor 150 of FIG. 11A and the transistor 150 of FIG. 11B. The
effects caused from the structure are similar to the effects caused in the cases of FIGS.
11A and 11B.

[0366]

The transistor 150 illustrated in FIG. 12A includes an insulating layer 109a and
an insulating layer 109b which have substantially the same shape as the source or drain
electrode layer 108a and the source or drain electrode layer 108b, over the source or
drain electrode layer 108a and the source or drain electrode layer 108b. In this case,
there is an advantage in that capacitance (so-called gate capacitance) between the source

and the drain electrode layer and the gate electrode can be reduced. Note that in this



10

15

20

25

30

WO 2011/065243 PCT/JP2010/070246
‘ 92

specification, the expression “substantially the same” does not necessarily mean
"exactly the same" in a strict sense and includes the meaning of being considered as the
same. For example, a difference made by a single etching process is acceptable.
Further, the thickness does not need to be the same.

[0367]

The transistor 150 illustrated in FIG. 12B includes the oxide semiconductor
layer 106a having a depression portion (a groove portion) and also includes an
insulating layer 109a and an insulating layer 109b which have substantially the same
shape as the source or drain electrode layer 108a and the source or drain electrode layer
108b, over the source or drain electrode layer 108a and the source or drain electrode
layer 108b. In other words, the transistor illustrated in FIG. 12B has features of both
the transistor 150 of FIG. 11A and the transistor 150 of FIG. 12A. The effects caused
from the structure are similar to the effects caused in the cases of FIG. 11A and FIG.
12A. |
[0368]

The transistor 150 illustrated in FIG. 12C includes the high-purity crystalline
region 110 in a region of the second oxide semiconductor layer 106a, which includes the
exposed surface of the second oxide semiconductor layer 106a and overlaps with neither
the source or drain electrode layer 108a nor the source or drain electrode layer 108b,
and the transistor 150 illustrated in FIG. 12C also includes an insulating layer 109a and
an insulating layer 109b which have substantially the same shape as the source or drain
electrode layer 108a and the source or drain electrode layer 108b, over the source or
drain electrode layer 108a and the source or drain electrode layer 108b. In other words,
the transistor illustrated in FIG. 12C has features of both the transistor 150 of FIG. 11B
and the transistor 150 of FIG. 12A. The effects caused from the structure are similar to
the effects caused in the cases of FIG. 11B and FIG. 12A.

[0369]

The transistor 150 illustrated in FIG. 13 includes a conductive layer 107a
formed of a material having a low ability of extracting oxygen (a material having a low
oxygen affinity) in a region where the source or drain electrode layer 108a is in contact
with the oxide semiconductor layer 106a .and also includes a conductive layer 107b

formed of a material having a low ability of extracting oxygen in a region where the
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source or drain electrode layer 108b is in contact with thé oxide semiconductor layer
106a. With the conductive layers having a low ability of extracting oxygen as
described above, a change to an n-type in the oxide semiconductor layer due to
extraction of oxygen can be prevented; accordingly, an adverse effect to transistor
characteristics caused by uneven change of the oxide semiconductor layer to an n-type
or the like can be prevented.

[0370]

Note that the source or drain electrode layer 108a and the source or drain
electrode layer 108b having a two-layer structure are employed in FIG. 13; however, an
embodiment of the disclosed invention is not limited to this structure. They may have
a single-layer structure of a conductive layer formed of a material having a low ability
of extracting oxygen or a stacked structure of three or more layers. In the case of a
single-layer structure, a single-layer structuré of a titanium nitride film can be employed,
for example. In the case of a stacked structure, a two-layer structure of a titanium
nitride film and a titanium film can be employed, for example.

[0371]

As described above, an embodiment of the disclosed invention can be modified
in various ways. In addition, the modified example is not limited to the
above-described modified examples. For example, the structures of FIG. 11A, FIG.
11B, FIG. 11C, FIG. 12A, FIG. 12B, FIG. 12C, and FIG. 13 may be combined as
appropriate as another modified example. It is needless to say that addition, omission,
and the like are possible within the scope of the description in this specification or the
like.

[0372]

The structures, methods, and the like described in this embodiment can be
combined as appropriate with any of the structures, methods, and the like described in
the bther embodiments.

[0373]
(Embodiment 3)

In this embodiment, examples of electronic devices each including the

semiconductor device according to any of the above-described embodiments will be

described with reference to FIGS. 30A to 30F. The semiconductor device according to
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any of the above embodiments has unprecedented excellent characteristics. Therefore,
an electronic device with a novel structure can be provided by using the semiconductor
device.
[0374]

FIG. 30A illustrates a notebook personal computer including the semiconductor
device according to any of the above embodiments, and includes a main body 301, a
housing 302, a display portion 303, a keyboard 304, and the like. The semiconductor
device according to the disclosed invention is integrated, mounted on a circuit board or
the like, and incorporated in the housing 302. In addition, the semiconductor device
according to the disclosed invention can be applied to the display portion 303. By
applying the semiconductor device according to the disclosed invention to an integrated
circuit board or the like, high-speed circuit operation can be realized. Furthermore, by
applying the semiconductor device according to the disclosed invention to the display
portion 303, high-quality images can be displayed. By applying the semiconductor
device according to the disclosed invention to a personal computer as described above, a
high-performance personal computer can be provided.
[0375] ,

FIG. 30B illustrates a personal digital assistant (PDA) inciuding the
semiconductor device according to any of the above embodiments. A main body 311
is provided with a display portion 313, an external interface 315, operation buttons 314,

and the like. Further, a stylus 312 is provided as an accessory for operation. The

'semiconductor device according to the disclosed invention is integrated, mounted on a

circuit board or the like, and incorporated in the main body 311. In addition, the
semiconductor device according to the disclosed invention can be applied to the display
portion 313. By applying the semiconductor device according to the disclosed
invention to an integrated circuit board or the like, high-speed circuit operation can be
realized. Furthermore, by applying the semiconductor device according to the
disclosed invention to the display portion 313, high-quality images can be displayed.
By applying the semiconductor device according to the disclosed invéntion to a
personal digital assistant (PDA) as described above, a high-performance personal digital
assistant (PDA) can be provided.

[0376]
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FIG. 30C illustrates an electronic book 320 as an example of electronic paper
including the semiconductor device according to any of the above embodiments. The
electronic book 320 includes two housings, a housing 321 and a housing 323. The
housing 321 is combined with the housing 323 by a hinge 337, so that the electronic
book 320 can be opened and closed using the hinge 337 as an axis. With such a
structure, the electronic book 320 can be used like a paper book.

[0377]

The housing 321 includes a display portion 325, and the housing 323 includes a
display portion 327. The semiconductor device according to the disclosed invention is
integrated, mounted on a circuit board or the like, and incorporated in the housing 323
or the housing 321. The semiconductor device according to the disclosed invention
can be applied to the display portion 327. The display portion 325 and the display
portion 327 can display a continuous image or different images. A structure for
displaying different images enables text to be displayed on the right display portion (the
display portion 325 in FIG. 30C) and images to be displayed on the left display portion
(the display portion 327 in FIG. 30C). By applying the semiconductor device
according to the disclosed invention to an integrated circuit board or the like,
high-speed circuit operation can be realized. By applying the semiconductor device
according to the disclosed invention to the displéy portion 327, high-quality images can
be displayed.

[0378]

FIG. 30C illustrates an example in which the housing 321 is provided with an
operation portion and the like. For example, the housing 321 is provided with a power
switch 331, operation keys 333, a speaker 335, and the like. The operation keys 333
allow pages to be turned. Note that a keyboard, a pointing device, or the like may also
be provided on the same side of the housing as the display portion. Furthermore, an
external connection terminal (an earphone terminal, a USB terminal, a terminal that can
be connected to an AC adapter or various cables such as a USB cable, or the like), a
recording medium insertion portion, and the like may be provided on the back surface
or the side surface of the housing. The electronic book 320 can also serve as an
electronic dictionary.

[0379]
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In addition, the electronic book 320 can send and receive information
wirelessly. Through wireless communication, desired book data or the like can be
purchased and downloaded from an electronic book server.

[0380]

Note that electronic paper can be used for devices in all fields as long as they
can display data. For examplé, to display data, electronic paper can be applied to
posters, advertisement in vehicles such as trains, a variety of cards such as credit cards,
and the like as well as electronic books. By applying the semiconductor device
according to the disclosed invention to electronic paper as described above,
high-performance electronic paper can be provided.

[0381]

FIG. 30D illustrates a cellular phone including the semiconductor device
according to any of the above embodiments. The cellular phone includes two housings,
a housing 340 and a housing 341. The housing 341 includes a display panel 342, a
speaker 343, a microphone 344, a pointing device 346, a camera lens 347, an external
connection terminal 348, and the like. The housing 340 includes a solar cell 349 for
charging the cellular phone, an external memory slot 350, and the like. An antenna is
incorporated in the housing 341. The semiconductor device according to the disclosed
invention is integrated, mounted on a circuit board or the like, and incorporated in the
housing 340 or the housing 341.

[0382] »

The display panel 342 has a touch panel function. A plurality of operation
keys 345 displayed as images are indicated by dashed lines in FIG. 30D. The
semiconductor device according to the disclosed invention can be applied to the display
panel 342. By applying the semiconductor device according to the disclosed invention
to the display panel A342, high-quality images can be displayed. Note that the cellular
phone includes a booster circuit for increasing a voltage output from the solaf cell 349
to a voltage needed for each circuit. It is possible for the cellular phone to have, in
addition to the above structure, a structure in which a noncontact IC chip, a small
recording device, or the like is formed.

[0383]
The display panel 342 changes the orientation of display as appropriate in
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accordance with the application mode. Further, the camera lens 347 is provided on the
same side as the display panel 342, so that the cellular phone can be used as a video
phone. The speaker 343 and the microphone 344 can be used for videophone calls,
recording, and playing sound, etc. as well as voice calls. Moreover, the housings 340
and 341 in a state where they are developed as illustrated in FIG. 30D can be slid so that
one is lapped over the other. Therefore, the size of the cellular phone can be reduced,
which makes the cellular phone suitable for being carried around.

[0384]

The external connection terminal 348 can be connected to an AC adapter or a
variety of cables such as a USB cable, so that the cellular phone can be charged or can
perfofm data communication. Moreover, the cellular phone can store and transfer a
larger amount of data by inserting a recording medium into the external memory slot
350. Further, in addition to the above functions, an infrared communication function, a
television reception function, or the like may be provided. By applying the
semiconductor device according to the disclosed invention to a cellular phone, a
high-performance cellular phone can be provided.

[0385]

FIG. 30E illustrates a digital camera including the semiconductor device
according to any of the above embodiments. The digital camera includes a main body
361, a display portion A 367, an eyepiece 363, an operation switch 364, a display
portion B 365, a battery 366, and the like. The semiconductor device according to the
disclosed invention can be applied to the display portion A 367 or the display portion B
365. By applying the semiconductor device according to the disclosed invention to the
display portion A 367 or the display portion B 365, high-quality images can be
displayed. By applying the semiconductor device according to the disclosed invention
to a digital camera as described above, a high-performance digital camera can be
provided. |
[0386]

FIG. 30F illustrates a television set including the semiconductor device
according to any of the above embodiments. In a television set 370, a display portion
373 is incorporated in a housing 371. Images can be displayed on the display portion
373. Here, the housing 371 is supported by a stand 375. By applying the

&
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semiconductor device according to the disclosed invention to the display portion 373,
high-speed operation of a switching element can be achieved and an increase in the area
of the display portion 373 can be realized.

[0387]

The television set 370 can be operated with an operation switch included in the
housing 371 or by a remote controller 380. Channels and volume can be controlled
with a control key 379 included in the remote controller 380, and images displayed on
the display portion 373 can thus be controlled. Further, the remote controller 380 can
be provided with a display portion 377 for displaying data to be output from the remote
controller 380.

[0388]

Note that the television set 370 preferably includes a receiver, a modem, and
the like. The receiver allows the television set 370 to receive a general television
broadcast. In addition, the television set 370 is capable of one-way (from a transmitter
to a receiver) or two-way (between a transmitter and a receiver, between receivers, or
the like) data communication when connected to a communication network by wired or
wireless connection via the modem. By applying the semiconductor device according
to the disclosed invention to a television set as described above, a high-performance
television set can be provided.

[0389]

The structures, methods, and the like described in this embodiment can be

combined as appropriate with any of the structures, methods, and the like described in

other embodiments.

This application is based on Japanese Patent Application serial no.
2009-270857 filed with Japan Patent Office on November 28, 2009, the entire contents

of which are hereby incorporated by reference.
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CLAIMS

1. A semiconductor device comprising:

a first oxide semiconductor layer comprising a first crystalline region formed
by growth from a surface of the first oxide semiconductor layer toward an insidé, over a
substrate having an insulating surface;

a second oxide semiconductor layer over the first oxide semiconductor layer;

~ asource electrode layér and a drain electrode layer each being in contact with

the second oxide semiconductor layer;

a gate insulating layer covering the second oxide semiconductor layer, the
source electrode layer, and the drain electrode layer; and

a gate electrode layer over the second oxide semiconductor layer with the gate
insulating layer interposed therebetween,

wherein the second oxide semiconductor layer is a layer including a crystal

formed by growth from the first crystalline region.

2. A semiconductor device comprising;:

a first oxide semiconductor layer comprising a first crystalline region over a
substrate having an insulating surface;

a second oxide semiconductor layer over the first oxide semiconductor layer;

a source electrode layer and a drain electrode layer each being in contact with
the second oxide semiconductor layer; A

a first gate insulating layer covering the second oxide semiconductor layer, the
source electrode layer, and the drain electrode layer; and

a first gate electrode layer over the second oxide semiconductor layer with the
first gate insulating layer interposed therebetween,

wherein the second oxide semiconductor layer comprises a second crystalline
region having a c-axis alignment same or substantially same as that of the first

crystalline region.

3. The semiconductor device according to claim 2, further comprising:
a second gate electrode layer over the substrate having the insulating surface;

a second gate insulating layer covering the first gate electrode layer,
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wherein the first oxide semiconductor layer is located over the second gate

insulating layer.

4. The semiconductor device according to claim 2, wherein a variation in
height of a surface of the second oxide semiconductor layer is 1 nm or less in a region

between the source electrode layer and the drain electrode layer.

5. The semiconductor device according to claim 2, wherein the first crystalline
region and the second crystalline region each comprises a crystal whose c-axis is
aligned in a direction substantially perpendicular to a surface of the second oxide

semiconductor layer.

6. The semiconductor device according to claim 2, wherein the substrate

having the insulating surface includes an oxide or a nitride.

7. The semiconductor device according to claim 2, wherein the first crystalline
region included in the first oxide semiconductor layer has an average thickness greater

than or equal to 2 nm and less than or equal to 10 nm.

8. The semiconductor device according to claim 2, wherein at least one of the
first oxide semiconductor layer and the second oxide semiconductor layer comprises
one selected from the group consisting of In-Sn-Ga-Zn-0O, In-Ga-Zn-O, In-Sn-Zn-0O,
In-Al-Zn-O, Sn-Ga-Zn-O, Al-Ga-Zn-O, Sn-Al-Zn-O, In-Zn-O, Sn-Zn-O, Al-Zn-O,
Zn-Mg-0O, Sn-Mg-O, In-Mg-O, In-O, Sn-O, and Zn-O.

9. The semiconductor device according to any one of claims 2, wherein the first
oxide semiconductor layer or the second oxide semiconductor layer is a purified oxide |

semiconductor layer.

10. The semiconductor device according to claim 2, wherein at least one of the
first oxide semiconductor layer and the second oxide semiconductor layer has a carrier

density lower than 1.0 x 102 em™.
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11. The semiconductor device according to claim 2, wherein at least one of the
first oxide semiconductor layer and the second oxide semiconductor layer has a

hydrogen concentration lower than 5 x 10" cm™.

12. The semiconductor device according to claim 2, wherein at least one of the
first oxide semiconductor layer and the second oxide semiconductor layer comprises

polycrystalline oxide semiconductor.

13. The semiconductor device according to claim 2, wherein the second oxide

semiconductor layer comprises a polycrystalline oxide semiconductor material.

14. The semiconductor device according to claim 2, wherein the first oxide
semiconductor layer and the second oxide semiconductor layer comprises a

polycrystalline oxide semiconductor material.

15. The semiconductor device according to claim 2, wherein the sum of
thicknesses of the first oxide semiconductor layer and the second oxide semiconductor

layer is greater than or equal to 3 nm and less than or equal to 50 nm.

16. The semiconductor device according to claim 2, wherein the first
crystalline region of the first oxide semiconductor layer has the same electron affinity as

a crystal comprised in the second oxide semiconductor layer.

17. The semiconductor device according to any one of claims 2, wherein the

second oxide semiconductor layer has a depression portion.

18. The semiconductor device according to claim 2, wherein the second oxide

semiconductor layer includes a high-purity crystalline region.

19. The semiconductor device according to claim 2, wherein the first oxide

semiconductor layer and the second oxide semiconductor layer include materials
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including the same main component.

20. The semiconductor device according to claim 2, wherein the first oxide
semiconductor layer and the second oxide semiconductor layer include different

materials.

21. The semiconductor device according to claim 2, wherein insulating layers
having substantially the same shape as the source electrode layer and the drain electrode

layer are included over the source electrode layer and the drain electrode layer.

22. The semiconductor device according to claim 2, wherein portions in contact
with the second oxide semiconductor layer of the source electrode layer and the drain

electrode layer include a material having a low oxygen affinity.

23. A manufacturing method of a semiconductor device comprising the steps
of:

forming a first oxide semiconductor layer over a substrate having an insulating
surface;

performing first heat treatment to crystallize the first oxide semiconductor layer
from a surface of the first oxide semiconductor layer toward an inside, so as to form a
crystalline region having c-axis aligned in a direction substantially perpendicular to the
surface of the first oxide semiconductor layer in the first oxide semiconductor layer;

after performing the first heat treatment, forming a second oxide semiconductor
layer over the first oxide semiconductor layer;

performing second heat treatment to crystallize the second oxide
semiconductor layer;

forming a source electrode layer and a drain electrode layer over the second
oxide semiconductor layer;

forming a first gate insulating layer covering the second oxide semiconductor
layer, the source electrode layer, and the drain electrode layer: and

forming a first gate electrode layer over the second oxide semiconductor layer

with the first gate insulating layer interposed therebetween.
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24. The manufacturing method of a semiconductor device according to claim
23, further comprising the steps of:

forming a second gate electrode layer over the substrate having the insulating
surface; and

forming a second gate insulating layer covering the second gate electrode layer,

wherein the first oxide semiconductor layer is formed over the second gate

insulating layer.

25. The manufacturing method of a semiconductor device according to claim
23, wherein the first oxide semiconductor layer has a thickness greater than or equal to 3

nm and less than or equal to 15 nm.

26. The manufacturing method of a semiconductor device according to claim
23, wherein a polycrystalline region is formed as the crystalline region of the first oxide

semiconductor layer.

27. The manufacturing method of a semiconductor device according to claim
23, wherein the second heat treatment makes the second oxide semiconductor layer be a

polycrystalline oxide semiconductor layer.

28. The manufacturing method of a semiconductor device according to claim
23, wherein the first heat treatment and the second heat treatment make the first oxide
semiconductor layer and the second oxide semiconductor layer be polycrystalline oxide

semiconductor layers.

29. The manufacturing method of a semiconductor device according to claim
23, wherein the second heat treatment causes crystal growth so that c-axis of a crystal
grain comprised in the second oxide semiconductor layer is aligned in a direction

substantially perpendicular to a surface of the second oxide semiconductor layer.

30. The manufacturing method of a semiconductor device according to claim
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23,
wherein the second oxide semiconductor layer is formed by a sputtering
method using a metal oxide target having a composition ratio, In:Ga:Zn = 1:x:y, and
wherein x is greater than or equal to O and less than or equal to 2, and y is

greater than or equal to 1 and less than or equal to 5.

31. The manufacturing method of a semiconductor device according to claim

30, wherein x is 1, and y is 1.

32. The manufacturing method of a semiconductor device according to claim

30, wherein x is 0, and y is 1.

33. The manufacturing method of a semiconductor device according to claim
23, wherein insulating layers having substantially the same shape as the source
electrode layer and the drain electrode layer are formed over the source electrode layer

and the drain electrode layer.

34. The manufacturing method of a semiconductor device according to claim
23, wherein portions in contact with the second oxide semiconductor layer in the source
electrode layer and the drain electrode layer are formed using a material having a low

oxygen affinity.

35. A manufacturing method of a semiconductor device comprising the steps
of:

forming a first oxide semiconductor layer over a substrate having an insulating
surface;

performing first heat treatment to cause growth from a surface of the first oxide
semiconductor layer from a surface of the first oxide semiconductor layer toward an
inside, so that a crystalline region having c-axis aligned in a direction substantially
perpendicular to the surface is formed;

after performing the first heat treatment, forming a second oxide semiconductor

layer over the first oxide semiconductor layer;
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performing second heat treatment to cause crystal growth from the crystalline
region and crystallize the second oxide semiconductor layer;

forming a source electrode layer and a drain electrode layer over the second
oxide semiconductor layer;

forming a gate insulating layer covering the second oxide semiconductor layer,
the source electrode layer, and the drain electrode layer: and
| forming a gate electrode layer over the second oxide semiconductor layer with

the gate insulating layer interposed therebetween.
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EXPLANATION OF REFERENCE

100: substrate, 101: conductive layer, 10la: gate electrode layer, 102:
insulating layer, 104: oxide semiconductor layer, 104a: oxide semiconductor layer,
104aa: amorphous region, 104ab: crystalline region, 105: oxide semiconductor layer,
106: oxide semiconductor layer, 106a: oxide semiconductor layer, 107a: conductive
layer, 107b: conductive layer, 108: conductive layer, 108a: source or drain electrode
layer, 108b: source or drain electrode layer, 109a: insulating layer, 109b: insulating layer,
110: high-purity crystalline region, 112: gate insulating layer, 114: gate electrode layer,
116: interlayer insulating layer, 118: interlayer insulating layer, 150: transistor, 200:
substrate, 206: element isolation insulating layer, 208a: gate insulating layer, 210a: gate
electrode layer, 214: impurity region, 216: channel formation region, 218: sidewall
insulating layers, 220: high-concentration impurity regions, 224: metal compound
regions, 226: interlayer insulating layer, 228: interlayer insulating layer, 230a: source or
drain electrode layer, 230b: source or drain electrode layer, 230c: electrode, 230c:
electrode, 234: insulating layer, 236a: electrode, 236b: electrode, 236c¢: electrode, 250:
transistor 254a: electrode, 254b: electrode, 254c: electrode, 254d: electrode, 254e:
electrode, 256: insulating layer, 258a: electrode, 258b: electrode, 258c¢: electrode, 258d:
electrode, 301: main body, 302: housing, 303: display portion, 304: keyboard, 311: main
body, 312: stylus, 313: display portion, 314: operation buttons, 315: external interface,
320: electronic book, 321: housing, 323: housing, 325: display portion, 327: display
portion, 331: power switch, 333: operation keys, 335: speaker, 337: hinge, 340: housing,
341: housing, 342: display panel, 343: speaker, 344: microphone, 345: operation keys,
346: pointing device, 347: camera lens, 348: external connection terminal, 349: solar
cell, 350: external memory slot, 361: main body, 363: eyepiece, 364: operation switch,
365: display portion B, 366: battery, 367: display portion A, 370: television set, 371:
housing, 373: display portion, 375: stand, 377: display portion, 379: control key, 380:
remote controller, 500: base component, 501: oxide crystal layer, 502: oxide

semiconductor layer, 503a: oxide crystal layer, and 503b: oxide crystal layer.
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