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A novel amorphous oxide applicable, for example, to an

active layer of a TFT 1s provided. The amorphous oxide
comprises microcrystals.
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FIELD EFFECT TRANSISTOR WITH
AMORPHOUS OXIDE LAYER CONTAINING
MICROCRYSTALS

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present ivention relates to an amorphous
oxide. The present mvention also relates to a field eflect
transistor using an amorphous oxide.

[0003] 2. Related Background Art

[0004] Inrecent years, flat panel display (FPD) 1s commer-
cialized as the results of progress of liquid crystal techniques,
clectroluminescence (EL), and the related techmiques. The
FPD i1s driven by an active matrix circuit comprising a field-
cifect thin film transistor (TFT) employing an amorphous
silicon thin film or polycrystalline silicon thin film as the
active layer formed on a glass substrate.

[0005] For smaller thickness, lighter weight, and higher
impact strength of the FPD, use of a lightweight and a flexible
resin substrate 1s investigated 1n place of the glass substrate.
However, the transistor employing the silicon thin film cannot
by directly formed on a less heat-resistant resin substrate,
since the production of the silicon thin film transistor requires
a relatively high-temperature 1n the process,

[0006] Therefore, forthe TEFT, use of an oxide semiconduc-
tor thin film such as a ZnO thin film 1s actively mvestigated
which enables film formation at a lower temperature (Japa-

nese Patent Application Laid-Open No. 2003-298062).

[0007] However, TFTs using conventional oxide semicon-
ductor thin films have not provided performances on the same
level as of TF'T's using silicon.

[0008] The present ivention relates to an amorphous
oxide, and also, to a field eflect transistor using the amor-
phous oxide.

SUMMARY OF THE INVENTION

[0009] An object of the present invention is to provide an
amorphous oxide for use 1n the active layer of a semiconduc-
tor device such as a thin film transistor (TFT) and serving as
a suitable semiconductor, and a field effect transistor.

[0010] According to an aspect of the present invention,
there 1s provided a amorphous oxide comprising a microcrys-
tal and having an electron carrier concentration of less than
10*%/cm”.

[0011] The amorphous oxide preferably comprises at least
one element selected from the group consisting of In, Zn and
Sn.

[0012] Alternatively, the amorphous oxide 1s preferably
any one selected from the group consisting of an oxide con-
taining In, Zn and Sn; an oxide containing In and Zn; an oxide
containing In and Sn; and an oxide contaiming In.

[0013] Alternatively, the amorphous oxide preferably com-
prises In, Ga, and Zn.

[0014] According to another aspect of the present mven-
tion, there 1s provided an amorphous oxide, wherein electron
mobility increases as electron carrier concentration increases.
[0015] According to a turther aspect of the present imnven-
tion, there 1s provided a field effective transistor comprising
an active layer formed of an amorphous oxide containing a
microcrystal, and a gate electrode formed so as to face the
active layer via a gate msulator.

[0016] The transistor 1s preferably a normally-off type tran-
s1stor.
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[0017] According to a still further aspect of the present
invention, there 1s provided an amorphous oxide whose com-
position changes 1n a layer thickness direction and having an
electron carrier concentration of less than 10'%/cm”.

[0018] The amorphous oxide preferably contains at least
one element selected from the group consisting of In, Zn and
Sn.

[0019] Alternatively, the amorphous oxide 1s preferably
any one selected from the group consisting of an oxide con-
taining In, Zn and Sn; an oxide containing In and Zn; an oxide
containing In and Sn; and an oxide containing In.

[0020] Altematively, the amorphous oxide preferably con-
tains In, Ga and Zn.

[0021] According to a still further aspect of the present
invention, there i1s provided a field effect transistor compris-
ng

[0022] an active layer of an amorphous oxide whose com-

position changes in a layer thickness direction, and

[0023] a gate electrode formed so as to face the active layer
via a gate msulator,

[0024] wherein the active layer comprises a first region and
a second region, which 1s closer to the gate msulator than the
first region, and the oxygen concentration of the first region 1s
higher than that of the second region.

[0025] According to a still further aspect of the present
invention, there 1s provided a field etfect transistor compris-
ing an active layer of an amorphous oxide having at least one
clement selected from the group consisting of In and Zn, and
[0026] a gate electrode formed so as to face the active layer
through a gate insulator,

[0027] wherein the active layer comprises a first region and
a second region, which 1s closer to the gate insulator than the
first region, and the In concentration of the second region 1s
higher than that of the first region, or the Zn concentration of
the second region 1s higher than that of the first region.
[0028] According to a still further aspect of the present
invention, there 1s provided an amorphous oxide whose com-
position changes in a layer thickness direction,

[0029] wherein electron mobility increases as electron car-
rier concentration increases.

[0030] According to a still further aspect of the present
invention, there i1s provided a field effect transistor compris-
ng

[0031] an active layer of an amorphous oxide and having at
least one element selected from the group consisting of In and

/n, and

[0032] a gate electrode formed so as to face the active layer
via a gate sulator,

[0033] wherein the active layer comprises a first region and
a second region, which 1s closer to the gate msulator than the
first region, and the In concentration of the second region 1s
higher than that of the first region, or the Zn concentration of
the second region 1s higher than that of the first region.
[0034] According to a still further aspect of the present
invention, there 1s provided an amorphous oxide comprising
one type of element or a plurality of types of elements
selected from the group consisting of L1, Na, Mn, Ni, Pd, Cu,
Cd,C,N,P,T1, Zr,V, Ru, Ge, Sn, and F and having an electron
carrier concentration of less than 1x10"*/cm”.

[0035] The amorphous oxide preferably comprises at least
one element selected from the group consisting of In, Zn and
S1.

[0036] Althernatively, the amorphous oxide 1s preferably
any one selected from the group consisting of an oxide con-
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taining In, Zn and Sn; an oxide containing In and Zn; an oxide
contaiming In and Sn; and an oxide contaiming In.

[0037] Altematively, the amorphous oxide preferably com-
prises In, Zn and Ga.

[0038] According to a still further aspect of the present
invention, there 1s provided an amorphous oxide comprising
at least one type of element selected from group consisting of
[1, Na, Mn, N1, Pd, Cu, Cd, C, N, P, T1, Zr, V, Ru, Ge, Sn, and
F, wherein electron mobility increases as electron carrier
concentration increases.

[0039] According to a still further aspect of the present
invention, there 1s provided a field effect transistor compris-
ng

[0040] an active layer of an amorphous oxide containing at

least one type of element selected from the group consisting
of L1, Na, Mn, Ni, Pd, Cu, Cd, C, N, P, T1, Zr, V, Ru, Ge, Sn,
and F; and

[0041] a gate electrode formed so as to face the active layer
via a gate insulator.

[0042] Further, 1n the present invention, the amorphous
oxide 1s preferably selected from the group consisting of an
oxide containing In, Zn and Sn; an oxide containing In and
/n; an oxide containing In and Sn; and an oxide containing In.
[0043] Astheresults of investigation on the oxide semicon-
ductors by the inventors of the present invention, 1t was found
that the above-mentioned ZnO i1s formed 1n a state of a poly-
crystalline phase, causing scattering of carriers at the inter-
face between the polycrystalline grains to lower the electron
mobility. Further it was found that ZnO 1s liable to cause
oxygen defect therein to produce many carrier electrons,
which makes difficult to lower the electrical conductivity.
Thereby, even when a gate voltage 1s not applied to the tran-
sistor, a large electric current tlow 1s caused between the
source terminal and the drain terminal, making impossible the
normally-off state of the TFT and a larger on-off ratio of the
transistor.

[0044] The inventors of the present invention mvestigated
the amorphous oxide film Zn M In O 3,3,/ (M: at least

one clement of Al and Ga) mentioned 1n Japanese Patent

Application Laid-Open No. 2000-044236. This material con-
tains electron carriers at a concentration not less than 1x10'®/
cm’, and is suitable as a simple transparent electrode. How-
ever, the oxide contamning the electron carrier at a
concentration of not less than 1x10'*/cm” used in a channel
layer of TF'T cannot give a sufficient on-oif ratio, and 1s not
suitable for the normally-oif TFT. Thus a conventional amor-
phous oxide film cannot provide a film of a carrier concen-
tration of less than 1x10"%/cm”.

[0045] The mventors of the present invention prepared a
TFT by use of an amorphous oxide of a carrier concentration
of less than 1x10"®*/cm” as an active layer of a field-effect
transistor. The TFT was found to have desired properties and
to be useful for an 1mage display apparatus like a light emas-
s10n apparatus.

[0046] Further, the inventors of the present invention inves-
tigated a material InGaO4(Zn0)_ and the film forming con-
ditions of this material, and found that the carrier concentra-
tion of this material can be controlled to be less than 1x10"%/
cm® by controlling the oxygen atmosphere conditions in the
{1lm formation.

[0047] The above explanation s given with a view to a case
of using the amorphous oxide as an active layer serving as e.g.
a channel layer of TFT. The present invention 1s, however, not
so limited to the case wherein such an active layer 1s used.
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[0048] In the above, mention 1s mostly made of a case
where an amorphous oxide 1s used as the active layer serving
as the channel of a TF'T. However, the present invention 1s not
limited to the case.

[0049] According to the present invention, there 1s provided
an amorphous oxide that 1s suitably used 1n the channel layer
of a transistor, for example, a TFT. The present invention also
provides a field effect transistor having excellent properties.

BRIEF DESCRIPTION OF THE DRAWINGS

[0050] FIG. 1 1s a graph showing the relationship between
the electron carrier concentration of an In—Ga—7/n—O
based amorphous film formed by a pulse laser deposition
method and the oxygen partial pressure during film formation
time;

[0051] FIG. 2 1s a graph showing the relationship between
the electric conductivity of an In—Ga—~7n—0 based amor-
phous film formed by a sputtering method using argon gas
and the oxygen partial pressure during film formation time;
[0052] FIG. 3 1s a graph showing the relationship between
the number of electron carriers of an In—Ga—7/n—0 based
amorphous film formed by a pulse laser deposition method
and the electron mobaility;

[0053] FIGS. 4A, 4B and 4C show graphs showing respec-
tively changes of electric conductivity, carrier concentration,
and electron mobility versus value x of a film having a com-
position of InGaO,(Zn,_ Mg O) formed by a pulse laser
deposition method 1n an oxygen atmosphere having an oxy-
gen partial pressure of 0.8 Pa;

[0054] FIG. 5 1s a schematic illustration showing the struc-

ture of a top-gate type metal 1nsulator semiconductor field
elfect transistor (MISFET) device;

[0055] FIG. 6 1s a characteristic graph showing the electric
current versus voltage of a top-gate type MISFET device;

[0056] FIG. 7 1s aschematic 1llustration of a film formation
apparatus employing the pulse laser deposition method; and

[0057] FIG. 81s aschematic 1llustration of a film formation
apparatus employing the sputtering method.

DETAILED DESCRIPTION OF THE PR.
EMBODIMENTS

(L]
By

ERRED

[0058] Now, the first to third inventions will be explained 1n
accordance with first to third embodiments, respectively.
After that, an amorphous oxide material applicable to the
present invention will be explained. In the embodiments
below, an In—Ga—7Zn—0O based oxide will be mainly
explained 1n the embodiments below; however, the present
invention 1s not limited to such matenial.

First Embodiment
Amorphous Oxide Having a Microcrystals

[0059] The mvention according to the first embodiment
relates to an amorphous oxide, characterized in that the amor-
phous contains a microcrystal(s). Where a microcrystal(s) are
contained or not in the amorphous oxide 1s determined by
taking a TEM (transmission electron microscopic) photo-
graph of a section of a formed amorphous oxide film. An
amorphous oxide film according to the present invention
comprises In—Ga—7/n—O0 and the composition ol the amor-
phous oxide film 1n a crystalline state 1s represented by
InGaO,(Zn0)_ (m 1s a natural number of less than 6).
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[0060] Oxides represented by the term “amorphous oxide™
in the specification has an electron carrier concentration 1s
less than 10"*/cm”® or shows a tendency that the electron
mobility increases as the electron carrier concentration
increases, or and so forth. Although depending on the kind of
use of a TFT, it 1s preferable to use the amorphous TFT for
tabricating normally off type TFT.

[0061] Alternatively, an amorphous oxide film according to
the present invention comprises In—Ga—7Zn—Mg—O and
the composition of the amorphous oxide film 1n a crystalline
state 1s represented by InGaO,(Zn,_ Mg O) (m 1s a natural
number of less than 6, O<x=1). It 1s preferable that these
amorphous oxide films have an electron mobility exceeding 1
cm”/V sec.

[0062] The present inventors found that use of such a film
mentioned above as a channel layer makes 1t possible to form
a flexible TFT having transistor characteristics: a gate current
of less than 0.1 micro ampere when the TF'T 1s off (normally-
off) and an on/off ratio exceeding 1x10°, and being perme-
able to visible light.

[0063] Such a transparent film 1s characterized in that the
clectron mobility increases with an increase of the number of
conductive electrons. As a substrate for forming the transpar-
ent film, use can be made of a glass substrate, plastic substrate
and plastic film.

[0064] When the transparent oxide film 1s used as the chan-
nel layer of a transistor, 1t 1s preferable to employ, as the gate
insulator, one type ol compound selected from the group
consisting ol Al,O,, Y 0O, and HIO, or a mixed crystal com-
pound containing at least two types selected from the group
consisting of Al,O,, Y,O; and H1O.,,.

[0065] It is preferable that the film (transparent oxide film)
1s formed 1n an atmosphere containing oxygen under light
irradiation without adding impurity 1ons for enhancing elec-
tric resistance on purpose.

<Film Composition>

[0066] In a transparent amorphous oxide thin film, which
has a composition in a crystalline state represented by
InGaO,(Zn0)_ (m 1s a natural number of less than 6), the
amorphous state can be stably maintained to a temperature as
high as 800° C. or more 11 the value m 1s less than 6. However,
as the value m increases, in other words, the ratio of ZnO to
InGaO, increases (that 1s, the composition of the film
becomes closer to ZnO), the film comes to be easily crystal-
lized

[0067] For this reason, it 1s preferable that the value m 1s
less than 6 when the amorphous film 1s used as the channel
layer of an amorphous TFT. However, 1t 1s found that when
the film 1s formed under light 1irradiation, microcrystals can be
formed even though the value m 1s small.

[0068] The film may be formed by a vapor-phase film for-
mation method with a polycrystalline-sintered body having a
composition of InGaO,4(Zn0), used as a target. Of the vapor-
phase film formation methods, a sputtering method and a
pulse laser deposition method are suitable. Moreover, the
sputtering method 1s most preferable i view of large-scale
production.

[0069] However, such an amorphous film 1s formed in gen-
eral conditions, mainly oxygen defect occurs.

[0070] Therefore, an electron carrier concentration has not
yet been reduced to less than 1x10'®/cm?, in other words, 10
S/cm or less 1n terms of electric conductivity. When such a
conventional thin film 1s used, a normally-off transistor can-

Jul. 16, 2009

not be formed. However, when a transparent amorphous
oxide film, which has a composition of In—Ga—7n—O0 and
a crystalline state composition represented by InGaO,
(Zn0O)_(m 1s a natural number of less than 6), 1s formed by a
pulse laser deposition method using the apparatus shown in
FIG. 7, 1n an atmosphere having a high oxygen partial pres-
sure 1n excess of 3.2 Pa, the electron carrier concentration can
be reduced to less than 1x10'%/cm”. In this case, the substrate
1s not purposely heated and therefore maintained approxi-
mately at room temperature. When a plastic film 1s used as a
substrate, the temperature of the plastic film 1s preferably
maintained at less than 100° C.

[0071] According to the invention of this embodiment, an
amorphous oxide comprises In—Ga—7n—O0 and formed by
a pulse laser deposition method under light irradiation. More
specifically, the invention 1s directed to a transparent amor-
phous oxide thin film containing a microcrystal(s) repre-
sented by a crystalline state composition of InGaO,(Zn0O),
(m 1s a natural number of less than 6). A normally-oil tran-
sistor can be formed by use of such a thin film.

[0072] Insuch athin film, 1t1s possible to obtain an electron
mobility exceeding 1 cm?®/V-sec and a large on/off ratio
exceeding 1x10°.

[0073] Furthermore, the present invention 1s directed to an
amorphous oxide comprising In—Ga—7n—0O and formed
by a sputtering method using argon gas under light irradia-
tion. More specifically, the present invention 1s directed to a
transparent amorphous oxide thin film containing a microc-
rystal(s) represented by a crystalline state composition,
InGaO4(Zn0)_ (m 1s a natural number of less than 6) Such a
film can be obtained by a sputtering method using the appa-
ratus shown 1n FIG. 8 in an atmosphere having a high oxygen
partial pressure in excess of 1x107° Pa. In this case, the
temperature of the substrate 1s not purposely heated and thus
maintained approximately at room temperature. When a plas-
tic film 1s used as a substrate, the substrate temperature 1s
preferably maintained at less than 100° C. The number of
clectron carriers can be reduced by further increasing oxygen
partial pressure.

[0074] More specifically, the present invention 1s directed
to an amorphous oxide comprising In—Ga—7Zn—O pre-
pared by a sputtering deposition method under light irradia-
tion. According to the present invention, a normally-off tran-
sistor having an on/off ratio exceeding 1x10° can be formed
by using a transparent amorphous oxide thin film containming
a microcrystal(s) represented by a crystalline state composi-
tion of InGaO,(Zn0O)_ (m 1s a natural number of less than 6).

[0075] In the thin film prepared by a pulse laser deposition
method and a sputtering method under light irradiation, the
clectron mobility increases with an increase of the number of
conductive electrons.

[0076] In this case, i a polycrystalline InGaO,(Zn,_
xMg O) (m 1s a natural number of less than 6, O<x=1) 1s
used as a target, a high resistance amorphous film having a
composition of InGaO,(Zn,_ Mg O) can be obtained even
under a partial oxygen pressure of less than 1 Pa.

[0077] Asexplained above, oxygen defect can be overcome
by controlling oxygen partial pressure. As a result, the elec-
tron carrier concentration can be reduced without adding
predetermined impurity ions. An amorphous oxide according
to the present invention can be obtained by forming a thin film
according to any one of FIGS. 1 to 5 under light irradiation.
When apparatuses according to FIGS. 7 and 8 are used, a film
can be formed at an oxygen partial pressure, for example,
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within the predetermined range described later. In the amor-
phous state containing a microcrystal(s), the grain boundary
interface of a microcrystal 1s covered with (surrounded by) an
amorphous structure. Therefore, the grain boundary interface
capable of trapping mobile electrons and holes does not vir-
tually exist, unlike the polycrystalline state like zinc oxide. As
a result, an amorphous thin film having high electron mobaility
can be obtained. Furthermore, the number of conductive elec-
trons can be reduced without adding predetermined impurity
ions. Since electrons are not scattered by the impurity 1ons,
high electron mobility can be maintained. The microcrystals
according to the present invention are not limited to that
having a composition represented by InGaO,(Zn0O)_(m1s a
natural number of less than 6).

[0078] In a thin film transistor employing the transparent
f1lm mentioned above, the gate insulator 1s preferably formed
of a mixed crystal compound containing at least two com-
pounds selected from the group consisting of Al,O,, Y,O,
and HIO,. When a defect (deficiency) 1s present 1n the inter-
face between the gate msulating thin film and the channel
layer thin film, the electron mobaility decreases and hysteresis
as a transistor characteristic, takes place. Furthermore, 11 the
types of gate insulators differs, leak current greatly varies. For
this reason, 1t 1s necessary to select a suitable gate insulator for
the channel layer. If an Al,O, film 1s used (as the gate 1nsu-
lator), the leak current can be reduced. If anY , O, film 1s used,
the hysteresis can be reduced. If an HIO,, film having a high
dielectric constant 1s used, the electron mobility can be
increased. Furthermore, 1 a mixed crystal of these com-
pounds 1s used (as a gate insulator), leak current, 1t 1s possible
to form a TFT having a small leak current and hysteresis, and
large electron mobility. Since a gate msulator formation pro-
cess and a channel layer formation process can be performed
at room temperature, not only a stagger-structure TFT but
also an inverse-stagger structure TFT may be formed.
[0079] A 'TFT is a device having three terminals, namely, a
gate terminal, source terminal and drain terminal. In the TFT,
a semiconductor thin film formed on an nsulating substrate
such as ceramic, glass, or plastic substrate 1s used as a channel
layer for migrating electrons and holes therethrough. The
current flowing through the channel layer 1s controlled by
applying a voltage to the gate terminal, thereby switching the
current between the source terminal and the drain terminal.
Since the TFT has such a switching function, 1t 1s an active
device. Note that microcrystals contained 1n an amorphous
oxide may be formed by light irradiation (specifically, light
irradiation by a halogen lamp or UV 1rradiation) as mentioned
above and may be formed by other methods except for light
irradiation.

Second Embodiment
Compositional Distribution of Amorphous Oxide

[0080] According to this embodiment, an amorphous oxide
1s characterized by a composition varying in a film-thickness
direction.

[0081] The phrase “composition varying in a film-thick-
ness direction” means that the oxygen amount contained 1in an
oxide changes 1n the film thickness direction and elements
constituting an oxide changes in the middle (that 1s, the com-
position changes), and the contents of the elements constitut-
ing an oxide change.

[0082] Theretfore, when the amorphous oxide 1s used as the
active layer (also called channel layer) of a field effect tran-
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sistor, for example, the following constitution is preferable. In
a transistor having an active layer containing an amorphous
oxide and a gate insulator 1n contact with each other at an
interface, the amorphous oxide layer 1s constituted such that
the concentration of oxygen near the interface 1s set higher
than the region away from the interface. In this case, since the
clectric resistance of the amorphous oxide layer near the
interface 1s high, the so-called channel of the transistor i1s
formed within the amorphous oxide layer away from the
interface. Such a constitution 1s preferable when the interface
1s a rough surface, because current leakage can be reduced.
[0083] That1s, 1n case of using the above amorphous oxide
as an active layer of the transistor, 1t 1s preferable to design the
active layer so as to be comprised of the first region and the
second region more adjacent to the gate insulator than the first
region, the concentration of oxygen 1n the second region 1s
greater than the that 1n the first region. Incidentally, the two
regions are not necessary to be distinguishable at a boundary
of them but may change their respective compositions gradu-
ally or step by step.

[0084] In particular, the electron carrier concentration of
the amorphous oxide is preferably less than 10"*/cm”.
[0085] A direction of the film formed on the substrate
means any direction which 1s not 1n the direction in plane of
the substrate, e.g. the direction perpendicular to the direction
in plane of the substrate. Furthermore, 1n a transistor having
an active layer formed of an amorphous oxide having at least
one element selected from the group consisting of In and Zn
and a gate isulator in contact with the active layer at the
interface, the concentration of In or Zn contained in the region
of the amorphous oxide layer (active layer) close to the inter-
face 1s higher than the region away from the interface. In this
case, the electron field-effect mobility can be enhanced.
[0086] That is, in case of using the above amorphous oxide
as an active layer of the transistor, 1t 1s preferable to design the
active layer so as to be comprised of the first region and the
second region more adjacent to the gate insulator than the first
region, the concentration of In or Zn 1n the second region 1s
greater than the that 1n the first region.

[0087] According to the second invention, an oxide film
comprises In—Ga—7n—0 and its composition changes 1n
the film-thickness direction, and characterized in that the
composition of a crystalline-state portion 1s represented by

InGaO,(Zn0)_ (m 1s a natural number of less than 6) and an
electron carrier concentration is less than 1x10'%/cm?.

[0088] Altermatively, an oxide film according to the second
invention 1s a transparent amorphous oxide film comprising
In—Ga—7/n—Mg—O0 and characterized in that the compo-
sition changes 1n a film-thickness direction and the composi-
tion of a crystalline state portion 1s represented by InGaO,
(Zn,__Mg O)_(m1s a natural number of less than 6, O<x=1)
and an electron carrier concentration is less than 1x10"*/cm”.
Note that, 1t 1s also preferable that these films have an electron
mobility exceeding 1 cm®/V-sec.

[0089] When the aforementioned film 1s used as the chan-
nel layer, 1t 1s possible to obtain a tlexible TFT having tran-
sistor characteristics: a gate current of less than 0.1 micro
ampere when TFT 1s off (normally-off), an on/off ratio
exceeding 1x10%, and being permeable to visible light.

[0090] Note that, such a transparent film 1s characterized in
that the electron mobility increases with an increase of the
number of conductive electrons. As a substrate for forming
the transparent film, use can be made of a glass substrate,
plastic substrate or plastic film.
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[0091] When the transparent oxide film 1s used as the chan-
nel layer of a transistor, 1t 1s preferable to employ one type of
compound selected from the group consisting of Al,O,,Y O,
and H1O,, or amixed crystal compound containing at least two
types of compounds selected from the group consisting of
Al,0,,Y,0, and H1O, as the gate insulator.

[0092] Itis preferable that the film (transparent oxide film)
1s formed 1n an atmosphere containing oxygen without add-
ing impurity ions for enhancing electric resistance on pur-
pose.

[0093] The present inventors found a specific feature of the
semi-1nsulating amorphous oxide thin film. That 1s, the elec-
tron mobility increases with an increase of the number of
conductive electrons. They formed a TFT using this film and
found that the characteristics of the transistor, such as an
on/oll ratio, saturation current at a pinch-oif state, and switch-
ing speed, further increase.

[0094] In a film transistor formed by using the transparent
semi-insulating amorphous oxide thin film as the channel
layer, when an electron mobility is more than 1 cm*/V sec,
preferably more than 5 cm”/V-sec, and an electron carrier
concentration to less than 1x10'%/cm?, preferably, less than
1x10'°/cm’, the current between the drain and source termi-
nals 1n the off time (gate voltage 1s not applied) can be reduced
to less than 10 micro ampere, preferably, less than 0.1 micro
ampere. Further, 1n this case (of using the aforementioned
thin film), when an electron mobility is more than 1 cm?/
V-sec, preferably more than 5 cm®/V-sec, the saturation cur-
rent after the pinch off can be increased to more than 10 micro
ampere. In short, an on/oif ratio can be increased to more than
1x107.

[0095] InaTFT, ahigh voltage 1s applied to a gate terminal
in a pinch off state, with the result that electrons are present at
a high density in the channel. Therefore, according to the
present invention, the saturation current can be increased by
the extent corresponding to an increase of electron mobility.
As a result, almost all characteristics of the transistor, such as
an on/oil ratio, saturation current, and switching rate, are
increased and improved. Note that, 1n a general compound,
when the number of electrons increases, collision between
clectrons takes place, with the result that the electron mobaility
decreases.

[0096] The amorphous oxide according to the present
invention can be used 1n a staggered (top gate) structure TFT
in which the gate msulator and the gate terminal are sequen-
tially formed 1n this order on the semiconductor channel layer
and 1n an verse staggered (bottom gate) structure TFT 1n
which the gate insulator and the semiconductor channel layer
are sequentially formed 1n this order on the gate terminal.

<F1lm Composition>

[0097] In a transparent amorphous oxide thin film whose
crystalline portion has a composition represented by InGaO,
(ZnO)_ (m 1s a natural number of less than 6), when the value
m 1s less than 6, the amorphous state can be stably maintained
to a temperature as high as 800° C. or more. However, as the
value m 1ncreases, 1 other words, the ratio of ZnO to InGaO,
increases (that 1s, the composition of the film becomes closer
to ZnQO), the film comes to be easily crystallized

[0098] For this reason, 1t 1s preferable that the value m 1s
less than 6 when the amorphous film 1s used as the channel
layer of an amorphous TFT.

[0099] A thin film transistor employing the transparent film
mentioned above preferably uses a gate insulator formed of a
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mixed crystal compound containing one type of compound
selected from the group consisting of Al,O;, YO, and HIO,
or a mixed crystal compound containing at least two types of
compounds selected from the group consisting of Al,Oj,,
Y ,0O; and HIO, When a defect (deficiency) 1s present 1n the
interface between the gate insulating thin film and the channel
layer thin film, the electron mobility decreases and hysteresis
as a transistor characteristic, takes place. Furthermore, 11 the
types of gate insulators differs, leak current greatly varies. For
this reason, 1t 1s necessary to select a suitable gate insulator for
the channel layer. If an Al,O, film 1s used (as the gate 1nsu-
lator), the leak current can be reduced. If an'Y ,O; film 1s used,
the hysteresis can be reduced. If an H1O, film having a high
dielectric constant 1s used, the electron mobility can be
increased. Furthermore, if a mixed crystal of these com-
pounds 1s used (as a gate insulator), leak current, it 1s possible
to form a TFT having a small leak current and hysteresis, and
large electron mobility. Since a gate imsulator formation pro-
cess and a channel layer formation process can be performed
at room temperature, not only a stagger-structure TFT but
also an inverse-stagger structure TFT may be formed.
[0100] A TFT is a device having three terminals, namely, a
gate terminal, source terminal and drain terminal. In the TFT,
a semiconductor thin film formed on an 1nsulating substrate
such as ceramic, glass, or plastic substrate 1s used as a channel
layer for migrating electrons and holes therethrough. The
current tlowing through the channel layer i1s controlled by
applying a voltage to the gate terminal, thereby switching the
current between the source terminal and the drain terminal.
Since the TEF'T has such a switching function, it 1s an active
device.

[0101] Asdescribed above, the second invention 1s directed
to improvement of a composition in the film thickness direc-
tion of the transparent film, which serves as the active layer of
a field effect transistor (FET), when the FET 1s formed using
the transparent film.

[0102] To explain more specifically, when a pulse laser
deposition method 1s used, a composition 1s changed 1n the
film-thickness direction by varying oxygen partial pressure in
the film thickness direction, varying oscillation power of a
pulse laser or an oscillation frequency, or varying the distance
between a target and a substrate in the film thickness direc-
tion. On the other hand, when a sputter deposition method 1s
used, a composition 1s changed 1n the film thickness direction
by additionally sputtering a target, such as In,O, or ZnO. For
example, when a film 1s formed under an oxygen atmosphere,
the amount of oxygen contained in the film increases as the
distance between a target and a substrate increases. Further-
more, when a ZnO target 1s added during {ilm formation time,
the amount of Zn increases 1n the film formed after the addi-
tion of the Zn target.

Third Embodiment
Amorphous Oxide Containing an Additive(s)

[0103] An amorphous oxide according to this embodiment
1s characterized 1n that the amorphous oxide contains at least
one or plurality of types of elements selected from the group
consisting of L1, Na, Mn, N1, Pd, Cu, Cd, C, N, P,'T1, Zr, V, Ru,
(Ge, Sn, and F are contained as an additive. Introduction of an
additive into an amorphous oxide 1s attained by introducing
the additive 1n a gas for use 1n a film formation apparatus or in
the film formation apparatus, or 1n a target material that 1s
used in the apparatus. As a matter of course, after a film 1s
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formed from an amorphous oxide without an additive, the
additive may be introduced into the film as 1s described later
in Examples.

[0104] The electron carrier concentration of the amorphous
oxide is preferably less than 10"%/cm”.

[0105] An amorphous oxide according to the present inven-
tion may include a transparent amorphous oxide comprising,
In—Ga—7n—0 and whose composition 1n a crystalline
state 1s represented by InGaO,(Zn0O)_ (m 1s a natural number
of less than 6) and include an oxide comprising In—Ga—
/n—Mg—O and whose composition in a crystalline state 1s
represented by InGaO,(Zn,_ Mg O) m (m 1s a natural num-
ber of less than 6, 0<x=1). To these oxides, further at least one
type or plurality of types of elements selected trom the group
consisting of L1, Na, Mn, N1, Pd, Cu, Cd, C, N, and P are
introduced as an additive.

[0106] In thus manner, the electron carrier concentration
can be reduced. Even though the electron carrier concentra-
tion 1s significantly reduced, 1t 1s possible to prevent the
clectron carrier mobility from decreasing, rendering the con-
trol of electron carrier concentration easy. As a result, when
the transparent amorphous oxide film 1s employed as the
channel layer of a TFT, the resultant TFT panel has a uniform
characteristic even though the panel has a large area.

[0107] When L1, Na, Mn, N1, Pd, Cu, Cd, C, N, and P, are
used as an impurity (additive), these impurities can substitute
for any one of In, Ga, Zn, O and serve as an acceptor and may
decrease the electron carrier density, although the details of
the mechanism are unknown. In a general oxide semiconduc-
tor, since the oxygen concentration cannot be appropriately
controlled, a large number of oxygen deficiencies are pro-
duced. Furthermore, mostly 1in the case where deficiency are
produced 1n the grain boundary due to a polycrystalline state,
the electron carrier density cannot be controlled well even 11
impurities are introduced. In this respect, a transparent amor-
phous oxide film according to the present invention has a few
oxygen deficiencies and no grain boundary due to the amor-
phous state. Hence, 1t 1s considered that impurities effectively
work as the acceptor. When a thin {ilm 1s formed by increasing,
oxygen partial pressure 1in order to reduce the electron carrier
density, the skeleton of atomic bonding changes, increasing
the tail state of the conduction band. If electrons are trapped
by the tail state, the electron carrier mobility may substan-
tially decrease. However, the addition of L1, Na, Mn, Ni, Pd,
Cu, Cd, C, N, and P, makes 1t possible to control the carrier
density while maintaining oxygen partial pressure within an
appropriate range. Therefore, the electron carrier mobility 1s
conceirvably less atfected. Thus, when the present invention 1s
compared to the case where the electron carrier concentration
and the electron carrier mobility are controlled only by con-
trolling oxygen partial pressure, the m-plain uniformity of
characteristics of an oxide film can be easily enhanced even
though a large substrate 1s used.

[0108] The additive may be selected from the group con-
sisting of T1, Zr, V, Ru, Ge, Sn and F as mentioned below.

[0109] Note that the concentration of impurities required
for obtaining a desired effect (in a amorphous film) 1s about
0.1 to 3 atomic %, which 1s higher than that in a crystalline
f1lm formed of S1 or the like. This 1s considered because the
probability that impurity atoms enter elffective sites for con-
trolling valence electrons 1s lower 1n the amorphous state than
on the crystalline state. Most generally, a desired impurity 1s
introduced into the target by an impurity introduction
method. In the case of impurities such as C, N, and P, they can
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be introduced 1nto a film by itroducing a gas such as CH,,
NO and PH; together with oxygen to the atmosphere. When a
metallic element 1s introduced as an 1mpurity, after a trans-
parent amorphous oxide film 1s formed, the film 1s brought
into contact with a solution or paste containing the metallic-
clement 10n. Furthermore, when a substrate such as a glass
having a high heat resistance 1s used, these metallic elements
are previously contained 1n the substrate and then, the sub-
strate 1s heated during or after the film formation, thereby
diffusing the metallic elements 1nto a transparent amorphous
oxide film. As a Na source, for example, soda glass can be
used since 1t contains 10 to 20 atomic % of Na.

[0110] FIG. 5 shows a typical structure of a TFT device. In
the TFT device, the portion that can effectively reduce the
clectron carrier density 1s that of a channel layer 2 sandwiched
between a drain electrode 5 and a source electrode 6. In
contrast, it 1s advantageous that the portion of the channel
layer 2 1n contact with the drain electrode 5 and the source
clectrode 6 has a high electron carrier density. This 1s because
it can maintain good contact with the electrodes. In other
words, the impurity concentration of this portion preferably
low. Such a constitution can be attained by bringing the chan-
nel layer 2 ito contact with a solution containing impurities
after the drain electrode 5 and the source electrode 6 are
formed and before a gate msulting film 3 1s formed. In this
manner, the impurities can be diffused with the drain elec-
trode 5 and the source electrode 6 used as a mask.

[0111] In FIG. 5, the portion of the channel layer 2 espe-
cially 1n contact with the substrate 1s not easily placed under
the control of the gate electrode 4 for electron carrier density.
Therefore, 1t 1s helpiul 1f the electron carrier density of the
portion 1s previously suppressed low, 1n order to increase the
on/off ratio. Then, 1t 1s effective to increase the concentration
of impurities particularly at the interface facing the substrate.
Such a constitution can be attained by controlling the concen-
tration of a gas such as CH,, NO and PH, to be introduced into
the atmosphere, 1n such a manner that the gas 1s started to
supply at an excessive concentration and gradually reduced 1n
concentration. Alternatively, 1n the case of an impurity such
as Na previously contained 1n a substrate, such a constitution
can be attained by diffusing Na by heating the substrate at an
appropriate temperature.

[0112] As an additive, at least one type or a plurality of
types of elements selected from the group consisting of 11, Zr,
V, Ru, Ge, Sn, and F may be introduced into an amorphous
oxide. In this case, it 1s expected that the electron mobility can
be increased to 1 cm*/V-sec or more, and further to 5 cm?*/
V-sec or more while keeping an electron carrier concentration
of less than 10"*/cm”. Even if the electron field-effect mobil-
ity 1ncreases, the electron carrnier concentration rarely
increases 1n accordance therewith. Hence, when the transpar-
ent amorphous oxide film 1s used as the channel layer, 1t 1s
possible to obtain a TFT having a high on/oif ratio and a large
saturation current during the pinch oif time as well as a high
switching speed. Furthermore, 1t 1s easy to enhance the 1n-
plane uniformity of oxide-film characteristics even 1f a large
substrate 1s used, compared to the case where the electron
carrier concentration and the electron carrier mobility are
controlled only by adjusting oxygen partial pressure.

[0113] Although details of the mechanism are unknown,
when an oxide 1s formed by increasing the partial oxygen
pressure, the tail state density of a portion under a conduction
band increases, with the result that the mobility may decrease.
However, impurities such as 11, Zr, V, Ru, Ge, Sn, and F,
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conceivably act on the skeleton of atomic bonding, thereby
reducing the tail state, with the result that the electron carrier
mobility can be enhanced while maintaining the electron
carrier density.

[0114] These impurities mentioned above are preferably
used 1n a concentration within the range of about 0.1 to 3
atomic % or 0.01 to 1 atomic %. The term “‘atomic % 1s a
ratio of the atomic number of a constitutional element con-
tained 1in an oxide. Note that when 1t 1s difficult to measure the
amount ol oxygen, the alorementioned ranges may be defined
by a ratio of the atomic numbers of constitutional elements
except for oxygen. Most generally, a desired impurity 1s intro-
duced 1nto the target by a method of introducing an impurity.
In the case of an impurity of F, 1t can be introduced 1nto a film
by introducing a gas such as SF, SiF,, or CLF; together with
oxygen to the atmosphere. When a metallic element 1s 1ntro-
duced as the impurity, after a transparent amorphous oxide
f1lm 1s formed, the film 1s brought into contact with a solution
or paste containing the metallic-element 10n.

[0115] FIG. 5§ shows a typical structure of a TF'T device. In
the TFT device, the portion 1n which especially high electron
mobility 1s required, 1s that of the channel layer 2 1n contact
with the gate mnsulator 3. Then, 1t 1s effective that the impurity
concentration of the present mnvention is increased particu-
larly 1n the 1interface 1n contact with the gate insulation film 3.
Such a constitution can be attained by introducing a gas such
as SF ., SiF,, and CLF; 1into an atmosphere during the channel
layer formation time while increasing the concentration of the
gas (starting from a lower level).

[0116] Inthe presentinvention,1tis basically important that
atomic bonding structure can be appropnately formed by
controlling the amount of oxygen (oxygen defect amount).
[0117] In the aforementioned description, the amount of
oxygen 1n a transparent oxide film 1s controlled by forming a
f1lm 1n an atmosphere containing a predetermined amount of
oxygen. It is also preferable that after an oxide film 1s formed,
it 1s treated 1n an atmosphere containing oxygen, thereby
controlling (decreasing or increasing) the oxygen defect
amount.

[0118] To effectively control the oxygen defect amount, a
film 1s treated 1n an atmosphere containing oxygen set at a

temperature from 0 to 300° C. (both inclusive), preferably
from 25 to 250° C. (both inclusive), further preterable 100 to

200° C. (both inclusive).

[0119] As a matter of course, not only film formation but
also treatment after the film formation may be performed 1n
an atmosphere containing oxygen. Furthermore, as long as a
predetermined electron carrier concentration (less than 10/
cm’) is obtained, a film may be formed without controlling
oxygen partial pressure and thereatter the film may be treated
in an atmosphere containing oxygen.

[0120] Inthe present invention, the lowermost electron car-
rier concentration varies depending upon the use of the
obtained oxide film, more specifically, the type of device,
circuit, and apparatus; however, for example, 10'*/cm” or
more 1s preferable.

[0121] Now, amorphous oxides applicable to Embodi-
ments 1 to 3 will be described 1n detail below. To the amor-
phous oxides or the manufacturing methods thereot, the fol-
lowing conditions are added. In the invention according to the
first embodiment, light irradiation 1s added to the manufac-
turing conditions. In the mvention according to the second
embodiment, means for changing a film composition are used
as described 1n Examples. In the invention according to the
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third embodiment, in addition to the film formation condi-
tions, a gas and a target for adding impurities are used or, after
the film formation, a predetermined method for adding impu-
rities to amorphous oxide shown below may be employed.

(Amorphous Oxide)

[0122] The active layer employed in the above Embodi-
ments 1 to 3 of the mvention 1s explained below.

[0123] The electron carrier concentration in the amorphous
oxide 1n the present invention 1s a value measured at a room
temperature. The room temperature 1s a temperature 1n the
range from 0° C. to about 40° C., for example, 25° C. The
clectron carrier concentration 1n the amorphous oxide 1n the
present invention need not be less than 10'®/cm” throughout
the entire range from 0 to 40° C. For example, the electron
carrier concentration of less than 10"°/cm” at a temperature of
25° C.1s acceptable. Atalower electron carrier concentration,
not more than 10*’/cm’, or not more than 10'°/cm?, a nor-
mally-off TFT can be produced at a high yield.

[0124] In the present specification, the description “less
than 10"%/cm’,” means—preferably less than 10"°*/cm” and
more preferably less than 1.0x10"%/cm™—.

[0125] The electron carrier concentration can be measured
by measurement of a Hall Effect.

[0126] The amorphous oxide in the present invention 1s an
oxide which exhibits a halo pattern and no characteristic
diffraction line 1n an X-ray diffraction spectrometry.

[0127] Inthe amorphous oxide of the present invention, the
lower limit of the electron carrier concentration 1s, for
example, 10"*/cm’, but is not limited insofar as it is appli-
cable as a channel layer of a TFT.

[0128] Accordingly, 1n the present invention, the electron
carrier concentration 1s adjusted by controlling the matenal,
composition ratio, production conditions, and so forth of the
amorphous oxide as 1n the Examples described later to be 1n
the range, for instance, from 10'%/cm”to 10'%/cm’, preferably
from 10" °/cm” to 10" "/cm”, more preferably from 10™>/cm’ to
10*%/cm”.

[0129] The amorphous oxide, other than the InZnGa
oxides, can be selected suitably from In oxides, In, Zn,_,
oxides (0.2=x=1), In_S,_, oxides (0.8=x=1), and In (Zn,
Sn),_, oxides (0.15=x=1) The In_(Zn,Sn),_, oxide can also
be represented by In (Zn Sn,_ ), _ (0=y=1).

[0130] When the In oxide contains neither Zn nor Sn, the In
can be partly substituted by Ga:In Ga,_, oxide (0=x=1).
[0131] An amorphous oxide of an electron carrier concen-

tration of 10'®/cm” which is prepared by the inventors of the
present invention 1s described below 1n detail.

[0132] One group of the atorementioned oxides are char-
acteristically constituted of In—Ga—Z7n—0O, represented by
InGa0,4(Zn0O),_ (m: a natural number of less than 6) 1n a
crystal state, and containing electron carriers at a concentra-
tion of less than 10™*/cm”.

[0133] The other group of the atorementioned oxides are
characteristically constituted of In—Ga—Z7n—Mg—O, rep-
resented by InGaO,(Zn,_ Mg O) (m: a natural number of
less than 6, and O<x-1) 1n a crystal state, and containing
electron carriers at a concentration of less than 10™*/cm”.

[0134] The film constituted of such an oxide 1s preferably
designed to exhibit preferably an electron mobaility of higher
than 1 cm®/V-sec.

[0135] By use of the above film as the channel layer, a TFT
can be prepared which 1s normally-off with a gate current of
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less than 0.1 microampere 1n a transistor off-state, having an

il

on-off ratio of higher than 1x10°, being transparent to visible
light and flexible.

[0136] In the above film, the electron mobility increases
with the increase of the conduction electrons. The substrate
for forming the transparent film includes glass plates, plastic
plates, and plastic films.

[0137] In using the above amorphous oxide film as the
channel layer, at least one of layers constituted of Al,O,,
Y ,O; or H1O,, or a mixed crystal compound thereot 1s usetul
as the gate 1nsulator.

[0138] In apreferred embodiment, the film 1s formed 1n an
oxygen gas-containing atmosphere without intentional addi-
tion of an impurity for increasing the electric resistance to the
amorphous oxide.

[0139] Thenventors of the present invention found that the
amorphous thin films of semi-insulating oxides have charac-
teristics that the electron mobility therein increases with
increase in number of conduction electrons, and further found
thata TFT prepared by use of the film 1s improved 1n transistor
characteristics such as the on-off ratio, the saturation current
in a pinch-oif state, and the switching rate. Thus a normally-
off type TFT can be produced by use of the amorphous oxide.
[0140] By use of the amorphous oxide thin film as the
channel layer of a film transistor, the electron mobility can be
made higher than 1 cm®/Vsec, preferably higher than 5 cm?/
V-sec. The current between the drain terminal and the source
terminal at an oil-state (no gate voltage applied) can be con-
trolled to be less than 10 microamperes, preferably less than
more than 0.1 microamperes at the carrier concentration of
lower than 10"®/cm”, preferably lower than 10" °/cm”. Further
by use of this thin film, the saturation current after pinch-oif
can be raised to 10 microamperes or more and the on-off ratio
can be raised to be higher than 1x10° for the electron mobility
higher than 1 cm?/V-sec, preferably higher than 5 cm?*/Vsec.
[0141] In a pinch-oif state of the TFT, a high voltage 1s
being applied to the gate terminal, and electrons are existing
in a high density in the channel. Therefore, according to the
present invention, the saturation current can be increased in
correspondence with the increase of the electron mobility.
Thereby, the transistor characteristics can be improved, such
as 1ncrease ol the on-off ratio, increase of the saturation
current, and increase of the switching rate. In contrast, 1n a
usual compound, the increase of electrons decreases the elec-
tron mobility owing to collision between electrons.

[0142] The structure of the atorementioned TF'T may be a
stagger (top gate) structure 1 which a gate msulator and a
gate terminal are successively formed on a semiconductor
channel layer, or a reversed stagger (bottom gate) structure 1n
which a gate insulator and a semiconductor channel layer
successively on a gate terminal.

(First Process for Film Formation: PLD Process)

[0143] The amorphous oxide thin film having the compo-
sition InGaO,(Zn0),  (m: a natural number of less than 6) 1n
a crystal state 1s stable up to a high temperature of 800° C. or
higher when m 1s less than 6, whereas with increase of m,
namely with increase of the ratio of ZnO to InGaQO, near to the
composition of ZnO, the oxide tends to crystallize. Therefore,
the value m of the oxide 1s preferably less than 6 for use as the
channel layer of the amorphous TFT.

[0144] The film formation 1s conducted preferably by a gas
phase film formation process by use of a target of a polycrys-
talline sintered compact having a composition InGaO,(ZnO)
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_. Of the gas phase film formation processes, sputtering, and
pulse laser vapor deposition are suitable. The sputtering 1s
particularly suitable for the mass-production.

[0145] However, 1n formation of the amorphous film under
usual conditions, oxygen defect can occur, so that the electron
carrier concentration of less than 10"*/cm” and electric con-
ductivity of less the 10 S/cm cannot be achieved. With such a

f1lm, a normally-off transistor cannot be constituted.

[0146] The imnventors of the present invention produced an
In—Ga—7n—O {ilm by a pulse laser vapor deposition by use
of the apparatus shown in FIG. 7.

[0147] The film-forming was carried out by using such a
PLD film-forming apparatus as shown in FIG. 7.

[0148] InFIG.7, the numerals indicate the followings: 701,
an RP (rotary pump); 702, a TMP (turbo molecular pump);
703, a preliminary chamber; 704, an electron gun {for
RHEED; 705, a substrate-holding means for rotating and
vertically moving the substrate; 706, a laser-introducing win-
dow; 707, a substrate; 708, a target; 709, aradical source; 710,
a gas 1let; 711, a target-holding means for rotating and ver-
tically moving the target; 712, a by-pass line; 713, amain line;
714, a TMP (turbo molecular pump); 715, an RP (rotary
pump ); 716, a titanium getter pump; 717, a shutter; 718, an 1G
(1on manometer); 719, a PG (Piran1 gage); 720, a BG (bara-
tron gage); and 721, a growth chamber.

[0149] An In—Ga—7n—0 type amorphous oxide semi-
conductor thin film was deposited on an S10,, glass substrate
(Corming Co.: 1737) by a pulse laser vapor deposition
employing a KrF excimer laser. As the pretreatment before
the deposition, the substrate was washed ultrasonically for
defatting with acetone, ethanol, and ultrapure water each for
five minutes, and dried in the air at 100° C.

[0150] The polycrystalline target was an InGaO,(Zn0O),
sintered compact (size: 20 mm diameter, 5 mm thick), which
had been prepared by wet-mixing In,O;, Ga,O;, and ZnO
(each 4N reagent) as the source material (solvent: ethanol),
calciming the mixture (1000° C., 2 hours), dry-crushing 1t, and
sintering 1t (1550° C., 2 hours). The target had an electro
conductivity of 90 S/cm.

[0151] The film formation was conducted by controlling
the final vacuum of the growth chamber to be 2x107° Pa, and
the oxygen partial pressure during the growth to be 6.5 Pa.
The oxygen partial pressure 1n growth chamber 721 was 6.5
Pa, and the substrate temperature was 25° C. The distance
between target 708 and film-holding substrate 707 was 30
mm, the power introduced through introduction window 716
was in the range of 1.5-3 mJ/cm?/pulse. The pulse width was
20 nsec, the repeating frequency was 10 Hz, and the 1rradia-
tion spot size was 1x1 mm square. Under the above condi-
tions, the film was formed at a rate of 7 nm/mun.

[0152] The resulting thin film was examined by small angle
X-ray scattering method (SAXS) (thin film method, inci-
dence angle: 0.5°): no clear diffraction peak was observed.
Thus the obtained In—Ga—Z7n—O0 type thin film was judged
to be amorphous. From X-ray reflectivity and 1ts pattern
analysis, the mean square roughness (Rrms) was found to be
about 0.5 nm, and the film thickness to be about 120 nm. From
fluorescence X-ray spectrometric analysis (XRF), the metal
composition of the film was found to be In: Ga: Zn=0.98:1.02:
4. The electric conductivity was less than about 1x107* S/cm.
The electron carrier concentration was estimated to be not
more than 1x107'°/cm”. The electron mobility was estimated
to be about 5 cm”/V-sec. From light absorption spectrum
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analysis, the optical band gap energy breadth of the resulting
amorphous thin {ilm was estimated to be about 3 eV.

[0153] The above results show that the obtained In—Ga—
/n—O0 type thin film 1s a transparent flat thin film having an
amorphous phase of a composition near to a crystalline
InGaO,(Zn0),, having less oxygen defect, and having lower
clectric conductivity.

[0154] The above film formation 1s explained specifically
by reference to FIG. 1. FIG. 1 shows dependency of the
clectron carrier concentration in the formed transparent
amorphous oxide thin film on the oxygen partial pressure for
the film of a composition of InGaO,(Zn0),, (m: an integer
less than 6) 1n an assumed crystalline state under the same
film formation conditions as in the above Example.

[0155] By formation of the film 1n an atmosphere having an
oxygen partial pressure of higher than 4.5 Pa under the same
conditions as in the above Example, the electron carrier con-
centration could be lowered to less than 10" ®/cm” as shown in
FIG. 1. In this film formation, the substrate was kept nearly at
room temperature without intentional heating. For use of a
flexible plastic film as the substrate, the substrate temperature
1s kept preferably at a temperature lower than 100° C.
[0156] Thehigher oxygen partial pressure enables decrease
of the electron carrier concentration. For instance, as shown
in FIG. 1, the thin InGaO4(Zn0), film formed at the substrate
temperature of 25° C. and the oxygen partial pressure of 5 Pa
had a lower electron carrier concentration of 10'°/cm”.
[0157] In the obtained thin film, the electron mobility was
higher than 1 cm®/V-sec as shown in FIG. 2. However, the
film deposited by the pulse laser vapor deposition at an oxy-
gen partial pressure of higher than 6.5 Pa as 1n this Example
has a rough surface, being not suitable for a channel layer of
the TFT.

[0158] Accordingly, a normally-off type transistor can be
constructed by using a transparent thin amorphous oxide
represented by InGaO,(Zn0), (m: a number less than 6) in a
crystal state formed at an oxygen partial pressure of higher
than 4.5 Pa, preferably higher than 5 Pa, but lower than 6.5 Pa
by a pulse laser vapor deposition method i1n the above
Example.

[0159] The above obtained thin film exhibited an electron
mobility higher than 1 cm®/V, and the on-off ratio could be
made higher than 1x10°.

[0160] As described above, 1n formation of an InGaZn
oxide film by a PLD method under the conditions shown 1n
this Example, the oxygen partial pressure 1s controlled 1n the
range preferably from 4.5 Pa to 6.5 Pa.

[0161] For achieving the electron carrier concentration of
10"®/cm”, the oxygen partial pressure conditions, the consti-
tution of the film formation apparatus, the kind and compo-
sition of the film-forming material should be controlled.

[0162] Next, a top-gate type MISFET element as shown 1n
FIG. S was produced by forming an amorphous oxide with the
alforementioned apparatus at an oxygen partial pressure of 6.5
Pa. Specifically, on glass substrate 1, a semi-insulating amor-
phous InGaO,(Zn0O), film of 120 nm thick was formed for
use for channel layer 2 by the above method of formation of
amorphous thin Ga—Ga—7n—O0 film. Further thereon an
InGaO,(Zn0), film having a higher electro conductivity and
a gold film were laminated respectively 1n a thickness of 30
nm by pulse laser deposition at an oxygen partial pressure of
lower than 1 Pa in the chamber. Then drain terminal 5 and
source terminal 6 were formed by photolithography and a
lift-off method. Finally, a Y,O, film for gate insulator 3 was
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formed by an electron beam vapor deposition method (thick-
ness: 90 nm, relative dielectric constant: about 13, leak cur-
rent density: 1x10™> A/cm” at application of 0.5 MV/cm).
Thereon, a gold film was formed, and gate terminal 4 was
formed by photolithography and lifting-of1f.

Evaluation of Characteristics of MISFET Element

[0163] FIG. 6 shows current-voltage characteristics of the
MISFET element measured at room temperature. The chan-
nel 1s understood to be an n-type semiconductor from the
increase of the drain current 1, . with the increase of the drain
voltage V .. This 1s consistent with the fact that an amor-

phous In—Ga—7/n—0 type semiconductor 1s of an n-type.
The I, becomes saturated (pinched ott) at vV ,, =6V, which 1s

typical behavior of a semiconductor transistor. From exami-
nation of the gain characteristics, the threshold value of the
gate voltage V .. under application ot V , =4V was found to
be about -0.5 V. A current tlow of 1,,.=1.0x10 A was caused
atV .=10V. This corresponds to carrier induction by gate bias

in the In—Ga—7n—0 type amorphous semiconductor thin
film.

[0164] The on-off ratio of the transistor was higher than
1x10°. From the output characteristics, the field effect mobil-
ity was calculated to be about 7 cm” (Vs)™'. Irradiation of
visible light did not change the transistor characteristics of the
produced element according to the same measurement.

[0165] According to the present invention, a thin {ilm tran-
sistor can be produced which has a channel layer containing
clectron carriers at a lower concentration to achieve higher
clectric resistance and exhibiting a higher electron mobility.

[0166] The above amorphous oxide has excellent charac-
teristics that the electron mobility increases with the increase
of the electron carrier concentration, and exhibits degenerate
conduction. In this Example, the thin film was formed on a
glass substrate. However, a plastic plate or film 1s usetul as the
substrate since the film formation can be conducted at room
temperature. Further, the amorphous oxide obtained in this
Example, absorbs visible light only little to give transparent

flexible TFT.

(Second Process for Film Formation: Sputtering Process (SP
Process))

[0167] Film formation by a high-frequency SP process by
use ol an argon gas as the atmosphere gas 1s explained below.

[0168] The SP process was conducted by use of the appa-
ratus shown 1n FIG. 8. In FIG. 8, the numerals 1indicates the
tollowings: 807, a substrate for film formation; 808, a target;
805, a substrate-holding means equipped with a cooling
mechanism; 814, a turbo molecular pump; 8135, a rotary
pump; 817, a shutter; 818, an 1on manometer; 819, a Pirani
gage; 821, a growth chamber; and 830, a gate valve.

[0169] Substrate 807 for film formation was an S10,, glass
substrate (Corning Co.: 1737) which had been washed ultra-
sonically for defatting with acetone, ethanol, and ultrapure
water respectively for 5 minutes, and dried at 100° C. 1n the
atr.

[0170] The target was a polycrystalline sintered compact
having a composition of InGaO,(Zn0), (size: 20 nm diam-
cter, 5 mm thick), which had been prepared by wet-mixing
In,O;, Ga,0,, and ZnO (each 4N reagent) as the source
material (solvent:ethanol), calcining the mixture (1000° C., 2
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hours), dry-crushing it, and sintering (1550° C., 2 hours).
Target 808 had an electro conductivity of 90 S/cm, being
semi-insulating.

[0171] The final vacuum degree of growth chamber 821
was 1x10™* Pa. During the growth, the total pressure of the
oxygen and argon gas was kept constant within the range o1 4
to 0.1x10~" Pa. The partial pressure ratio of argon to oxygen
was changed 1n the range of the oxygen partial pressure from
1x107° to 2x10~! Pa.

[0172] The substrate temperature was room temperature.
The distance between target 808 and substrate 807 for film
formation was 30 mm.

[0173] The inputted electric power was RF 180 W, and the
f1lm forming rate was 10 nm/min.

[0174] The resulting thin film was examined by small angle
X-ray scattering method (SAXS) (thin film method, inci-
dence angle: 0.50): no clear diffraction peak was observed.
Thus the obtained In—Ga—Z7n—O type thin film was judged
to be amorphous. From X-ray reflectivity and 1ts pattern
analysis, the mean square roughness (Rrms) was found to be
about 0.5 nm, and the film thickness to be about 120 nm. From
fluorescence X-ray spectrometric analysis (XRF), the metal
composition of the film was found to be In:Ga: Zn=0.98:1.02:
4.

[0175] The films were formed at various oxygen partial
pressure of the atmosphere, and the resulting amorphous
oxide films were measured for electric conductivity. FIG. 3
shows the result.

[0176] Asshownin FIG. 3, the electric conductivity can be
lowered to less than 10 S/cm by conducting the film formation
in an atmosphere having an oxygen partial pressure higher
then 3x107° Pa. The electron carrier number could be
decreased by increase of the oxygen partial pressure.

[0177] As shown in FIG. 3, for mstance, the thin InGaO,
(ZnO), film formed at the substrate temperature o1 25° C. and
the oxygen partial pressure or 1x10~" Pa had a lower electric
conductivity of about 1x10-10 S/cm. Further, the thin
InGa0,(Zn0O), film formed at the oxygen partial pressure or
1x10~" Pa had an excessively high electric resistance, having
the electric conductivity not measurable. With this film,
although the electron mobility was not measurable, the elec-
fron mobility was estimated to be about 1 cm®/V-sec by
extrapolation from the values of the films of high electron
carrier concentration.

[0178] Thus, a normally-off transistor having the on-off
ratio of higher than 1x10° could be obtained by use of a
transparent thin amorphous oxide {film constituted of
In—Ga—7n—O0 represented 1n a crystal state by InGaO,
(ZnO)_ (m: a natural number of less than 6) produced by
sputtering vapor deposition in an argon atmosphere contain-
ing oxygen at a partial pressure of higher than 3x107 Pa,
preferably higher than 5x10-1 Pa.

[0179] Inuse ofthe apparatus and the material employed in
this Example, the film formation by sputtering 1s conducted in
the oxygen partial pressure ranging from 3x107 Pato 5x107"
Pa. Incidentally, 1in the thin film produced by pulse laser vapor
deposition or sputtering, the electron mobility increases with
increase in number of the conductive electrons.

[0180] As described above, by controlling the oxygen par-
tial pressure, the oxygen defect can be decreased, and thereby
the electron carrier concentration can be decreased. In the
amorphous thin {ilm, the electron mobility can be high, since
no grain interface exists essentially in the amorphous state
differently from polycrystalline state.

il
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[0181] Incidentally, the substitution of the glass substrate
by a 200 um-thick polyethylene terephthalate (PET) film did

not change the properties of the amorphous oxide film of
InGa0,(Zn0O), formed thereon.

(0182]

[0183] InGaO;4(Zn,_ Mg O) (m: an natural number less
than 6; O<x-1) can be obtained by using, as the target, poly-
crystalline InGaO,(Zn,_ Mg O) m even at an oxygen partial
pressure less than 1 Pa. For instance, with a target in which 80
atom % of Zn 1s replaced by Mg, the electron carrier concen-
tration lower than 1x10"®/cm (resistance: about 1x107 S/cm)
can be achieved by pulse laser deposition in an atmosphere
containing oxygen at a partial pressure of 0.8 Pa. In such a
f1lm, the electron mobility 1s lower than that of the Mg-1ree
f1lm, but the decrease 1s slight: the electron mobility 1s about
5 cm”/V-sec at room temperature, being higher by about one
digit than that of amorphous silicon. When the films are
formed under the same conditions, increase of the Mg content
decreases both the electric conductivity and the electron
mobility. Therefore, the content of the Mg ranges preferably

from 20% to 85% (0.2<x<0.85).

[0184] In the thin film transistor employing the above
amorphous oxide film, the gate insulator contains preferably

a mixed crystal compound containing two or more of Al,O;,
Y,0,, HIO,, and compounds thereof.

[0185] The presence of a defect at the interface between the
gate-insulating thin film and the channel layer thin film low-
ers the electron mobility and causes hysteresis of the transis-
tor characteristics. Moreover, the current leakage depends
greatly on the kind of the gate insulator. Therefore the gate
insulator should be selected to be suitable for the channel
layer. The current leakage can be decreased by use of an
Al,O, film, the hysteresis can be made smaller by use of a
Y O, film, and the electron mobility can be increased by use
of an H1O, film having a high dielectric constant. By use of
the mixed crystal of the above compounds, TFT can be
tformed which causes smaller current leakage, less hysteresis,
and exhibiting a higher electron mobility. Since the gate 1nsu-
lator forming process and the channel layer forming process
can be conducted atroom temperature, the TFT can be formed
1n a stagger constitution or 1n a reversed stagger constitution.

[0186] The TFT thus formed 1s a three-terminal element
having a gate terminal, a source terminal, and a drain termi-
nal. This TF'T 1s formed by forming a semiconductor thin film
on a msulating substrate of a ceramics, glass, or plastics as a
channel layer for transport of electrons or holes, and serves as
an active element having a function of controlling the current
flowing through the channel layer by application of a voltage
to the gate terminal, and switching the current between the
source terminal and the drain terminal.

[0187] In the present invention, it 1s important that an
intended electron carrier concentration 1s achieved by con-
trolling the amount of the oxygen detfect.

[0188] In the above description, the amount of the oxygen
in the amorphous oxide film 1s controlled by controlling the
oxygen concentration in the film-forming atmosphere. Oth-
erwise the oxygen defect quantity can be controlled (de-
creased or increase) by post-treatment of the oxide film 1n an
oxygen-containing atmosphere as a preferred embodiment.

[0189] For effective control of the oxygen defect quantity,
the temperature of the oxygen-containing atmosphere 1s con-
trolled in the range from 0° C. to 300° C., preferably from 25°
C. to 250° C., more preferably from 100° C. to 200° C.

A high-resistance amorphous film
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[0190] Naturally, a film may be formed 1n an oxygen-con-
taining atmosphere and further post-treated 1n an oxygen-
containing atmosphere. Otherwise the film 1s formed without
control of the oxygen partial pressure and post-treatment 1s
conducted 1n an oxygen-containing atmosphere, isofar as
the intended electron carrier concentration (less than 1x10'®/
cm’) can be achieved.

[0191] The lower limit of the electron carrier concentration
in the present invention is, for example, 1x10'*/cm?, depend-
ing on the kind of the element, circuit, or device employing
the produced oxide film.

(Broader Range of Materials)

[0192] Adter mvestigation on other materials for the sys-
tem, 1t was found that an amorphous oxide composed of at
least one oxide of the elements of Zn, In, and Sn 1s useful for
an amorphous oxide film of a low carrier concentration and
high electron mobility. This amorphous oxide film was found
to have a specific property that increase in number of conduc-
tive electrons therein increases the electron mobility. Using
this film, a normally-oif type TF'T can be produced which 1s
excellent 1n transistor properties such as the on-oif ratio, the
saturation current in the pinch-off state, and the switching
rate.

[0193] Inthe present invention, an oxide having any one of
the characteristics of (a) to (h) below are usetul:

(a) An amorphous oxide which has an electron carrier con-
centration less than 1x10'%/cm;

(b) An amorphous oxide i which the electron mobility
becomes increased with increase of the electron carrier con-
centration;

(The room temperature signifies a temperature 1n the range
from about 0° C. to about 40° C. The term “amorphous
compound” signifies a compound which shows a halo pattern
only without showing a characteristic diffraction pattern 1n
X-ray diffraction spectrum. The electron mobility signifies
the one measured by the Hall effect.)

(c) An amorphous oxide mentioned 1n the above items (a) or
(b), in which the electron mobility at room temperature 1s
higher than 0.1 cm?*/V sec:;

(d) An amorphous oxide mentioned, in any of the items (b) to
(¢), which shows degenerate conduction;

(The term “degenerate conduction” signifies the state 1n
which the thermal activation energy in temperature depen-
dency of the electric resistance 1s not higher than 30 meV.)

(¢) An amorphous oxide, mentioned 1n any of the above item
(a) to (d), which contains at least one of the elements of Zn, In,
and Sn as the constituting element;

(1) An amorphous oxide film composed of the amorphous
oxide mentioned the above 1tem (¢), and additionally at least
one of the elements of

Group-2 elements M2 having an atomic number lower than
/n (Mg, and Ca),

Group-3 elements M3 having an atomic number lower than In
(B, Al, Ga, and Y),

Group-4 elements M4 having an atomic number lower than
Sn (S1, Ge, and Zr),

Group-S elements M5 (V, Nb, and Ta), and Lu, and W to
lower the electron carrier concentration;

(g) An amorphous oxide film, mentioned in any of the above
items (a) to (1), constituted of a single compound having a
composition of In, M3 O;(Zn,_ M2 0O) m (0=x=1;
O=vy=1; m: 0 or a natural number of less than 6) in a crystal
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state, or a mixture of the compounds different in number m,
an example of M3 being Ga, and an example of M2 being Mg;
and

(h) An amorphous oxide film, mentioned 1n any of the above
items (a) to (g) formed on a plastic substrate or an plastic film.
[0194] The present invention also provides a field-effect
transistor employing the above mentioned amorphous oxide
or amorphous oxide film as the channel layer.

[0195] A field-effect transistor 1s prepared which 1s
employs an amorphous oxide film having an electron carrier
concentration of less than 1x10"*/cm” but more than 1x10">/
cm® as the channel layer, and having a source terminal and a
drain terminal, and a gate terminal with interposition of a gate
insulator. When a voltage of about 5V 1s applied between the
source and drain terminals without application of gate volt-
age, the electric current between the source and drain termi-
nals is about 1x10~" amperes.

[0196] The electron mobility in the oxide crystal becomes
larger with increase of the overlap of the s-orbitals of the
metal 10ns. In an oxide crystal of Zn, In, or Sn having a higher
atomic number, the electron mobility 1s 1n the range from 0.1

to 200 cm?/V-sec.

[0197] In an oxide, oxygen and metal 1ons are bonded by
1ionic bonds without orientation of the chemical bonds, having
a random structure. Therefore 1n the oxide 1 an amorphous
state, the electron mobility can be comparable to that 1n a
crystal state.

[0198] On the other hand, substitution of the Zn, In, or Sn
with an element of a lower atomic number decreases the
clectron mobility. Thereby the electron mobility 1n the amor-
phous oxide of the present invention ranges from about 0.01

to 20 cm?/V sec.

[0199] In the transistor having a channel layer constituted
of the above oxide, the gate insulator 1s preferably formed
from Al,O,, Y ,O,, HIO,, or a mixed crystal compound con-
taining two or more thereof.

[0200] The presence of a defect at the interface between the
gate-insulating thin film and the thin channel layer film low-
ers the electron mobility and causes hysteresis of the transis-
tor characteristics. Moreover, the current leakage depends
greatly on the kind of the gate insulator. Therefore the gate
insulator should be selected to be suitable for the channel
layer. The current leakage can be decreased by use of an
Al,O; film, the hysteresis can be made smaller by use of a
Y .0, film, and the electron mobility can be increased by use
of an HIO, film having a high dielectric constant. By use of
the mixed crystal of the above compounds, TFT can be
formed which causes smaller current leakage, less hysteresis,
and exhibiting a higher electron mobility. Since the gate 1nsu-
lator-forming process and the channel layer-forming process
can be conducted atroom temperature, the TFT can be formed
1n a stagger constitution or 1n a reversed stagger constitution.

[0201] The In,O, oxide film can be formed through a gas-
phase process, and addition of moisture 1n a partial pressure
of about 0.1 Pa to the film-forming atmosphere makes the
formed film amorphous.

[0202] ZnO and SnO, respectively cannot readily be
formed 1n an amorphous film state. For formation of the ZnO
{1lm 1n an amorphous state, In,O; 1s added 1n an amount of 20
atom %. For formation of the SnO.,, film 1n an amorphous
state, In,O, 1s added 1n an amount of 90 atom %. In formation
of Sn—In—O type amorphous film, gaseous nitrogen 1is
introduced 1n a partial pressure of about 0.1 Pa in the film
formation atmosphere.
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[0203] To the above amorphous film, may be added an
clement capable of forming a complex oxide, selected from
Group-2 elements M2 having an atomic number lower than
/n (Mg, and Ca), Group-3 elements M3 having an atomic
number lower than In (B, Al, Ga, and Y), Group-4 elements
M4 having an atomic number lower than Sn (S1, Ge, and Zr),
Group-S elements M3 (V, Nb, and Ta), and Lu, and W. The
addition of the above element stabilizes the amorphous film at
room temperature, and broadens the composition range for
amorphous film formation.

[0204] Inparticular, addition of B, S1, or Ge tending to form
a covalent bond 1s effective for amorphous phase stabiliza-
tion. Addition of a complex oxide constituted of 1ons having,
largely different 1on radiuses 1s effective for amorphous phase
stabilization. For instance, 1n an In—Z7n—O system, for for-
mation of a film stable at room temperature, In should be
contained more than about 20 atom %. However, addition of
Mg 1n an amount equivalent to In enables formation of stable
amorphous film 1n the composition range of In of not less than
about 15 atom %.

[0205] In a gas-phase film formation, an amorphous oxide
film of the electron carrier concentration ranging from
1x10%/cm” to 1x10'*/cm” can be obtained by controlling the
f1lm forming atmosphere.

[0206] An amorphous oxide film can be suitably formed by
a vapor phase process such as a pulse laser vapor deposition
process (PLD process), a sputtering process (SP process), and
an electron-beam vapor deposition. Of the vapor phase pro-
cesses, the PLD process 1s suitable 1n view of ease of material
composition control, whereas the SP process is suitable 1n
view of the mass production. However, the film-forming pro-
cess 1s not limited thereto. (Formation of In—7Zn—Ga—O
Type Amorphous Oxide Film by PLD Process)

[0207] An In—Z7n—Ga—O type amorphous oxide was
deposited on a glass substrate (Corning Co.: 1737) by a PLD
process employing a KrF excimer laser with a polycrystal
sintered compact as the target having a composition of
InGaO,(Zn0) or InGaO,(Zn0),.

[0208] The apparatus shown in FIG. 7 was employed which
1s mentioned before, and the film formation conditions were

the same as mentioned before for the apparatus.
[0209] The substrate temperature was 25° C.

[0210] Theresulting two thin films were examined by small
angle X-ray scattering method (SAXS) (thin film method,
incidence angle: 0.50): no clear diffraction peak was
observed, which shows that the obtained In—Ga—~7n—O
type thin films produced with two different targets were both
amorphous.

[0211] From X-rayretlectivity ofthe In—Zn—Ga—O type
amorphous oxide film of the glass substrate and its pattern
analysis, the mean square roughnesses (Rrms) of the thin
films were found to be about 0.5 nm, and the film thicknesses
to be about 120 nm. From fluorescence X-ray spectrometric
analysis (XRF), the film obtained with the target of the poly-
crystalline sintered compact ot InGaO,(Zn0O) was found to
contain the metals at a composition ratio In:Ga:Zn=1.1:1.1:
0.9, whereas the film obtained with the target of the polycrys-
talline sintered compact of InGaO,(Zn0), was found to con-
tain the metals at a composition ratio In:Ga: Zn=0.98:1.02:4.

[0212] Amorphous oxide films were formed at various oxy-
gen partial pressure of the film-forming atmosphere with the
target having the composition of InGaO,(Zn0),. The formed
amorphous oxide films were measured for the electron carrier
concentration. FIG. 1 shows the results. By formation of the
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film 1n an atmosphere having an oxygen partial pressure of
higher than 4.2 Pa, the electron carrier concentration could be
lowered to less than 1x10'®*/cm” as shown in FIG. 1. In this
film formation, the substrate was kept nearly at room tem-
perature without itentional heating. At the oxygen partial
pressure ol lower than 6.5 Pa, the surfaces of the obtained
amorphous oxide films were flat.

[0213] At the oxygen partial pressure of 5 Pa, in the amor-
phous film formed with the InGaO,(ZnO), target, the electron
carrier concentration was 1x10'°%/cm”, the electro conductiv-
ity was 1x107* S/cm, and the electron mobility therein was
estimated to be about 5 cm”/V-sec. From the analysis of the
light absorption spectrum, the optical band gap energy
breadth of the formed amorphous oxide film was estimated to
be about 3 eV.

[0214] The higher oxygen partial pressure further lowered
the electron carrier concentration. As shown 1n FIG. 1, 1n the
In—7n—Ga—O0 type amorphous oxide film formed at a
substrate temperature of 25° C. at an oxygen partial pressure
of 6 Pa, the electron carrier concentration was lowered to
8x10"/cm” (electroconductivity: about 8x10™> S/cm). The
electron mobility in the film was estimated to be 1 cm”/V-sec
or more. However, by the PLD process, at the oxygen partial
pressure of 6.5 Pa or higher, the deposited film has a rough
surface, being not suitable for use as the channel layer of the
TFT.

[0215] The In—7n—Ga—O0O type amorphous oxide films
were Tormed at various oxygen partial pressures 1n the film-
forming atmosphere with the target constituted of a polycrys-
talline sintered compact having the composition of InGaO,
(Zn0),. The resulting films were examined for the relation
between the electron carrier concentration and the electron
mobility. FIG. 2 shows the results. Corresponding to the
increase of the electron carrier concentration from 1x10'/
cm” to 1x10°°/cm’, the electron mobility increased from
about 3 cm®/V-sec to about 11 cm®/V-sec. The same tendency
was observed with the amorphous oxide films obtained with
the polycrystalline sintered InGaO,(Zn0O) target.

[0216] The In—7n—Ga—O type amorphous oxide film
which was formed on a 200 um-thick polyethylene tereph-
thalate (PET) film 1n place of the glass substrate had similar
characteristics.

(Formation of In—Z7n—Ga—Mg—O Type Amorphous
Oxide Film by PLD Process)

[0217] AfilmofInGaO,(Zn,_ Mg O), (0<x-1)was formed

on a glass substrate by a PLD process with an InGaO,(Zn, _
xMg_ O), target (0<x-1). The apparatus employed was the one
shown 1n FIG. 7.

[0218] An S10, glass substrate (Corning Co.: 1737) was
used as the substrate. As the pretreatment, the substrate was
washed ultrasonically for defatting with acetone, ethanol, and
ultrapure water each for five minutes, and dried 1n the air at
100° C. The target was a sintered compact of InGaO,(Zn, _
Mg O), (x=1-0) (s1ze: 20 mm diameter, S mm thick).

[0219] The target was prepared by wet-mixing source
materals In,O;, Ga,O,, and ZnO (each 4N reagent) (solvent:
cthanol), calcining the mixture (1000° C., 2 hours), dry-
crushing 1t, and sintering 1t (1550° C., 2 hours). The final
pressure in the growth chamber was 2x107° Pa. The oxygen
partial pressure during the growth was controlled at 0.8 Pa.
The substrate temperature was room temperature (25° C.).
The distance between the target and the substrate for film
formation was 30 mm. The KrF excimer laser was 1rradiated
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at a power of 1.5 mJ/cm*/pulse with the pulse width of 20
nsec, the repeating frequency of 10 Hz, and the 1rradiation
spot size of 1x1 mm square. The film-forming rate was 7
nm/min. The oxygen partial pressure in the film-forming
atmosphere was 0.8 Pa. The substrate temperature was 25° C.

[0220] The resulting thin film was examined by small angle
X-ray scattering method (SAXS) (thin film method, inci-
dence angle: 0.5°): no clear diffraction peak was observed.
Thus the obtained In—Ga—Z7n—Mg—O type thin film was

amorphous. The resulting film had a flat surface.

[0221] By using targets of different x-values (different Mg
content), In—7Zn—Ga—Mg—O type amorphous oxide films
were formed at the oxygen partial pressure of 0.8 Pa in a
film-forming atmosphere to investigate the dependency of the
conductivity, the electron carrier concentration, and the elec-
tron mobility on the x-value.

[0222] FIGS. 4A, 4B, and 4C show the results. At the x
values higher than 0.4, in the amorphous oxide films formed
by the PLD process at the oxygen partial pressure o1 0.8 Pa in
the atmosphere, the electron carrier concentration was

decreased to be less than 1x10"®/cm”. In the amorphous film
of x value higher than 0.4, the electron mobility was higher
than 1 cm®/V.

[0223] As shown 1n FIGS. 4A, 4B, and 4C, the electron

carrier concentration less than 1x10"°/cm” could be achieved
in the film prepared by a pulse laser deposition process with
the target 1n which 80 atom % of Zn 1s replaced by Mg andat
the oxygen partial pressure of 0.8 Pa (electric resistance:
about 1x107* S:cm). In such a film, the electron mobility is
decreased 1n comparison with the Mg-free film, but the
decrease 1s slight. The electron mobility 1n the films 1s about
5 cm®/V-sec, which is higher by about one digit than that of
amorphous silicon. Under the same film formation condi-
tions, both the electric conductivity and the electron mobility
in the film decrease with increase of the Mg content. There-
fore, the Mg content in the film 1s preferably more than 20
atom % and less than 85 atom % (0.2=x=0.83), more prei-
erably 0.5=x=0.83.

[0224] The amorphous film of InGaO,(Zn,_Mg O),

(O<x-1) formed on a 200 um-thick polyethylene terephthalate
(PET) film 1n place of the glass substrate had similar charac-
teristics.

(Formation of In,O; Amorphous Oxide Film by PLD Pro-
cess)

[0225] An In,O, film was formed on a 200 um-thick PET

film by use of a target constituted of In,O; polycrystalline
sintered compact by a PLD process employing a KrF excimer
laser.

[0226] Theapparatususedis shown in FIG. 7. The substrate
tor the film formation was an S10, glass substrate (Corning

Co.: 1737).

[0227] As the pretreatment before the deposition, the sub-
strate was washed ultrasonically for defatting with acetone,

cthanol, and ultrapure water each for five minutes, and dried
in the air at 100° C.

[0228] The target was an In,O, sintered compact (size: 20
mm diameter, 5 mm thick), which had been prepared by
calcining the source material In,O, (4N reagent) (1000° C., 2
hours), dry-crushing 1t, and sintering 1t (1550° C., 2 hours).
[0229] The final vacuum of the growth chamber was
2x107° Pa, the oxygen partial pressure during the growth was
5 Pa, and the substrate temperature was 25° C.
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[0230] The water vapor partial pressure was 0.1 Pa, and
oxygen radicals were generated by the oxygen radical-gen-
erating assembly by application of 200 W,

[0231] The distance between the target and the film-hold-
ing substrate was 40 mm, the power of the Krf excimer laser
was 0.5 mJ/cm*/pulse, the pulse width was 20 nsec, the
repeating frequency was 10 Hz, and the 1rradiation spot size
was 1x1 mm square.

[0232] The film-forming rate was of 3 nm/min.

[0233] Theresulting thin film was examined by small angle
X-ray scattering method (SAXS) (thin film method, inci-
dence angle: 0.5°): no clear diffraction peak was observed,
which shows that the obtained In—O type oxide film was
amorphous. The film thickness was 80 nm.

[0234] In the obtained In—O type amorphous oxide film,

the electron carrier concentration was 5x10'’/cm?, and the
electron mobility was about 7 cm?*/V-sec.

(Formation of In—Sn—O Type Amorphous Oxide Film by
PLD Process)

[0235] AnlIn—Sn—O type oxide film was formed on a 200
um-thick PET film by use of a target constituted of polycrys-
talline sintered compact of (In, ,Sn, ,)O, ; by a PLD process
employing a KrF excimer laser. The apparatus used 1s shown

in FIG. 7.

[0236] The substrate for the film formation was an S10,
glass substrate (Corning Co.: 1737).

[0237] As the pretreatment before the deposition, the sub-
strate was washed ultrasonically for defatting with acetone,
cthanol, and ultrapure water each for five minutes, and dried

in the air at 100° C.

[0238] The target was an In,O,—SnO, sintered compact
(s1ze: 20 mm diameter, 5 mm thick), which had been prepared
by wet-mixing the source materials In,O,—SnO, (4N
reagents) (solvent:ethanol), calcining the mixture (1000° C.,
2 hours), dry-crushing 1t, and sintering 1t (1550° C., 2 hours).
[0239] The substrate was kept at room temperature. The
oxygen partial pressure was 5 Pa. The nitrogen partial pres-

sure was 0.1 Pa. Oxygen radicals were generated by the
oxygen radical-generating assembly by application of 200 W.

[0240] The distance between the target and the film-hold-
ing substrate was 30 mm, the power of the Krf excimer laser
was 1.5 mJ/cm*/pulse, the pulse width was 20 nsec, the
repeating frequency was 10 Hz, and the 1rradiation spot size
was 1x1 mm square.

[0241] The film-forming rate was of 6 nm/min.

[0242] The resulting thin film was examined by small angle
X-ray scattering method (SAXS) (thin film method, inci-
dence angle: 0.50): no clear diffraction peak was detected,
which shows that the obtained In—Sn—O type oxide film 1s
amorphous.

[0243] In the obtained In—Sn—O type amorphous oxide
film, the electron carrier concentration was 8x10'’/cm?, and
the electron mobility was about 5 cm”/V-sec. The film thick-
ness was 100 nm.

(Formation of In—Ga—O Type Amorphous Oxide Film by
PLD Process)

[0244] The substrate for the film was an S10, glass sub-
strate (Corning Co.: 1737).

[0245] As the pretreatment before the deposition, the sub-
strate was washed ultrasonically for defatting with acetone,
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cthanol, and ultrapure water each for five minutes, and dried
in the air at 100° C.

[0246] The target was a sintered compact of (In,O5),_,—
(Ga,0;) (x=0-1) (s1ze: 20 mm diameter, 5 mm thick). For
instance, at x=0.1, the target 1s a polycrystalline sintered
compact of (In, ;Ga, ;),0;.

[0247] This target was prepared by wet-mixing the source
materials In,O;—Ga,O, (4N reagents) (solvent: ethanol),
calcining the mixture (1000° C., 2 hours), dry-crushing it, and
sintering 1t (1550° C., 2 hours).

[0248] The final pressure of the growth chamber was

2x107° Pa. The oxygen partial pressure during the growth was
1 Pa.

[0249] The substrate was at room temperature. The dis-
tance between the target and the film-holding substrate was
30 mm. The power of the Krf excimer laser was 1.5 mJ/cm?*/
pulse. The pulse width was 20 nsec. The repeating frequency
was 10 Hz. The 1rradiation spot size was 1x1 mm square. The

film-forming rate was of 6 nm/min.

[0250] The substrate temperature was 25° C. The oxygen
pressure was 1 Pa. The resulting film was examined by small
angle X-ray scattering method (SAXS) (thin film method,
incidence angle: 0.5°): no clear diffraction peak was detected.,
which shows that the obtained In—Ga—O type oxide film 1s
amorphous. The film thickness was 120 nm.

[0251] In the obtained In—Ga—O type amorphous oxide
film, the electron carrier concentration was 8x10'%/cm’, and
the electron mobility was about 1 cm”/V-sec.

(Preparation of TFT Element Having In—Z7n—Ga—O type
Amorphous Oxide Film (Glass Substrate))

[0252] A top gate type TFT element shown 1n FIG. § was
prepared.

[0253] Firstly, an In—Ga—Z7n—0 type amorphous oxide
f1lm was prepared on glass substrate 1 by the aforementioned
PLS apparatus with a target constituted of a polycrystalline
sintered compact having a composition of InGaO,(ZnQO), at
an oxygen partial pressure of 5 Pa. The formed In—Ga—
/n—0O film had a thickness of 120 nm, and was used as

channel layer 2.

[0254] Further thereon, another In—Ga—7n—O0O type
amorphous film having a higher electro conductivity and a
gold layer were laminated, each 1n 30 nm thick, by the PLD
method at the oxygen partial pressure of lower than 1 Pain the
chamber. Therefrom drain terminal 5 and source terminal 6
were Tormed by photolithography and a lift-off method.

[0255] Finally, a’Y,O; film as gate insulator 3 was formed
by electron beam vapor deposition (thickness: 90 nm, relative
dielectric constant: about 15, leakage current density: 1x107>
A/cm? under application of 0.5 MV/cm). Further thereon, a
gold film was formed and thereifrom gate terminal 4 was
tormed by photolithography and a lift-off method. The chan-
nel length was 50 um, and the channel width was 200 um.

Evaluation of Characteristics of TFT Element

[0256] FIG. 6 shows current-voltage characteristics of the
TFT element at room temperature. Drain current I,
increased with increase of drain voltage V 5., which shows
that the channel 1s of an n-type conduction.

[0257] This 1s consistent with the fact that an amorphous

In—Ga—7n—O0 type semiconductor i1s of an n-type. The I 5«
become saturated (pinched off) at V ,.~6V, which 1s typical
behavior of a semiconductor transistor. From examination of
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the gain characteristics, the threshold value of the gate voltage
V z-under application o1V, =4V was found to be about -0.5
V. A current flow of I,,.=1.0x10>A was cased at V _=10V.
This corresponds to carrier induction by a gate bias in the
In—Ga—7n—O0 type amorphous semiconductor thin film as
the mnsulator.

[0258] The on-off ratio of the transistor was higher than
1x10°. From the output characteristics, the field effect mobil-
ity was calculated to be about 7 cm® (Vs)™' in the saturation
region. Irradiation of visible light did not change the transis-
tor characteristics of the produced element according to the
same measurement.

[0259] Theamorphous oxide of the electron carrier concen-
tration lower than 1x10"'*/cm’ is useful as a channel layer of
a TFT. The electron carrier concentration 1s more preferably
less than 1x10'’/cm?, still more preferably less than 1x10'¢/
cm”.

(Preparation of TFT Element Having In—Z7n—Ga—O type
Amorphous Oxide Film (Amorphous Substrate))

[0260] A top gate type TFT element shown 1n FIG. § was
prepared.
[0261] Firstly, an In—Ga—~7n—0 type amorphous oxide

f1lm was prepared on polyethylene terephthalate (PET) film 1
by the aforementioned PLS apparatus with a target consti-
tuted of a polycrystalline sintered compact having a compo-
sition of InGaO,(Zn0O) at an oxygen partial pressure ol 5 Pain
the atmosphere. The formed film had a thickness of 120 nm,
and was used as channel layer 2.

[0262] Further thereon, another In—Ga—7n—O0O type
amorphous film having a higher electro conductivity and a
gold layer were laminated, each 1n 30 nm thick, by the PLD
method at the oxygen partial pressure of lower than 1 Pain the
chamber. Theretfrom drain terminal 5 and source terminal 6
were formed by photolithography and a lift-off method.
[0263] Finally, gate insulator 3 was formed by an electron
beam vapor deposition method. Further thereon, a gold film
was formed and therefrom gate terminal 4 was formed by
photolithography and a lift-off method. The channel length
was S0 um, and the channel width was 200 um. Three TFT's of
the above structure were prepared by using respectively one
of the three kinds of gate msulators: Y,O, (140 nm thick),
Al,O; (130 um thick), and HIO, (140 um thick).

Evaluation of Characteristics of TFT Element

[0264] The TFT elements formed on a PET film had cur-
rent-voltage characteristics similar to that shown 1n FIG. 6 at
room temperature. Drain current I, increased with increase
of drain voltage V ., which shows that the channel 1s of an
n-type conduction. This 1s consistent with the fact that an
amorphous In—Ga—7n—O0 type semiconductor 1s of an n
type. The I,,. become saturated (pinched off) at V,.~6V,
which 1s typical behavior of a semiconductor transistor. A
current flow of I,,.=1.0x107® A was caused at V_~0V, and a
current flow of I,,=2.0x107> A was caused at V=10 V. This
corresponds to carrier induction by gate bias in the nsulator,
the In—Ga—7n—0 type amorphous semiconductor oxide
f1lm.

[0265] The on-off ratio of the transistor was higher than
1x10°. From the output characteristics, the field effect mobil-
ity was calculated to be about 7 cm® (Vs)™' in the saturation
region.

[0266] The elements formedonthe PET film were curved at
a curvature radius of 30 mm, and in this state, transistor
characteristics were measured. However the no change was
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observed 1n the transistor characteristics. Irradiation of vis-
ible light did not change the transistor characteristics.

[0267] The TFT employing the Al,O, film as the gate 1nsu-
lator has also transistor characteristics similar to that shown 1n
FIG. 6. A current flow of I,,=1.0x10™° A was caused atV =0
V, and a current flow of 1,,—=5.0x10"° A was caused at
V=10 V. The on-off ratio of the transistor was higher than
1x10°. From the output characteristics, the field effect mobil-
ity was calculated to be about 2 cm® (Vs)™' in the saturation
region.

[0268] The TFT employing the HIO, film as the gate insu-
lator has also transistor characteristics similar to that shown in
FIG. 6. A current flow of I,,.=1x10"" A was caused at V =0
V, and a current flow of1,,.=1.0x107° A was caused at V =10
V. The on-off ratio of the transistor was higher than 1x10°.
From the output characteristics, the field effect mobility was
calculated to be about 10 cm” (Vs)™ in the saturation region.

(Preparation of TFT Element Employing In,O, Amorphous
Oxide Film by PLD Process)

[0269] A top gate type TFT element shown in FIG. § was
prepared.
[0270] Firstly, an In,O; type amorphous oxide film was

formed on polyethylene terephthalate (PET) film 1 by the
PLD method as channel layer 2 in a thickness of 80 nm.

[0271] Further thereon, another In,O, amorphous film hav-
ing a higher electro conductivity and a gold layer were lami-
nated, each 1n 30 nm thick, by the PLD method at the oxygen
partial pressure of lower than 1 Pa 1n the chamber, and at the
voltage application of zero volt to the oxygen radical gener-
ating assembly. Therefrom drain terminal 5 and source ter-
minal 6 were formed by photolithography and a lift-off
method.

[0272] Finally, aY,O; film as gate insulator 3 was formed
by an electron beam vapor deposition method. Further
thereon, a gold film was formed and therefrom gate terminal
4 was formed by photolithography and a lift-off method.

Evaluation of Characteristics of TFT Element

[0273] The TFT elements formed on a PET film was exam-
ined for current-voltage characteristics at room temperature.
Drain current I,,. increased with increase of drain voltage
V o, which shows that the channel 1s an n-type conductor.
This 1s consistent with the fact that an amorphous In—O type
amorphous oxide film 1s an n type conductor. The I ,. become
saturated (pinched off) at about V=6 V, which 1s typical
behavior of a transistor. A current flow of I,,.=2x107° A was
caused at V=0V, and a current flow of I, .=1.0x107° A was
caused at V=10 V. This corresponds to electron carrier
induction by gate bias in the insulator, the In—O type amor-
phous oxide film.

[0274] The on-off ratio of the transistor was about 1x10°.
From the output characteristics, the field effect mobility was
calculated to be about 1x10 cm® (Vs)™" in the saturation
region. The TFT element formed on a glass substrate had
similar characteristics.

[0275] The elements formed on the PET film were curved
in a curvature radius of 30 mm, and 1n this state, transistor
characteristics were measured. No change was observed 1n
the transistor characteristics.
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(Preparation of TFT Element Employing In—Sn—O type
Amorphous Oxide Film by PLD Process)

[0276] A top gate type TFT element shown in FIG. § was
prepared.
[0277] Firstly, an In—Sn—O type amorphous oxide film

was formed 1n a thickness of 100 nm as channel layer 2 on
polyethylene terephthalate (PET) film 1 by the PLD method.
[0278] Further thereon, another In—Sn—O amorphous
film having a higher electro conductivity and a gold layer
were laminated, each 1n 30 nm thick, by the PLD method at
the oxygen partial pressure lower than 1 Pa in the chamber,
and at voltage application of zero volt to the oxygen radical
generating assembly. Therefrom drain terminal 5 and source
terminal 6 were formed by photolithography and a lift-off
method.

[0279] Finally, aY,O, film as gate insulator 3 was formed
by an electron beam vapor deposition method. Further
thereon, a gold film was formed and therefrom gate terminal

4 was formed by photolithography and a lift-oif method.

FEvaluation of Characteristics of TFT Element

[0280] The TFT elements formed ona PET film was exam-
ined for current-voltage characteristics at room temperature.
Drain current I, increased with increase of drain voltage
V o, which shows that the channel 1s an n-type conductor.
This 1s consistent with the fact that an amorphous In—Sn—O
type amorphous oxide film 1s an n type conductor. The 1.
became saturated (pinched oft) at about V ,,.=6 V, which 1s
typical behavior of a transistor. A current flow of I,,.=5x107"
A was caused at V=0V, and a current flow of I ,.—5.0x107>
A was caused atV =10V, This corresponds to electron carrier
induction by the gate bias 1n the insulator, the In—Sn—O
type amorphous oxide film.

[0281] The on-off ratio of the transistor was about 1x10°.
From the output characteristics, the field effect mobility was
calculated to be about 5 cm”® (Vs)™' in the saturation range.
The TFT element formed on a glass substrate had similar
characteristics.

[0282] Theelements formedonthe PET film were curved at
a curvature radius of 30 mm, and in this state, transistor
characteristics were measured. No change was caused
thereby 1n the transistor characteristics.

(Preparation of TFT Element Employing In—Ga—O type
Amorphous Oxide Film by PLD Process)

[0283] A top gate type TFT element shown 1n FIG. § was
prepared.
[0284] Firstly, an In—Ga—O type amorphous oxide film

was formed 1n a thickness of 120 nm as channel layer 2 on
polyethylene terephthalate (PET) film 1 by the PLD method

shown 1n Example 6.

[0285] Further thereon, another In—Ga—O amorphous
f1lm having a higher conductivity and a gold layer were lami-
nated, each 1n 30 nm thick, by the PLD method at the oxygen
partial pressure of lower than 1 Pa in the chamber, and at the
voltage application of zero volt to the oxygen radical-gener-
ating assembly. Therefrom drain terminal 5 and source ter-
minal 6 were formed by photolithography and a lift-off
method.

[0286] Finally, aY,O, film as gate insulator 3 was formed
by an electron beam vapor deposition method. Further
thereon, a gold film was formed and therefrom gate terminal
4 was formed by photolithography and a lift-off method.

Evaluation of Characteristics of TFT Element

[0287] The TEFT elements formed ona PET film was exam-
ined for current-voltage characteristics at room temperature.
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Drain current I,,. increased with increase of drain voltage
V o, which shows that the channel 1s an n-type conductor.
This 1s consistent with the fact that an amorphous In—Ga—O
type amorphous oxide film 1s an n type conductor. The I,
became saturated (pinched off) at about V,,~6 V, which 1s
typical behavior of a transistor. A current flow of I, =1x107°
A was caused at V=0V, and a current flow of I,,=1.0x107°
A was caused atV =10V, This corresponds to electron carrier
induction by the gate bias in the insulator, the In—Ga—O
type amorphous oxide film.

[0288] The on-off ratio of the transistor was about 1x10~.
From the output characteristics, the field effect mobility was
calculated to be about 0.8 cm” (Vs)™' in the saturation range.
The TFT element formed on a glass substrate had similar
characteristics.

[0289] The elements formed on the PET film were curved at
a curvature radius of 30 mm, and 1n this state, transistor
characteristics were measured. No change was caused
thereby in the transistor characteristics.

[0290] Theamorphous oxide of the electron carrier concen-
tration of lower than 1x10'*/cm? is useful as the channel layer
of the TFT. The electron carrier concentration 1s more prei-

erably not higher than 1x10""/cm?, still more preferably not
higher than 1x10"'°/cm”.

[0291] Now, Examples of the present mvention will be
explained.

Example 1

Preparation of an Amorphous In—Ga—7n—0 Thin
Film Containing Microcrystals

[0292] A film 1s prepared by using the apparatus shown 1n
FIG. 7. A pulse laser deposition method using KrF excimer
laser 1s performed with a polycrystalline sintered body having
a composition of InGaO,(Zn0), as a target. On a glass sub-
strate (1737, manufactured by Corning Incorporated), an
In—Ga—7n—O0 based amorphous oxide semiconductor thin
f1lm containing microcrystals 1s deposited. In the film forma-
tion step, a substrate surface 1s 1irradiated with a halogen lamp
(2 mW/cm?). The presence or absence of microcrystals is
confirmed under TEM (transmission electron microscope)
observation of a film section.

<Preparation of MISFET (Metal Insulator Semiconductor
Field Effect Transistor) Device>

[0293] A top-gate type MISFET device shown in FIG. 5 1s
manufactured. First, a semi-mnsulating amorphous InGaO,
(ZnO), film of 30 nm 1n thickness containing microcrystals
and serving as a channel layer (2) 1s formed on the glass
substrate (1) in accordance with the aforementioned method
for preparing an amorphous In—Ga—~7n—0 thin film con-
taining microcrystals. Further on the resultant construct,
InGaO4(Zn0), film and a gold film large 1n electric conduc-
tivity, each having 30 nm thickness, are stacked by a pulse
laser deposition method while setting the oxygen partial pres-
sure of a chamber at less than 1 Pa. Then, a drain terminal (5)
and a source terminal (6) are formed by a photolithographic
method and a lift-oif method. Finally, an'Y O, film serving as
a gate msulator (3) 1s formed by an electron beam deposition
method (the obtained film has a thickness 01 90 to 110 nm, a
specific dielectric constant of about 13, leak current density of
1x10™° A/cm when a current of 0.5 MV/cm is applied).
Thereatter, a gold film 1s formed on the resultant construct,
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and then, a gate terminal (4) 1s formed by a photolithographic
method and a lift-off method. In this manner, the field etfect
transistor 1s formed.

[0294] The on/off ratio of the transistor exceeds 1x107.
When the field effect mobaility 1s calculated based on power
characteristics, an electron field-effect mobility of about 7.5
cm” (Vs)™' was obtained in a saturation field. The device thus
manufactured was irradiated with visible light and subjected
to the same measurement. As a result, any change in the
characteristics of a transistor was not observed.

[0295] Furthermore, 1n the aforementioned Example for
manufacturing an In—Ga—7n—0O thin film containing
microcrystals, effective results are obtained when the sub-
strate 1s 1rradiated with light having a power density of 0.3
mW/cm” to 100 mW/cm?. As a result, the on/off ratio of the
transistor can be increased and large electron field-effect
mobility can be obtained. For this reason, light 1irradiation 1s
preferable. Although it varies depending upon the amount of
microcrystals 1n an amorphous oxide film, the presence of
microcrystals 1s generally confirmed 11 a peak 1s detected by
X-ray diffraction.

Example 2

Preparation of an Amorphous In—Ga—7n—O0O Thin
Film Having a Compositional Distribution in the
Film Thickness Direction

[0296] AnIn—Ga—7n—O0 based amorphous oxide semi-

conductor thin film having a compositional distribution in the
film thickness direction 1s deposited on a glass substrate
(1737, manufactured by Corning Incorporated) by a pulse
laser deposition method using KrF excimer laser with a poly-
crystalline sintered body having a composition of InGaO,
(Zn0), as a target. The film 1s deposited 1n a chamber having
iner oxygen partial pressure within a predetermined range
while increasing the distance between the target and the sub-
strate up to 5 mm. As the distance increases, the amount of
oxygen incorporated into the formed film increases. Note that
the temperature of the substrate 1s set at 25° C.

[0297] In the Example 2 (for forming a thin film having a
compositional distribution 1n the film thickness direction), a
composition may be changed by varying oxygen partial pres-
sure 1n the film thickness direction, or alternatively, by chang-
ing an oscillation power or oscillation frequency of a pulse
laser. In this manner, leak current can be reduced or the on/off
ratio of a transistor can be increased, as well as electron
field-effect mobility can be increased.

Example 3

Preparation of an Amorphous In—Ga—7n—O0 Thin
Film Having a Compositional Distribution 1n the
Film Thickness Direction

[0298] The film 1s formed by a sputtering method using
argon gas. As targets, (1) a polycrystalline sintered body
having a composition of InGaO,(Zn0), and (2) a zinc oxide
sintered body are prepared. Then, an amorphous In—Ga—
/Zn—O0 thin film having a compositional distribution 1n the
film thickness direction 1s deposited on a glass substrate
(1737, manufactured by Corning Incorporated). The film 1s
formed by the sputtering method 1n an atmosphere having a
predetermined oxygen partial pressure, first by using target
(1), subsequently by using target (1) and target (2), simulta-
neously. In this manner, the amorphous In—Ga—~7n—0 thin
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f1lm having a compositional distribution 1n the film thickness
direction can be prepared. Note that the temperature of the
substrate 1s set at 25° C.

[0299] The In—Ga—7n—0 thin film having a composi-
tional distribution in the film thickness direction may be
prepared by the following manner. The composition 1s dis-
tributed 1n the film thickness direction by sputtering an In,O,
target stmultaneously or separately, or changing oxygen par-
tial pressure 1n the film thickness direction, or alternatively,
changing power supply in the film thickness direction for
cach target 1n a sputtering step. Particularly, in the amorphous
thin film near a gate insulator, electron field-effect mobility 1s
expected to increase as the amount of In,O, or ZnO increases.

Example 4

Preparation of Amorphous In—Ga—Z7n—0O(N) Thin
Film

[0300] A methodofpreparing an amorphous oxide contain-
ing nitrogen (N) as an additive will be explained.

[0301] An In—Ga—7n—0 based amorphous oxide semi-
conductor thin film containing nitrogen as an impurity (sim-
ply referred to as “In—Ga—7n—0O(N)”) 1s deposited on a
glass substrate of the same type as above by a pulse laser
deposition method using KrF excimer laser with an InGaO,
(ZnO), polycrystalline sintered body used as a target. Note
that the oxygen partial pressure within a chamber 1s set at, for
example, 4 Pa, the nitrogen partial pressure 1s set at 1 Pa, and
the temperature of a substrate 1s set at 25° C. The composi-
tional ratio of oxygen and nitrogen of the thin film 1s prefer-

ably about 50:1, as analyzed by a secondary 1on mass spec-
trum (SIMS).

Example 5

Preparation of Amorphous In—Ga—Z7/n—O0O(T1) Thin
Film

[0302] An In—Ga—Z7n—0 based amorphous oxide semi-
conductor thin film 1s deposited on a glass substrate (1737,
manufactured by Corning Incorporated) by a pulse laser
deposition method using KrF excimer laser with a polycrys-
talline sintered body having a composition of InGaO3(Zn0O),
used as a target. The resultant In—Ga—Z7n—O based thin
f1lm 1s soaked 1n an aqueous solution of titanium trichloride
kept at 80° C. Thereatter, the film 1s taken up and annealed at
300° C. 1n the air. In this manner, T1 can be 1introduced as an
impurity 1n the amorphous oxide. As the T1 concentration of
the thin film 1s analyzed from the surface to the bottom by
SIMS, the T1 concentration of the outermost surface 1s about
0.5% and gradually decreases toward the bottom.

[0303] Anamorphousoxide according to the present inven-
tion 1s applicable to the channel layer of a transistor. Such a
transistor can be used as switching devices for LCDs and
organic EL displays. Alternatively, the amorphous oxide may
be applied on a flexible material such as a plastic film to form
a semiconductor thin film. Such a semiconductor thin film can
be widely used as panels of tlexible displays, IC cards and 1D
tags.

[0304] This application claims priority from Japanese
Patent Application No. 2004-326687 filed on Nov. 10, 2004,

which 1s hereby incorporated by reference herein.
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1. An amorphous oxide comprising a microcrystal and
having an electron carrier concentration of less than 10'®/
cm’, wherein the grain boundary of the microcrystal is cov-
ered with an amorphous structure

2. The amorphous oxide according to claim 1, comprising
at least one element selected from the group consisting of In,
Zn and Sn.

3. The field-eflect transistor according to claim 1, wherein
the amorphous oxide 1s any one selected from the group
consisting of an oxide containing In, Zn and Sn; an oxide
containing In and Zn; an oxide containing In and Sn; and an
oxide containing In.

4. The amorphous oxide according to claim 1, comprising,
In, Ga, and Zn.

5. (canceled)

6. (canceled)

7. (canceled)

8. An amorphous oxide wherein electron mobility
increases as electron carrier concentration increases whose

composition changes 1n a layer thickness direction and hav-
ing an electron carrier concentration of less than 10" */cm”.

9. The amorphous oxide according to claim 8, wherein the
amorphous oxide contains at least one element selected from
the group consisting of In, Zn and Sn.

10. The field-eflect transistor according to claim 8, wherein
the amorphous oxide 1s any one selected from the group
consisting of an oxide containing In, Zn and Sn; an oxide
containing In and Zn; an oxide containing In and Sn; and an
oxide containing In.

11. The amorphous oxide according to claim 8, wherein the
amorphous oxide contains In, Ga and Zn.

12. (canceled)
13. (canceled)

14. An amorphous oxide whose composition changes 1n a
layer thickness direction, wherein electron mobility increases
as electron carrier concentration increases.

15. (canceled)

16. An amorphous oxide comprising one type of element or
a plurality of elements selected from the group consisting of
[1, Na, Mn, N1, Pd, Cu, Cd, C, N, P, T1, Zr, V, Ru, Ge, Sn, and
F and having an electron carrier concentration of less than
10"%/cm”.

17. The amorphous oxide according to claim 16, compris-

ing at least one element selected from the group consisting of
In, Zn and Sn.

18. The field-effect transistor according to claim 16,
wherein the amorphous oxide 1s any one selected from the
group consisting of an oxide containing In, Zn and Sn; an
oxide containing In and Zn; an oxide containing In and Sn;
and an oxide containing In.

19. The amorphous oxide according to claim 16, compris-
ing In, Zn and Ga.

20. An amorphous oxide comprising at least one element
selected from group consisting of L1, Na, Mn, Ni, Pd, Cu, Cd,
C,N, P, T1, Zr, V, Ru, Ge, Sn, and F, wherein electron mobility
increases as electron carrier concentration increases.

21. (canceled)
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